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Part I



1 Introduction

(Origin, nature and scope of the book, with general notes on
the translations, acknowledgements and general references)

Today, the overwhelming bulk of scientific literature is in English. As a
consequence, more and more students in English-speaking countries
study science subjects without ever referring to material published in
other languages and qualifying tests in French or German have almost
disappeared from University curricula. Concerning the content of
current science this may even be welcomed - a return to the condition
of medieval Europe when an educated man might be understood
equally everywhere in the common language of the day. But if one
wishes to preserve the power of reference to the older literature, or of
teaching through an historical and humane approach, the change must
be viewed with regret. It is a matter of simple fact that nearly all the
Significant research of the last century, and indeed for a time after
1900, was published in either French or German, with English, Russian
and the rest lagging some considerable distance behind. These two
languages shared between them the role which the accidents of history
have now thrust upon English: those who enjoy speculation may amuse
themselves by considering how long the present situation is likely to
endure.

The language barrier is not confined to English-spealdng countries,
nor is it the only obstacle preventing use of the early scientific
literature in education. There are many students throughout the world
who receive instruction in a European language, although it is not their
native tongue. This is not a matter of regret; the situation is inevitable
and beneficial; but it is plainly unreasonable to expect those taught in
their second language to acquire a third and a fourth, unless the reasons
are absolutely compelling.

Even with modern library and photocopying services, students often
have difficulty in obtaining access to all the material which teachers
think they should read, especially in the case of older and rarer
volumes. Even the best University libraries are usually found to have
deficiencies: the commonplace is rather a mere scattering, for example,
of journals dating from before 1920. This has led to the publication of
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collections of selected papers, but of course the language barrier has
severely restricted what may usefully be collected together. The present
volume extends the concept to providing a collection made irrespective
of original language. The initiating stimulus was not mere historical
curiosity, but a wish to attract greater interest from medical and other
elementary students by providing varied and challenging practical
exercises. Students were asked to repeat classical enzyme experiments,
from the original descriptions - a task which proved difficult enough
anyway, but which demanded as prerequisite that translations be
prepared of papers by Victor Henri and by Berthelot.

SELECTION OF PAPERS: The students enjoyed themselves and the
papers they were working from raised enough philosophical and
technical questions to suggest that this particular enquiry should be
extended in tin1e, in both directions, at least in respect of reading
material if not necessarily practical work as well. When considering
what papers to add, it seemed desirable to have a translation available
of S0rensen's great paper on hydrogen ion concentration, so often
quoted and so rarely read, especially as the whole pH concept was
invented by him to deal with the conceptual difficulties cast up by the
behaviour of enzymes and is thus particularly relevant to a collection
centred round them. The paper is even entitled "Enzyme Studies". The
classic work of Michaelis and Menten selected itself and the remaining
papers were chosen to illustrate various steps along the path to the
understanding of enzymes as it stood at the outset of the modern era
and inevitably also, since the themes are so strongly intertwined, of
acids, bases, buffers, and pH. Payen and Persoz first isolated an enzyme
and invented a word to describe it, "diastase"; Kuhne introduced the
current equivalent ("Enzym"). Fischer examined specificity and gave us
the concept of a close complementary fit between enzyme and
substrate; Buchner showed complex enzymic reactions occurring in a
cell-free extract; Michaelis and Davidsohn produced clear evidence of
the nature of acid and base effects on enzyme activities; Fernbach and
Hubert saw an analogy between the effect of phosphate mixtures on
proteins and that of a mechanical buffer, resisting sharp and potentially
damaging changes of acidity - giving us a word and a concept of
enormous implications.

Of course, the collection is not complete. It is as if one were
attempting to display a landscape by means of occasional flashes of
lightning. Whatever one does, there will always be a feeling that Some

additional point or nuance could be explained by adding just one or
two more papers. Those chosen do not necessarily represent the first
recognition of a particular tmth nor even the best expression. Choice
has fallen rather on an early publication by the author concerned and
on an author whose work in fact succeeded in crystallizing thought by
its timeliness, by clarifying difficulties, or by the introduction of a new
word or terminology. They are precisely the kind of papers which are
likely to be quoted and most of them have in fact been referred to
frequently by other authors. This is certainly unfair to the memory of
scientists who have not been recognized in this way, but to do
otherwise would be foreign to the gUiding principles of this book,
which is directed to stimulation and to coherence rather than to
achieving a final and balanced judgement.

NATURE AND OBJECTIVES: What has already been said should explain
a great deal about the nature of the book and many of the editorial
decisions mentioned in what follows. But not quite all. Although
triggered by the needs of medical students, these are not our only
students nor the most important, and the aim is in any case
considerably broader. There is nothing here which should seem difficult
to a school student of science in the upper forms; nor indeed anything
completely beyond any educated person who is prepared to make a
little effort to understand. But we hope that readers will include many
whose chemical knowledge is more sophisticated, including scientific
colleagues, and these must be asked to forgive the elementary level of
much of the material in Chapters 2 and 3, and in notes accompanying
each paper. Much of this will seem to them unduly finicky, but it was
conceived as necessary if students still at school or in their first year at
University are to read the book with profit and without being misled.

The objectives of this book may be stated, then, as follows:
(i) To present a series of papers covering 80 years (1833-1913),
highlighting some of the most significant intellectual steps in the
development of biology and associated areas of chemistry - specifically
the understanding of enzymes and of the effects of acids and bases.
(ii) To present these in English, whatever the original language.
(iii) To set them in their background of developing ideas in physiological
chemistry. (iv) The translations should be faithful to the original in
sense, if not always in language, but coherence and intelligibility to an
unsophisticated modern reader should have priority in case of conflict.
(v) To present also an elementary account of the physico-chemical
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background which should permit this same hypothetical reader to
understand certain parts, which are nowadays approached somewhat
differently, without time-consuming reference to other works.

GENERAL NOTES ON THE TRANSLAnONS

Each paper or group of papers is preceded by notes on the author(s),
with more detail on the historical setting and significance of the
paper(s) and on translation problems.

As in any other case, preparing the translations involved a number of
editorial decisions, of general or local application, and a number of
compromises. It is impossible to please all readers equally, and the
overriding consideration has been to make the main text easily
readable. On the other hand, it was necessary always to consider that
the purpose of translation was to present an English version of what the
authors actually said, a version which might be appealed to in
arguments over priority or the growth of intellectual concepts. Thus the
translation must be faithful, perhaps even at the cost of good English
construction. The result is the first of the compromises - whenever
possible the text follows the original closely, almost slavishly, but
departs sharply from it where this would lead to a lack of clarity. The
most tortuous of the German is represented by the simplest English.
Concerning grammatical tense, however, there may be little relationship
to the original except where the underlying sense demands it. Modern
scientific usage in English actually varies considerably and arbitrarily:
the convention followed here in most cases is that in which the present
tense is used for description of procedures and the past tense for
results.

S0rensen's paper appears unnecessarily and dauntingly long so that
here a more vigorous policy of opportunistic abridgement was applied,
omitting redundant verbiage and occasionally cutting an entire para
graph to a brief sentence where the subject matter was irrelevant to the
main theme. The temptation to save further space, reducing that taken
up by Tables, was too great to resist, and this has been done in the case
of the papers by Henri, S0rensen, and Michaelis and Menten. In the two
latter, some experimental results appear in both tabular and graphical
form, a practice now frowned on by journal editors. I have presumed to
eliminate the Tables concerned and, of course, textual references to
them, even though this has demanded expansion of the Legends to

Figures and in one case the creation of a new graph not given in the
original (S0rensen Fig. 3B). Henri's Tables are an integral part of the
paper and cannot very well be converted into graphs. However, his
argument is supported sufficiently well for present purposes by a
smaller amount of data, and of the main block of Tables only the first
three are given. S0rensen also uses a tabular format to present
qualitative information about the actual performance of the colori
metric pH method: these Tables appear to be of vanishing interest to
present-day readers and only one example is given.

Footnotes are confined to a very few, intended to help the reader
over small points of difficulty so that he may continue without
perceptible delay. Otherwise, references and explanatory notes (in
cluding both authors' footnotes translated from the original and
editorial notes) are transferred to a single list following the text and
indicated by superior numbers, thus1

0 1. Excepting, that is, the paper by
S0rensen, where most of the original footnotes are incorporated in the
text and there are separate lists of references and explanatory notes.

Page numbers of the original are given in the margin.
Units and symbols have nearly all been converted to the modern

types: This deliberate anachronism appeared desirable for uniformity
and easy reading. It seems a pity to convert cc or ccm to the ugly and
clumsy cm3

, but it has been done. "Normality" as a means of
expressing concentrations always was unsatisfactory and no qualm was
felt about converting to molarity: in nearly every case it was possible to
do so without fear of being misled by the ambiguities of equivalent
weights. Again, it seems a pity to use molll instead of M, but
ambiguities have crept in because of erroneous use of the latter in
biological and medical publications so that this was the simplest way of
avoiding difficulty.

Anachronistic terminology has been deliberately used in other
places, but not in respect of the main subject matter of the translation
concerned nor where modern words might be seriously inaccurate or
misleading. The word "enzyme" is avoided in papers before that of
Kuhne which introduced it. Contemporary names are used for the
enzymes themselves - even "invertin" instead of invertase.

ACKNOWLEDGEMENTS

A great many people helped with identifications of texts, difficult
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points or unsuspected howlers in translation, and personal information
on certain of the more recent authors. Starting off in all innocence, that
help was certainly badly needed. My heartfelt thanks are all I can offer
in return to the following: Mrs. Cosette Leung, Professor Peter
Lisowski, M. Pierre Berthon (archivist of the Institut de France),
Professor G. Semenza, Professor Emeritus Gerold Schwarzenbach, Ms.
Ellen Jensen, Professor Martin Ottesen, Mrs. Usa Michaelis Wollman,
Mrs. Eva Michaelis Jacoby, Professor Emeritus Merrill W. Chase,
Professor George H. Fettermann, Dr. Anna-Mary Carpenter, Professor
Kunio Yagi, Dr. Takashi Murachi, Herr Steinbecher (of the Berlin
Department of Health), Mrs. Euphine Chung (Medical Library~ Uni
versity of Hong Kong), and her numerous unlisted correspondents.

For freely given permission to publish the translations and certain
other material I wish to thank also the following: Masson & Co.
(Annales de Chimie et de Physique), M. Robert Courrier, Permanent
Secretary, Academie des Sciences (Comptes Rendus) (who asked,
however, that the original French texts be given also, a request gladly
complied with), Verlag Chemie GmbH (Berichte der deutschen chemis
chen Gesellschaft), Akademische Verlagsgesellschaft Geest & Portig
K.-G. (Zeitschrift fur physikalische Chemie), The Chemical Society,
Professor Heinz Holter and the Carlsberg Foundation (Meddelelser fra
Carlsberg Laboratoriet), Julius Springer-Verlag (Biochemische
Zeitschrift) , Mrs. Usa Michaelis Wollman, Mrs. Eva Michaelis Jacoby,
Mr. Paul C. Brown.
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Barth 1863 (vols 1 & 2), etc. (reprinted by B.M. Israel NY, Amsterdam,
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Only the last few of the papers translated here can be considered as
modern 311d appreciated on the basis of present-day knowledge and
theories. To understand the others demands a change of viewpoint in
the reader; he must have a feeling for the authors' preoccupations,
which are very different from any which might influence a scientist
who now faced the S3l11e or similar technical problems and experi
mental observations. Of course, we cannot really set the clock back or
in any other way 'become' the author, complete with his lifetime of
education and experience, so as to fully understand why he should
approach a subject in a certain way and fail to take another, 'obvious'
and more profitable path. But to make any sense at all out of the early
papers requires awareness of the existence and progress of other major
intellectual concerns of the day. Overwhelmingly important 3l11ong
these is the long and bitter controversy between vitalists and their
opponents, whom we may call mechanists, which dominated physio
logical chemistry throughout the 19th century, and well into the 20th.

Development in the natural sciences is not all advance towards the
position held 'today' (whenever 'today' may happen to be). Errors and
'side tracks' occur, usually because the workers themselves had
different ideas of the direction in which they should move than have
we, the observers with hindSight. Taking an historical standpoint, it
would be risky to claim that our current scientific world view was
correct or ideal: given that, it should not be used as a reference point
for our system of coordinates in judging the progress of others.

One must appreciate further that the controversy was not always the
same. As in all such things the battlefield and the contestants changed,
and so did the rules of the game as new discoveries gradually made the
old ones unworkable. At times the parties worked on in isolation, each
convinced that their side had already won the victory: at other times,
new and disquieting experimental evidence must be combatted by
ridicule, argument, or by further experiments, or even by simply
ignoring it altogether.

This chapter is limited to a very brief discussion of two of the
themes which ran through all the controversy and contributed largely
to confusion and disagreement: (i) the concepts of colloids, protoplasm
and protein; (ii) enzymes, their nature and mode of action. For those
who wish to read further, Partington refers to the controversy in his

2 Historical Background chapter on Liebig, and better and more general accounts appear in
D.S.B. (article on Eduard Buchner) and in Comprehensive Bio
chemistry, vol. 30.

1. COLLOIDS, PROTOPLASM AND PROTEINS

The word 'colloid' was introduced by Graham to represent the
supposedly special character of the chemical behaviour of the living
substance. It is thoroughly engrained in the literature; there are still
journals, learned texts and even institutes which carry the word in their
titles; probably many chemists would be most reluctant to give up using
it 311d yet it does not represent any definite concept. Rather, where
there is any meaning at all this is of local significance only and not
capable of being carried over into any other field of work. The whole
business has been effectively guyed by Florkin (Comprehensive
Biochemistry vol. 30) and he is no doubt correct in saying that the
'colloid' terminology has had a wholly adverse effect, at least in the
biological sciences. It has allowed the obfuscation of what was really
very simple and the acceptance of explanations which explained
nothing. It encouraged comparisons between the behaviour of enzymes,
and other proteins, whether in pure solution or in their precisely
constructed and orchestrated natural milieux, with that of crude,
heterogeneous suspensions of inorganic materials. It prOVided an escape
from simple admission of ignorance. Nevertheless, we must endeavour
to understand the thought processes of our predecessors, and to do so
demands an attempt to grasp the incomprehensible. Humpty Dumpty
had no difficulty in believing impossible things, various religious bodies
demand it of their adherents as a matter of course. Why should we
flinch?

Scientific papers of this time show that these three words and
concepts formed a continuum. Protoplasm was the substance of life. It
consisted wholly or largely of protein and the word protein (or its
equivalents) was sometimes used instead of protoplasm. Hints of this
sense occur from time to time in these translations. Elementary analysis
was relied upon as the major absolute means of distinguishing between
chemical compounds (though becoming progressively less important)
311d proteins were remarkably uniform iri elementary composition
besides sharing many other chemical properties - coagulability, colour
reactions, etc. It was far from clear whether there were distinct
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chemically defined proteins, as now understood, or whether there were
merely modifications according to the source: the idea of a protein
defined by its aminoacid sequence is not 50 years old. True, or genuine,
protein meant "native" - as close as possible to the original living
material and therefore usually not purified at all, although materials
containing one (modern) protein as the main constituent were often
chosen for experimental work. The common German word for protein,
Eiweiss, is literally "egg white". Protein or proteinaceous substance
were virtually synonymous and usually meant merely the crude extract
or expressate from the source material.

This true living protein was possessed of qualities, properties or
associated phenomena. Colloidal was a general word expressing the
whole spectrum of these, and non-living materials justified the word in
so far as they behaved Similarly. For exan1ple, electrophoresis (as if
small ions did not move in an electric field), low osmotic pressure
(because of high molecular weight), coagulation or stabilization of
solutions by appropriate counterions (because of the multiple charges
borne by large molecules or charged particles), etc., etc. A chemist
today may well feel that these phenomena (or those parts of them
which interest him) have sufficient in common to justify the use of a
single word, but our ancestors of 100 years ago felt that colloidal
behaviour was expressive of the reality of life. The mobility and
'irritability' of protoplasm, for example, was 'explained' by a far
fetched analogy with the gel-sol transformations of inorganic colloids.
We know now that protoplasm is not a substance, but a highly
organized and structured system depending on the presence of at least
some hundreds of different proteins and other substances and a myriad
of highly specific and subtle interactions. Our ancestors could not
possibly know this or guess at it. The words colloid, protoplasm and
protein when we come across them in the older papers, can often most
usefully be interpreted as "too complex for us to understand but
concerned with the actual chemical processes of life".

2. ENZYMES

The early history of enzymology is of a gradual clarification of
concepts. Processes requiring enzyme action had been in common
tecluUcal and domestic use for thousands of years - alcoholic
fermentation, dairy work, softening of leather, saccharification of

starch by saliva, etc. They therefore seemed natural and not of a kind
requiring investigation, so that it was sufficiently remarkable that
anyone should wish to undertake it. Advance followed a sequence
something like this: (i) It was discovered that extracts of fresh malt
were capable of converting starch from other sources (that is, not from
the barley grain) into sugar. (ii) A concentrate of the active substances
from malt was prepared by simple chemical means (by Payen and
Persoz, in 1833). (iii) The concept of catalysis was introduced by
Berzelius, in 1835, to emphasize the common features of several
chemical processes, one of which was saccharification of starch by malt
extract. (iv) Several other hydrolytic enzymes were prepared in
concentrated form and free of living tissues: they shared some of the
sensitivity of their parent organisms to heat and acidity. Unfortunately,
those who adhered to the view that the chemistry of living things would
prove to be of a special character were able for many years to dismiss
evidence of this kind by emphasizing that all the reactions concerned
were simple hydrolyses which could be imitated more or less exactly by
acid catalysis, and that, therefore, these "unorganized ferments" were
an unimportant side-issue. (v) Fischer demonstrated stereochemical
specificity in enzyme hydrolysis thereby revealing yet one more link
between ordinary chemistry and life, but, more important for present
concerns, simultaneously showing that enzyme hydrolysis and acid
hydrolysis were very different things and that the enzyme must interact
closely with its substrate. (vi) Alcoholic fermentation, the archetypal
life-process accepted as such even by vitalists, was at last demonstrated
occurring in the absence of living yeast cells (Buchner, 1897). (vii)
Over-enthusiastic mechanists held that enzyme catalysis was essentially
the same as catalysis by simple chemical agents such as acids and
followed the same kinetic laws. This obviously untenable, even
ridiculous, position was made unnecessary by the first correct kinetic
formulation of enzyme behaviour by Hemi, work vindicated and
extended by Michaelis and Menten. (viii) The chemical nature of
enzymes themselves was at last recognized through the work of Sumner
(1926). This work and the consequent improved understanding of
protein structure and behaviour has removed all need for a quasi
magical linage of the living substance.

During the years required for the process just outlined (more than a
century) the pattern was not clear. Let us examine why by referring to
the main sources of confusion, which were removed only slowly and
piecemeal - the word and concept of "ferment", the incorrect original
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theory of catalysis, the rather late demonstration of any enzymic
function other than a simple hydrolysis, the difficulty over proving that
enzymes are individual and specific proteins.

Ferments
"Ferment" is a word of ancient origin and referred simply to leaven

(yeast), or the process of leavening, or the process of "working"
(bubbling) of liquids during the action of micro-organisms upon them.
Recently, and certainly in English, the use of the word has shrunk back
to a part of the original field, namely the last, but for about 100 years
it was widely used to mean the agent responsible for any chemical
transformation which we would now recognize as enzymic: this still
occurs occasionally in German. The agent concerned could be either a
non-living tissue extract, or, of course, a micro-organism, and the first
battle of which we are here spectators was over whether ferments were
living or dead. Liebig, the great organic chemist and a convinced
mechanist, went so far as to deny that yeast was a living organism. In a
major triumph for vitalism, Pasteur produced evidence that living,
multiplying yeast cells were necessary for the formation of alcohol and
carbon dioxide. As it happens, and as was later proved, the yeast need
not multiply nor need it even be "alive", but for some 40 years, and
notwithstanding Kuhne's clear recognition of the semantic nature of
the argument, progress was hampered by the feeling that there were
"real" ferments - living yeast or other micro-organisms - and an
inferior variety capable of only the simplest chemical tasks. The proper
study of biologists, presumably, was the more complex, complete living
organism, but even so the curious kinetic behaviour of the "un
organized" ferments or enzymes was a convenient tool with which to
belabour the opposition when occasion demanded.

With precious little evidence, then, mechanists continued in their
belief that the chemical processes of life would all eventually be
explicable on the basis of the action of unorganized ferments, and
apparently adopted as an article of faith that these acted in the same
way as ordinary catalysts, which were supposed to be fairly well
understood.

Catalysis and Kinetics
All school-level students of chemistry know what catalysis is, and a

great many of them know that the word and the concept were
introduced by Berzelius (1835, according to Partington). What is not

told to those students is that the mental picture of catalysis has
changed dramatically since the introduction of the word and that well
into the 20th century there was considerable difficulty in defining what
was meant and in understanding how it occurred. Of the authors
translated here, at least Henri was seriously handicapped by over
scrupulous regard for Berzelius' original ideas, which have now been
completely eliminated from chemical theory.

Berzelius perceived that several chemical phenomena described over
the preceding quarter century had in common that a reaction occurred
amy, or was accelerated, in the presence of another, foreign substance.
He specifically excluded processes in which the accelerating agent was
known to be involved in the chemical reaction, even though it was later
regenerated. He saw catalysis as a special force or power, awakening
latent or dormant affinities. Catalysts functioned not at all because of
their own affinities for reactants but by virtue of their presence alone.
This must now be regarded as nonsense. The original concept of
catalysis was valuable, however, because it focussed attention on the
phenomenon of rate acceleration. It had an adverse effect because it led
too easily to the idea of special powers making reactions occur which
otherwise could not, and because it delayed and made difficult the
acceptance of the true nature of such rate acceleration processes. To
this day, it is hard to convince elementary students that catalysts do
not affect the equilibrium of reactions or their thermodynamic
feasibility. At the time of Henri's papers there had been evidence
available for years, and well known to everyone concerned, that
enzymes fonned compounds with their substrates and products - e.g.
the increased thermal stability of invertin in the presence of sucrose
(O'Sullivan and Tompson, etc.), the stereochemical specificity of
enzymes (Fischer), the increased stability of zymase in the presence of
sucrose (Buchner). But it would seem that no link was thought possible
with their catalytic properties. It is hard now to understand why, unless
because to do so would be to take the phenomena outside the realm of
catalysis as defined and as then understood. Henri certainly had great
difficulty making this mental break and very probably needed the
stimulus of Adrian Brown's rogue publication to make it possible for
him.a

The vitalist-mechanist controversy appears here again in a new guise.
The kinetics of acid-catalysed hydrolysis of sucrose and other

a See below, notes preceding the papers by Victor Hemi and extracts from
that by Adrian Brown.



b See Part I Chapter 3, below Ceq. 4 and 5).

substances were well understood; rate is proportional both to substrate
and to acid concentration. This seems perfectly reasonable, although we
can now easily see that no attempt had been made at an explanation in
molecular terms. When Cornelius O'Sullivan, F.R.S., and F.W. Tompson
reinvestigated invertin action, they found that the progress curve was
roughly of the form predicted from simple catalysisb and this
coincidence was accepted by them and others, for many years
afterwards, as conclusive proof that the rate law was exactly of this
form and that therefore there was no essential difference between acid
and enzyme catalysis. In fact, the results of O'Sullivan and Tompson
show quite clearly that the rate deviates progressively and persistently
from the predicted curve, and could equally well have been accepted as
clear proof that the suggested "monomolecular" law was not valid in
the case of invertin hydrolysis. That this was not immediately
understood can be attributed to mental predisposition and also to the
effects of efficient fitting of a curve to the data - with the method of
plotting employed the deviations are not quantitatively impressive.
What is more surprising is that, once doubts were raised, the scientific
world did not re-evaluate the paper of O'Sullivan and Tompson and
attribute greater importance to these deviations, which the authors
themselves remark upon, and to their report of increased thermal
stability of the enzyme in the presence of substrate. Other results in
clear defiance of the monomolecular law were reported from time to
time between 1880 and 1900, but in spite of this and of immediate and
solid support from the Browns the reaction of mechanists to the work
of Victor Henri was disbelief, willingness to accept superficially
contradictory evidence and unwillingness to consider the evidence in
either direction on its quantitative merits.

Yet what Henri had done was not contrary to the mechanist creed,
rather in its favour - in accord with his personal beliefs. He had in fact
opened a new chapter in chemical kinetics, and laid the foundation for a
rational theory of catalysis. Not for the first time nor the last, the
complexities of life processes forced physical scientists to review and
revise their simpliste theories and in so doing to advance to new insights
into the non-biological world as well as the biological. For a time it
seems to have been the mechanist thinkers who still clung to a theory
relying on special, almost magical effects of catalysts!

The Nature ofEnzymes
Payen and Persoz, Berthelot, Kuhne, and many others had purified
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Enzymes only capable ofhydrolytic reactions
To study a chemical reaction one has to be able to measure both the

reactants and the products. If in measuring reaction rates we sometimes
use only the rate of disappearance of a reactant, this is when we are
sure that it is only disposed of in one way so that this measurement is
fully eqUivalent to one of the appearance of product, as indicating rate
of transformation. At the time of the earlier papers translated here, the
pathways of intermediary metabolism, even the nature of the major
metabolites, were utterly unknown; it was only around 1900 that the
concept of !'!.....chain of consecutive metabolic reactions began to emerge.
Thus we see Eduard Buchner writing of alcoholic fermentation as a
single chemical reaction - "complex", certainly, but what he meant by
the use of that word was probably only that the reaction appeared to
involve very extensive molecular transformations in a single step rather
than, as emerged, that it is really a string of chemically distinguishable
steps, each in itself quite small and unremarkable.

Looked at in this way, it is not at all surprising that the first-studied
enzyme reactions were hydrolytic and that it took so long to find even
one of another kind. In fact, Buchner's discovery, which amounts to
demonstrating a complete metabolic pathway in a cell-free system, was
probably the only way it could have been done. One needed to know
that the whole was possible before beginning to search for the
intermediate steps, and such was the nature of the intellectual climate
that one wonders whether an example such as, say, the phosphorylation
of glucose would not also have been dismissed as trivial and of no
concern to those studying the intact organism.

The reality of the difficulty is pointed up very neatly by S0rensen's
uniform use of a word meaning "cleavage" in respect of enzyme
reactions, at a time when other types of reaction had been proved to
occur. Another echo could be detected many years later when it was
assumed that synthetic biochemical reactions would prove to be simply
the reverse of the catabolic reactions - against both thermodynamics
and common sense. Even thirty years ago, the only really familiar
enzyme reactions were still the classical hydrolytic ones. It was difficult
to make the intellectual leap necessary to conceive that living organisms
might find other ways of doing things than merely to reverse the known
reactions.

Historical BackgroundHistorical Background14
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enzymes by classical chemical procedures. The resulting materials were
unstable and certain other classical chemical procedures could not be
used with them, but the evidence was strong that these were ordinary
chemical compounds, having in common many properties which set
them apart as a new class Gust as, for example, aromatic compounds
form a class among organic chemicals in general) but also having often
sufficiently distinct properties (besides specificity and catalytic effects)
to permit the conclusion that in these cases at least, and probably all,
each had chemical individuality. Why, then, was final recognition of the
nature of enzymes so long delayed?

Chemists of the day were accustomed to work with substances of at
most a few hundred daltons molecular weight and relied heavily on
elementary analysis to ascertain the composition of their materials and
hence open the way to conclusions upon structure. No direct means
was open to determine molecular weight; they had absolutely no way
of guessing at the size of enzyme molecules, and if the matter was
considered at all, assumed that they were of dimensions not too
dissimilar to more familiar substances. Elementary analysis gives the
proportions of various atoms, not their numbers, and a little thought
will show that this would be no help in the present case and might even
lead to the false conclusion that the structure of all protein molecules
was the same, because their elementary composition was not reliably
distinguishable. In face of this, knowledge of the remarkable specificity
of enzymes led to another quite false conclusion - that the active
enzyme could not possibly be protein, because this was a substance of
uniform composition and therefore incapable of providing for the
specificity known to exist. Further, although we have mentioned above
the "purification" of certain proteins, this is only in a relative sense.
The products were actually far from pure and for this reason alone were
variable in properties.

Leaving aside these strictly chemical difficulties, there were con
ceptual ones also. The great mass of protein appeared to be inert (and a
proportion has indeed no catalytic function). Also, it was often possible
to dilute an enzyme solution to such an extent that its nitrogen content
was undetectable by current means, and yet it still showed activity. A
plausible conclusion was that enzymes were really small non-protein
molecules attached to the mass of protein-protoplasm. This would in
fact account for all the known facts in a manner conformable to
chemical prejudices and yet preserve the vitalist view of the special
qualities of the protoplasm which were still needed to infuse the whole

assemblage with life. There is more than a hint of such a viewpoint in
Buchner's paper on alcoholic fermentation, and it persisted long
afterwards. Even after Sumner's demonstration of a crystalline protein
enzyme (1926), it took several years before all researchers were
convinced that each enzyme was a specific, unique protein, and that
there were probably thousands of different distinguishable kinds in
every multicellular organism.
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the rate will be given by

rate ex: [A] X [B), or, rate = k [A] [B)

19

1. ELEMENTARY CHEMICAL AND ENZYME KINETICS

Reaction Order

It is assumed that a reaction can only occur when one reactant
molecule meets another. The frequency of such collisions should be
proportional to the concentration of each reactant in the solution, and
we accordingly predict that for the reaction,

Some of the papers translated here illustrate very clearly the peculiar
difficulties which have been proposed to chemical kineticists by the
observed facts of enzyme kinetics, difficulties which in the end have
been very beneficial because they have demanded a completely new
dimension of thought. Up to the last few years physical chemists were
sceptical abou t the basis of enzyme kinetic phenomena, and with some
justice. The nomenclature and symbolism were unfamiliar; enzymo
logists worked with low precision, often with cumbersome techniques,
using unstable preparations which were always impure and frequently
completely undefined; yet they established rate laws suggesting quite
new kinds of mechanism. Only a gradual realization that these were
compatible with the laws governing inanimate nature allowed the
physical scientists to consider a return to the study of biology. In the
event, pure chemists are now more and more frequently involved in
work with enzymes just because it is a highly sophisticated and
fascinating field. The claims of the originators of enzyme kinetics have
been thoroughly confirmed, the only difference being that they are
built upon and extended in various ways. Around about the year 1900,
apparently, pure chemists were unwilling to accept the peculiar
complexities of enzyme kinetics as expressed in the rate law of Henri.
Now we see the mechanism expressed in that law as being untypically
simple - far too simple to provide an explanation for the phenomena
of life, which demand control, as well as merely catalysis.

The following few paragraphs attempt to set enzyme kinetics, in its
simplest possible form, against the background of general chemical
reaction kinetics.

A + B ~ products, (1)

where k is a constant of proportionality called the rate constant or
velocity constant.

Suppose that the reaction was between two similar molecules:

A +A~ products, (2)

We would then predict rate =k[A] [A], or rate =k[A] 2. In such a case
if experiment confirmed that the rate was dependent on the square of
the concentration of A, we would say that the reaction was of second
order and we would call the rate constant k a second order rate
constant.

But reaction (1) is essentially similar, differing only in that it is two
unlike molecules which must collide. We can say here that the reaction
is second order overall, but first order with respect to each of the
reactants (A and B) separately - since the concentration of each
appears in the rate law only to the power of 1.

Note that the order of a reaction is simply the power to which the
concentration of a reactant appears in the rate equation, or the sum of
all those powers if we wish to express the overall reaction order. In the
simple examples treated here, it is a whole number, but such is not
necessarily the case. The molecularity of a reaction is different: this
refers to the number of molecules involved in the fundamental reaction
step, as indicated by theoretical or experimental considerations. It mayor
may not be equal to the reaction order - as we shall see. At the time even
of the later papers translated here, the distinction had not been made.

A reaction in which a molecule simply breaks down to give products.
is unimolecular and is expected to be of first order.

A ~ products. Rate = k[A].

If, in a simple bimolecular reaction, the concentration of one of the
reactants is fixed, by accident or design, the reaction will be first order
with respect to the other reactant and may be treated as if it were first
order overall. A classic example is hydrolysis in dilute aqueous solution.
The second reactant is water which is commonly present at a fixed
"concentration" of about 55.5 moles/I. We may write,

A + H20 ~ products. Rate = k[A] [H2 0]

or Rate = k' [A] . Here the constant k' includes the concentration of the
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sucrose + H+~ sucrose-H+~ glucose + fructose + H+
k, k 4

d [glucose] = k
3

[sucrose-W] , so that, from (3)
dt

=k[ [sucrose] [H+] + k4 [glucose] [fructose] [H+]
- (k2 [sucrose-H+] + k3 [sucrose-H+]).

To simplify matters even further, let us consider the very beginning of
the reaction when [glucose] and [fructose] are both equal to zero (the
rate of reaction 4 is in any case very slow). Then,

(3)

k 1 [sucrose] [W] = (k2 + k3 ) [sucrose-H+]

k[ [sucrose] [W]
k 2 + k 3

TIle overall rate of the reaction is the rate of production of glucose or
fructose, which we predict to be

Thus [sucrose-H+] =

These are four separate elementary reactions, each with its own rate
constant. We may express the change of concentration of the
sucrose-H+ compound as the sum of the rates of its formation by
reactions 1 and 4 and of its destruction by reactions 2 and 3. But what
we are interested in is the overall rate of reaction, which is the rate of
decline of sucrose concentration or the rate of increase of either glucose
or fructose concentration. This can be approached by assuming that for
the brief moment of our interest the concentration of sucrose-H+ is
constant (the so-called "steady-state assumption"). Then,

d [Sucrose-H+] = 0
dt

Catalysis
Simple catalysis was a phenomenon already well known before

1900. But theory was in confusion, perhaps partly because in
introducing the term Berzelius had insisted on distinguishing between
the case where an intermediate compound was formed and "true
catalysis" brought about merely by the presence of the catalyst (not
now considered possible).

For acid hydrolysis of sucrose it was found by Wilhelmy (1850) that
rate was proportional to sugar concentration. That is, the rate was first
order with respect to sucrose concentration, a finding readily explicable
on modern theory (and, indeed, appealing to common sense). Let us,
for simplicity, consider the reaction to follow this sequence:

we consider the unit of reaction as the conversion of one mole of
reactants to products in the reaction as written. Rate is expressed in
terms either of number of moles transformed, or change of con
centration, per unit time, so that the unit of rate in this latter case is
either an increase of molar concentration per unit time of a chosen
product or the decrease of molar concentration per unit time of a
chosen reactant, that is either

The number and sign obtained for the rate is the same in every case.
When the stoichiometry is different, it is sometimes necessary to be
very careful in following the above principles in choosing how to
express reaction rate.

All the measurements in the papers on kinetics translated here were
by polarimetry of sugar solutions. Change of rotation is proportional to
change of concentration so that rates expressed on this basis are
directly proportional to tl'Ui~ molar rates, and may be used instead in
most applications. One complication is that the a-glucose first produced
on hydrolysis of sucrose changes spontaneously but slowly to an
equilibrium mixture of a- and ~-glucose, a process accompanied by a
change of rotation and hence known as mutarotation. Clearly, the
effects of this must be either eliminated or corrected for or shown to be
unimportant before polarimetric measurements are relied upon in
enzyme work.

second reactant and may be referred to as a pseudo-first order rate
constant. TIlls is the usual practice in the case of hydrolyses and may be
done in other cases deliberately or in ignorance of the true nature of
the reaction. Of course, if the concentration of the second reactant is
not constant, k' will actually vary. (In the experiments of Michaelis and
Menten there are some exanlples of high sucrose concentrations with a
corresponding diminution in water "concentration". This partially
explains some of the "solvent effects" mentioned.)

d [C] OR d[D] OR _ d[A] OR _ d[B]
dt dt dt dt

Reaction Rate
Before proceeding to apply these very elementary ideas, we should

clarify what we mean by reaction rate. In the case of a reaction

A+B ~ C+D
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kIII(a - x), where kIll is a pseudo-first

Integrated Rate Equation
Before proceeding further, it is necessary to explain that we have so

far mentioned only the rate of a chemical reaction at any particular
moment. This is a quantity derived from measurements of the
concentrations of reactants or products, whereas among classical
chemical kineticists it was preferred to work instead directly in terms of
those concentrations. The predicted relationship is obtained by
integrating the differential rate equation so far deduced.

Put the initial concentration of sucrose =a and the concentration of
glucose or fructose which have been produced at a given time (t) equal
to x. Then the concentration of sucrose remaining at time t is (a - x),
since to produce one mole of glucose or fructose requires the
destruction of one mole of sucrose. Then the rate equation (4) can be
re-written for a given [H+],

a

a-xIn

ln means logarithm to the base e, and is the form which emerges naturally
upon integration. log means logarithm to the base 10. See also notes 6 and 9
to the papers by V. Hemi.

a

log(_a_) = kIV t, where kIV = kill X 0.4343 a
a-x

Initial Rates
Readers will be aware that enzyme kineticists generally prefer to

work with initial rates and not with the integrated rate equation in the
manner just discussed. There are at least three reasons for this: (a) The
equations are simpler, once the concept of reaction rate is firmly
grasped. (b) It avoids complications from the back reaction in the case
where this is appreciable. (c) It avoids complications with product
inI1ibition, which occurs, for example, in enzymic inversion, but not
with inversion by acids. The approach has the obvious disadvantage,
though, of dealing directly only with initial rates: that is, taken alone it
cannot correctly predict reaction rates other than under initial
conditions with no product present.

One way of determining whether the theoretical rate law is followed is
to determine x at various times t, and then to calculate k;Iv from
equation 5 at each of these times. If the reaction is indeed first order
with respect to sucrose, kIV should be constant. This is exactly what
was done by Henri, Sorensen and Michaelis & Davidsohn, and they
found a progressive change in kIV values as the reaction proceeded,
which is powerful evidence against a first order relationship.

It should be mentioned here that a necessary condition for the
analysis so far is that the "back" reaction, 4, should be of negligible
rate. This is true for sucrose hydrolysis, and not only at the beginning
of the reaction. But it is not necessarily so for other reactions.

IV I aThe equation may be rearranged thus, k = -t log -- (5)a-x

order rate constant.

Integrationa gives -In (a -- x) = kil + const.
And if x = 0 at t = 0 the above constant of integration becomes

equal to -In a so that the equation can be re-written
(4)

rate = k 1 k 3 X [sucrose] [H+]
k2 + k3

kil [sucrose] [H+]

where kII has the obvious significance of a combination of individual
constants.

This predicts a rate which is first-order with respect to sucrose
concentration and also with respect to the concentration of catalyst,
Le. hydrogen ion.

The trouble was that enzymes apparently did not behave like other
known catalysts. The experimental data of Henri, and also of A.J.
Brown and of Duc1aux, suggested that under some conditions at least
the rate was completely independent of sucrose concentration. That is,

Rate = k [sucrose] 0

The reaction was of zero order with respect to sucrose concentration!
Such behaviour was not predicted in any theoretical work nor was there
any precedent in the published record of experimental results for
ordinary chemical kinetics. Besides this, Henri found that glucose and
fructose were inhibitory if present in sufficient amount, and there were
further complications arising from the sensitivity of the catalyst
(enzyme) to temperature and the acidity of the solution.



where K s is an equilibrium constant and not a rate constant.
Now the total concentration of enzyme includes both free enzyme and
that present as ES complex

that the first stage (formation of an enzyme-substrate complex) is in
equilibrium, and that the overall reaction rate is given by k 3 [ES]. We
would be entitled to write down an equation for the equilibrium
constant directly, but it may be clearer if we do it by appealing to the
Law of Mass Action and equating the rates of reactions 1 and 2
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Paradoxes and Problems
Because this chapter is more than merely an exposition of

elementary enzyme kinetics - being concerned also with showing how

v is independent of changes in [S] .
In short, the equation predicts zero order kinetics provided the

concentration of substrate is sufficiently high. The equation is success
ful. The development in the papers of Henri and Michaelis & Menten is
more complicated only because these authors are trying simultaneously

to account for product inhibition and to fit the experimental results to
the integrated form of the rate equation.

This derivation involves a number of incompatible and unnecessary
assumptions. Briggs and Haldane showed that it is possible to proceed in
a different manner, without making the assumption that the first stage
is in equilibrium, and this approach is used nowadays in even the most
elementary accounts. We need only assume that the concentration of
the enzyme-substrate complex is constant over a brief time interval,
much as for simple catalysis. Then the rate of formation is equal to the
rate of destruction, or

d~~S] 0 = k l [E] [S] - k2 [ES] - k3 [ES]

[E] [S] = (k2 + k3 ) = K ( ) (8)
[ES] k[ m say

This equation is indistinguishable from equation 6, in the sense that the
right hand side is constant, as in the earlier case, being made up of a
combination of individual constants. Thus, obviously, the remainder of
the derivation of the Michaelis-Menten equation can be carried through
exactly as above. But K m is not strictly speaking an equilibrium
constant at all, consisting of the sum of two terms:

= k 2 + k 3
K m k[ k[

The first of these is the equilibrium constant Ks' the second is a
constant, but does not refer to an equilibrium. It is now generally
accepted that the Briggs-Haldane approach is correct and that the name
Michaelis constant is properly given to constants like K m rather than
Ks' since it is the former which are actually determined from
experimental data by application of the Michaelis-Menten equation
in any of its many forms.

(6)
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k[ [E] [S] = k 2 [ES]

[E] [S] k2lESJ = k; = Ks (say),

[E] + [ES] = [E l ] (say), and [E] = [Ed - [ES]

Tl
([Et] - [ES])[S] - K

len [ES] - s

[E l ] [S] = (ES] (Ks + [S])

] k3 [Ed [S]
As indicated above, rate = k3 [ES = K s + [S]

which is the expression usually known as the Michaelis-Menten
equation. To bring it into a more familiar form we have only to write v
for the rate and define k 3 [E l ] = Vmax, which is simply saying, very
sensibly, that the maximum conceivable rate under a given set of
conditions will occur if the whole of the enzyme is in the foml of
enzyme-substrate complex. Then

v = 1 :KJ[S] (7)

This equation, as is well known, predicts that if [S] is very much

greater than Ks: W Ks/[S] becomes very close to zero; (b) thus the
denominator becomes very close to 1; (a:}so that v ~ Vmax; l;46 hence

24

Enzyme Catalysis
In considering enzyme catalysis, our first problem, perhaps, is to

account for zero order kinetics. We will first follow the assumptions of
Henri, employing the reaction scheme,

E + S ':' \ ES ~ E + products, in which it is assumed
2

Q
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the subject developed - it was necessary above to discuss also general
chemical reaction kinetics and to describe two separate approaches to
the theory of the rate of enzyme reactions. A number of apparent
contradictions result. As the solutions may not be obvious to all readers
they are discussed explicitly in the next few paragraphs.

The two derivations are sharply distinct in that the Briggs-Haldane approach
makes no assumption concerning equilibrium or near-equilibrium of stage one of
the reaction scheme. If and only if k 3 < k" the Michaelis assumption is
approximately obeyed and K m ""Ks' But if k3 "" k, or even if k 3 ~ k" the
Briggs-Haldane equation plainly states that the Michaelis-Menten equation will be
obeyed in practice, yet K m may be very far removed from K s and may be
completely misleading as a guide to the affinity of an enzyme for its substrate.

(a) Our first question is, how can two such different assumptions lead to the
same rate law?

(b) And our second is, can we use K m as a measure of affinity?
To answer these, we must point out that it is a commonplace of chemical

kinetics that many different conceivable reaction mechanisms can lead to the
same rate equation. In consequence, considered alone, a rate law is nearly useless
as a guide to probable mechanism. Thus the hopes expressed by Michaelis &
Menten, and echoed years later by Dixon & Webb - to the effect that enzyme
kinetics is studied as a means to understanding the nature of enzyme action - are
largely false hopes. Obedience to the Michaelis-Menten equation does not help us
decide on the relative magnitudes of k 2 and k 3 • Put another way, obedience to
the Michaelis-Menten equation is not good evidence in any particular case that the
equilibrium assumption is valid: we know that it often is and that K m is often a
good approximation to K s, but it is not the rate law which leads us to this
conclusion.

To reinforce these statements we may point out that Henri himself found that
two alternative and distinct theoretical mechanisms could give rise to his proposed
rate law (though in this case one of the mechanisms is nowadays considered
trivial). And we may also call attention to Cleland's dictum that nothing which
takes place within a "central compBx" (equivalent to our enzyme-substrate
complex) can possibly affect the rate law. It is, of course, precisely the events
within the enzyme-substrate complex which are most interesting from the point
of view of understanding enzyme catalysis: these events can indeed be studied,
but not by classical kinetics alone.

(c) A third question lies perhaps outside the intended scope of this discussion.
The classical equations for competitive inhibition are derived on the basis of the
Michaelis-Henri assumptions. It is found that inhibition can be expressed as
modifying K s. If we wish to establish the form of the inhibition equations via the
Briggs-Haldane approach, does the inhibition express itself as a modification of K s
(Le. of k 2 /k I) or of Kill? To answer this properly requires fairly complex but not
intrinsically difficult algebra. The conclusion is that it is Kill which is modified, so
that the uncanny matching of Briggs-Haldane conclusions to Michaelis-Henri
conclusions is carried one stage fur ther!

(d) We shift now to the second set of paradoxes. By assuming a steady
concentration of an intermediate stage we derive on the one hand a first order

equation (simple catalysis) and on the other a zero order equation (enzyme
catalysis). How so? The answer lies in a tacit assumption made in the course of
our derivation of the simple catalysis equation, where we did not distinguish
between the free and total concentrations of the catalyst (H +). This amounts to
the assumption that the proportion of catalyst tied up in the intermediate
complex is so small as to be negligible. Any addition of catalyst (i.e. acid) would
go to increase the concentration of free catalyst almost exclusively. For enzyme
catalysis, whether we employ the Henri or the Briggs-Haldane approach, we
distinguish between total enzyme concentration and free enzyme concentration,
which amounts to considering it possible that a significant fraction of the catalyst
is actually present as enzyme-substrate complex. And to achieve the prediction of
zero order kinetics, we must suppose the enzyme to be saturated, that is almost
all the enzyme exists as enzyme-substrate complex, and allY addition of catalyst
would go to increase the concentration of this species rather than free enzyme.
Despite the superficial similarities in approach, we find in fact that the two
equations spring from utterly distinct assumptions about the behaviour of the
catalyst.

(e) Why should product inhibition affect enzyme catalysis and not
simple catalysis? This really follows from (d) above. Suppose that part of the
catalyst is segregated as an inactive form (product-catalyst complex). (1) In the
case of enzyme catalysis our earlier assumption implies that this can only be
drawn from the catalytically-significant enzyme-substrate complex which would
thereby be reduced in concentration. (li) In the case of simple catalysis we must
further consider whether the product has an affinity for catalyst roughly similar
to or less than that of reactant. If so, a similar (negligible) proportion of catalyst
would be tied up in it and the concentration of free catalyst would be unchanged.

It is, of course, always possible to inactivate the catalyst completely by using
sufficient of a sufficiently avid inhibitor to segregate all of it in such an inactive
form.

(f) The steady-state assumption is applied to intermediate complexes in
simple catalysis and in enzyme catalysis. Then, are they not analogous?

In the derivations given above, they are formally (mathematically) analogous,
except for the striking and crucial difference that the enzyme-substrate complex
is assumed above to contain an appreciable fraction of the total amount of
enzyme present - an assumption which can be proved reasonable by various kinds
of non-kinetic experinlent. This implies that the complex is rather stable.
Conversely, the other type of intermediate complex, which we might as well now
recognize as the "activated complex" of transition state theory, is at best
metastable. Energetically it may be regarded as lying at the peak of the mountain
pass through which the reactants must travel to be transformed into products, not
a place where the traveller wishes to linger, whereas the enzyme-substrate
complex lies in an intermontane valley which may well be a suitable site for rest,
recreation and dallying. The enzyme-substrate complex is viewed as a distinct
chemical compound, having an appreciable lifetinle; its formation and its
decomposition each involve a distinct chemical reaction passing through a
transition state comparable to the intermediate complex of simple catalysis
theory.
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Minimum Plausible Model. Symbol conventions
To obtain a reasonable minimal model of a real enzymic reaction we

must go even further and postulate an enzyme-product complex
arising from the enzyme-substrate complex by an intramolecular
reaction, which constitutes the essential catalytic step. The simplest
possible overall mechanism is then:

k a ; k c ~e

E + S ,.. ES . -.... EP ~- . E + p

k.b k~ k f

t t t
Transition state activated complexes are involved at each point
indicated by a vertical arrow. The shaded area covers the events
occurring within a central complex. Cleland's theorem, mentioned
above and open to test by fairly straightforward algebraic methods,
indicates that this is indistingUishable kinetically from the simpler
scheme used above

k k
E + S ~ ES ..----:......:- E + P,

k, k 4

in which the rate constants k\ -k4 are actually combinations of the
true elementary rate constants ka-kf . If [P] = aand/or k4 is very small
- that is if reaction 4 is negligibly slow - the scheme reduces further to
that used by Henri and Michaelis:

k k
E + S ~ ES ------=4 E + P

k,

This is, perhaps, the place to point out that the universal convention in
physical chemistry is now to use lower case k for rate constants and
upper case (capital) K for equilibrium constants (and, by extension,
K m , which is not a true equilibrium constant). It was not always so:
Michaelis did the opposite and Henri's practice was variable.

The effect of temperature on enzyme catalysis
There will be no need to examine in great detail a relationship which

was perfectly clearly understood by S0rensen, and accurately described
by him in 1909. In general, chemical reactions go faster the higher is
the temperature. In the case of enzyme catalysis there are two
competing processes which affect the apparent activity of the enzyme:
(i) The intrinsic reactions of the catalytic process, as just stated, go
faster the higher the temperature is raised. (ii) The reactions leading to
heat denaturation of the enzyme affect enzyme activity according to
the amount of residual active enzyme. Obviously this depends both on
the temperature concerned and the time for which the enzyme has been
exposed to that temperature. Thus if one is working at a temperature
which is liable to cause appreciable enzyme denaturation there is

progressive loss of active enzyme during the period of observation. This
immediately makes clear that to talk of a temperature optimum for
enzyme activity is nonsense: the apparent optimum would vary from
second to second during the experiment. Under a defmed set of
conditions, including a stipulated observation period, it is reasonable to
talk of a temperature optimum for overall enzyme action, Le. the
integral of enzyme activity X time, but this is a parameter more often
of industrial than strictly scientific use.

We will conclude this section with a few brief statements on matters
frequently misunderstood by elementary students:

It is not true that there is a common temperature coefficient of
reaction velocity (Q\ 0) of about 2.3-fold per lODC rise in temperature.
The dependence in fact varies with the activation energy of the
reaction, being less for reactions which are efficiently catalysed and
therefore have a low activation energy (enzymic reactions, Q\ 0

commonly < 2), and unusually high for the reactions leading to heat
denaturation of enzymes.

It is not even approximately true that the "optimum activity" of
enzymes reflects the temperature to which they are normally exposed
in the living organism. Obviously, thermophilic species have evolved
heat-resistant enzymes. Proteins from ordinary poikilothelmic species
are free from this evolutionary pressure and yet they include enzymes
capable of acting at temperatures of 80

D
C or higher for considerable

periods (e.g. papain, from the papaya or pawpaw tree). The only
general statement which could justifiably be made here must appear as
a truism to an evolutionist - the enzymes and other proteins in any
species must be such as not to be rapidly denatured at temperatures to
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which they will ordinarily be exposed in life.

2. THE EFFECT OF [W] ON ENZYME ACTIVITY

S0rensen's great contribution to understanding this problem was to
distinguish "amount of added acid" from "acidity" (amount of
hydrogen ion actually present). In addition to this, he proposed a
practical and sensible scale for expressing the amounts or con
centrations of hydrogen ion actually present: if we now quarrel about
the pH scale it is over the detailed significance of the numbers or the
difficulties which unscientific people may have in lmderstanding an
inverse logaritlunic relationship, not about the convenience and power
of the approach in actual scientific usage.

But S0rensen was gravely in error in his interpretation of the
relationship of enzyme activity to pH. He suggested that this was
analogous to the effect of temperature - a competition between
increasing activity with change of pH (in one direction or the other)
and reactions leading to denaturation of the enzyme which were also
pH-dependent. Michaelis & Davidsohn easily showed that this was not a
simple, universal explanation by their demonstration of reversibility of
acid or alkali inhibition (actually, Henri had previously reported a
sin1ilar experiment). Permanent loss of active enzyme can certainly
occur at extreme, and sometimes not so extreme, pH values, but this is
not the ordinary, everyday cause of variation of enzyme activity with
pH. Michaelis & Davidsohn give an explanation which is fully
acceptable today except in respects where views of the nature of acids
and bases, and of enzymes, have overtaken the theoretical picture
according to which these authors worked.

Michaelis & Davidsohn suggested that the enzyme dissociated as an
an1pholyte or amphoteric electrolyte, and that only the intermediate
form was enzymatically active. The reaction sequence envisaged might
be represented thus, with inc.reasing pH, for enzyme forms D, E and F,

molecule.
We do not now believe that the dissociation of conventional bases

involves reversible interaction with the hydroxyl ion. The second stage
above would be regarded instead as an ordinary hydrogen ion
dissociation, plus the combination of the hydrogen ion produced with

available hydroxyl ion:

Sum E + OH-
.---------

Thus the accepted present-day scheme is indistinguishable from th.at ~
use in 1911 as far as overall stoichiometry of the important specles lS

concerned. It is preferred because it is believed to be correct and
because it simplifies the mathematical theory by bringing all acid and
base dissociations together under one umbrella.

The theoretical objective is to discover an expression for the
variation of the concentration of E with pH. An excellent account is
given by Dixon & Webb, using the "Michaelis functions" (developed by
Leonor Michaelis shortly after the paper by Michaelis & Davidsohn
which is translated here, the better to explain his theories of acid-base
dissociation and the effect of [H+] on enzyme activity). We will follow
the same path in principle, but only qualitatively.

In the first dissociation, D~ E + H+

[D]
we have pH = pK + 10gfET '

which is simply the Henderson-Hasselbalch equation. A plot of this
shows the concentration of E increasing with pH as follows

+1-1)
ut)O----=---. E

[E]

IE] + [D]

Only E is active enzymatically. Note that the chemical composition and
net charge of D, E and F are unspecified: parenthesis of the radicals H+
and OH - is only to indicate that these are incorporated into the

pH
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In the second dissociation, E <=== F + H+

Physico-chemical Background 33

we have, similarly, pH = pK + log ~~~

Note that the second term on the right hand side now has E as
numerator. A plot of this equation gives

[E]

[E] + [F]

pK2 - pK I 4
pH

pH

Thus if both dissociations are taken into account, the shape of the
curve relating [E] to pH will vary according to how closely spaced are
the two pK values concerned. Only a rough qualitative idea can be
obtained by superposition of the two curves shown above because there
are three species involved, not only two, but it will do for purposes of
demonstration:

pH

[El

pK2 - pK I 6
pH

The kind of dependence of enzyme activity on [H +] actually found
experimentally will depend on pK2 -pK 1 , and on the range of pH
values at which experiments are done - which may be limited by
considerations of stability of enzyme or reagents, or by shortage of
time. Very commonly, only part of the pattern will have been explored
experimentally. The bell-shaped curve so frequently shown in elemen
tary texts is certainly common, but other patterns are at least equally
common.

The effects of any actual enzyme denaturation will, of course, be
superimposed on this basic pattern and will change it to a greater orless
extent and in a manner which (like temperatul'e effects) may vary with
experimental conditions and period of observation. The paper by
Michaelis & Davidsohn includes a brilliant and sophisticated disen
tanglement of reversible and irreversible effects of high [H+] on
invertase.

One final point concerning [H+] effects. Michaelis & Davidsohn
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endeavour to use electrophoretic experiments to support their thesis
that the effects of [H+] on invertase can be explained by the latter
acting as both an acid and a base. The idea was that the two
dissociations concerned in activity would also change the charge on the
whole enzyme molecule so that its electrophoretic mobility would
alter, the active form being in fact the uncharged "isoelectric" fOlm.
The unexpressed assumption of the authors is that the enzyme
molecule only has two dissociating radicals. We now know that
enzymes are proteins and we know a great deal more about the
chemistry of the latter: every protein has a great many dissociating
groups. The Michaelis-Davidsohn theory of the effects of [H +] on
enzyme activity works because usually only one or two of these groups
are found to affect the active site; dissociations elsewhere affect overall
charge of molecule, and hence mobility, but have little effect on
activity. There is no necessary connection between the isoelectric point
of a protein and its pH of maximum activity.

3. DISSOCIATION OF STRONG ACIDS, MOBILITY, ACTIVITY,
pH

D~socwtiol1 of acids
S0rensen attempted to set up a means of determining, literally, the

concentration of hydrogen ions. By his own account, his "funda
mental" electrometric method is successful in determining the ratio of
the [H +] in two solutions, but it does not directly measure the absolute
level of [H+] in either of them. This must be decided separately, for at
least one standard solution, to which all others can then be referred.

The principle proposed is to measure conductivity. It is a fact that
for a weak acid such as acetic acid, molecules of the undissociated,
uncharged, free acid can exist in solution in water in equilibrium with
the dissociated form and that to a crude approximation the degree of
dissociation can be measured by the electrical conductivity, which is
necessarily due to the dissociated form of the acid (conjugate base) and
the hydrogen ion released as a consequence of dissociation. Solutions of
hydrogen chloride in water have a conductivity lower than would be
predicted on the assumption of complete dissociation and the known
electrical mobilities of chloride and hydrogen ions: S0rensen, in line
with the theories current at the time, assumed that this was because of
incomplete dissociation and estimated the degree of dissociation on this

basis, and hence the concentration of hydrogen ions in the solution
chosen as standard. But we now know that molecules of hydrogen
chloride do not exist in aqueous solution (they do exist in HCI gas and
if present in the aqueous solution could be demonstrated by
spectroscopic and other properties). Hydrogen chloride (= hydrochloric
acid) is fully dissociated in aqueous solution, a conclusion apparently in
conflict with the findings about electrical conductivity.

But theory of S0rensen's time was affected by an undetected and
fatal flaw - it was assumed that mobility of ions was independent of
ionic concentration. In reality, that mobility is strongly dependent on
concentration, being in general profoundly diminished by increasing
concentration of ions, for reasons which will be explained qualitatively
below.

Interactions between ions
It is not to be supposed that ions of opposite charge, free to move in

a solution, would not be influenced by each other. What probably
happens is that they linger a little longer in each other's vicinity than
would occur by pure chance in the course of random thermal motion.
In the vicinity of an ion ·then there will exist, on a time-averaged basis,
a slight excess of ions of opposite charge. The effect of this is generally
to diminish the electrical mobility of the ion because the surrounding
"ion-atmosphere" of opposite charge will tend to move in the opposite
direction (thus imposing a drag on the ion in question) and will also
respond rather more slowly to the imposed electrical field, being larger
than the ion in question, so that it remains permanently out of
step and is no longer symmetrically disposed about the "central ion"
but so distorted as to create a net field tending to reduce the externally
imposed field (McInnes Ch. 18).

This discussion may be instructive, but is not helpful other than to
show that the standard values for [H +] adopted by S0rensen are
completely without foundation, and therefore so are all his other [H+]
values.

Activity
As a matter of experimental fact, it is found that the behaviour of

chemical substances in equilibrium is not well represented by their
concentrations, in the sense that the equilibrium "constant" in terms
of concentrations is found to be not constant at all. This has led to the
establishment ofa new means of expressing the effectiveness or chemical
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potential of substances in equilibrium situations: the activity. This
may be regarded as a kind of fictitious concentration, adjusted to suit
the facts. It certainly is expressed in concentration units, and is related
to concentration by a dimensionless factor, the activity coefficient,
usually written as 'Y if the concentration is expressed in molar units.
Thus for substance A,

aA = cA ''YA

But activity is very far from being a convenient fiction. The theory
establishing it is quite independent of ideas concerning concentration
in the strict sense, and is very soundly based indeed. To emphasize
this, we may point out that activity values obtained (say) by measure
ments of depression of vapour pressure may be used successfully to
predict the E.M.F. of an electric cell! At the very least, activities are
self·consistent, at best they are fundamental measures of chemical
potential.

Activity measurements refer to an entire chemical substance, not
part of it. Thus the activity of hydrochloric acid can be obtained by
vapour pressure measurements, by E.M.F. measurements, etc., but
the activity of the hydrogen or chloride ions cannot be measured
directly and exactly.

In the same sort of way as for electrophoretic mobility, the activity
of an ionic species is affected by the ion-atmosphere surrounding it and
is thus dependent on the ionic concentration of the solution. The
nature of this dependence was predicted theoretically by Debye and
Huckel and their theory is remarkably successful at dilute to moderate
concentrations. To be more precise, the theory makes predictions about
the activity of single ionic species; since such activities cannot be
measured, the comparison with experiment can only be made by
making predictions for the two ionic species separately and then
combining these predicted values in a manner indicated by theory.
Such "combined" values agree with experiment rather well, as just
indicated, but not exactly, and in the circumstances there must remain
considerable doubt as to the exact validity of the predicted values of
single-ion activities.

Junction potential (Diffusion potential)
All practical systems for routine measurement of pH involve a

liquid junction, usually between saturated or 4 molll KCl and the test
solution in which has been immersed the pH electrode. It is expected

that a potential difference will arise across such a junction because of
differences in the rates of diffusion of various ions in two directions
across the boundary. Unfortunately it is impossible, as a matter of
principle, to measure the potential difference between two regions of
matter which differ in composition. This leaves us with an appalling
impasse. Clearly the junction potential could lead to a significant error
in potential measurements (which are then converted to pH) yet we
cannot eliminate or control this error by any completely sound means.

The best that can be done is:
(i) Touse an equitransferentjunction solution; that is, one in which

the current is carried equally by positive and negative ions. Theory and
the best available measurements combine to suggest that junction
potential should be least in such a solution (typified by 4 molll KCl).

(ii) To determine pH by means of comparative potential difference
measurements as between a standard solution and the unknown. If
the standard solution is of similar composition to the unknown, it is
expected theoretically that the junction potentials too will be very
similar and can then be eliminated by subtraction even though the
actual magnitude is unknown. This procedure is obviously invalid if
the standard and unknown solutions differ appreciably, as is commonly
the case in biological work.

S0rensen used a third approach, now generally considered either
unsound or not worth the trouble because the "corrections" produced
are less than the uncertainty in absolute pH values. He used a method
originally devised by Bjerrum, involving extrapolation to infinite KCI
concentration of the junction solution. Measurements with 3.5 and
1.75 molll KCI as junction solutions were taken and the resulting
potential figures plotted as ordinate against reciprocal KCI concen
tration as abscissa. Then a straight line through the two points cuts the
ordinate axis at a potential figure corresponding to infinite [KCI]
(see Bates, p. 21).

pH
S0rensen's theoretical definition was - log [H+]. His practical

11' - 0.3377 b I tho t' ill" t H al sdefInition was 0.0577 n IS sec lOn, we w reler 0 p v ue

thus defined as psH. The significance of these parameters is:
(a) 11' is the corrected measured potential of the cell comprising a

b See page 29 (marginal numbers) of the translation below.
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hydrogen electrode in the test solution, a calomel electrode in
0.1 molll KCl and a salt bridge (Bjerrum extrapolation).

(b) 0.3377 is the standard potential, 1To ' for a solution supposed to be
of unit [W].

(c) 0.0577 is the value of ~T In 10 for 18°C. For measurements at

25° C, this factor must be changed to 0.05916.
It will be seen that even if the theoretical oasis of the equivalence

pH = - log [H+] has been destroyed, this practical definition will remain
and will generate numbers which may be useful so long as one is aware
of the possibilities of considerable errors arising from measurements in
test solutions of unusual composition, and so long as one does not
attempt to attach too much physical significance to the results.

The objections to S0rensen's theoretical defmition were such that
he and Linderstr0m-Lang later proposed an alternative theoretical
definition based on activity, which also led to an alternative practical
definition (Comptes Rendus Trav. Lab. Carlsberg 15 (1924) No.6).
Instead of the above measured standard potential, these authors
proposed to use the (abstract) potential of such a cell in the standard
state of unit activity (EO') which can in fact be detennined experi
mentally with very fair confidence. But this is unit activity of
hydrochloric acid, not of hydrogen ion. To interpret the potentials
exactly in terms of hydrogen ion would require a knowledge of the
activity of chloride ion, which is not measurable. In the end, therefore,
measurements are reduced to allocating a certain solution a conventional
pH number and comparing other solutions with it.

The defining equation for the practical definition of this variety
which we will write as paH, is

E - (EO I + Eo) °
paH = 0.05916 J at 25

The activity of chloride ion is eliminated by assuming that it is
invariant between standard and test solutions. Ej is the junction
potential: as there is no alternative, this is assumed to be invariant
between standard and test solutions. The value of (EO I + Ej ) is about
0.3356V, so that the definition really reduces to

paH = E - 0.3356 , which differs from psH only by a constant;
0.05916

paH = psH + 0.04

Tabulated pH figures rarely make clear whether they are in terms of
psH or paH, or some other definition of the pH scale.

The theoretical objections to paH are not quite as strong as to psH,
but for reasons made plain above, paH values can not be converted into
reliable figures for the activity of hydrogen ions. There have been
several proposals for better theoretical scales, but none is as close to a
practically useful and reliable measuring system. Thus modern
definitions of the pH scale are conventional but are designed to give
figures as close to paH as possible, bearing in mind the uncertainties
in meaning of paH, never mind the experimental difficulties and
uncertainties which also exist.

The purist is undoubtedly correct in saying that pH is now to be
regarded as an operationally defined system of conventional numbers.
Wider interpretation of pH numbers seems permissible only with built
in reservations, and they do not and never can represent either [H+] or
aw exactly, and perhaps not even approximately.
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(Partial) purification of an enzyme, "diastase", and recogni
tion of its roles in the living organism and in industry

THE AUTHORS: J.F. Persoz (1805-1868) was "preparateur" at the
College de France (paris) from 1826-32 and then went to be Professor
of Chemistry at Strasbourgfrom 1833-50. A. Payen (1795-1871) was
at this time teaching Industrial Chemistry at the Ecoles Centrales des
Arts et Manufactures (Paris) (later also at the Conservatoire des Arts et
Metiers). Biographical notes may be found in D.S.B. and Partington.

THE PAPER: Translation involved interpreting a fair number of
obscure technological terms and descriptions of process . in some
cases final clarification was obtained only by r ence to later
publications by these authors or by Payen alone Ideas and techniques
developed rapidly. At the time, reports to til Academie des Sciences of
Paris were frequently published in thi(journal to supplement brief
notes appearing in the Proct.s Verbaux (Proceedings) of the Academy
(the Comptes Rendus of the Academy began in 1835). The present
paper is apparently based on a report at the meeting of 8 April 1833,
though from internal evidence it contains some additional material; and
a second major publication appearing in Annales de Chimie et de
Physique 56 (1834) 337-371 was similarly based on reports to the
meetings of 21 September and 21 October 1833 (Proces Verbaux vol.
10(1832-35) pages 242, 287, 345 and 374).

The reader may have some difficulty at first in following the
authors' line of argument because at that time they could not possibly
understand the nature of the phenomena they were studying; the
structures of the compounds were unknown, even the concept of
catalysis had not yet been promulgated by Berzelius (and, as can be
seen from later papers in this book, that original theory of catalysis was
incorrect).

The authors proposed the name "diastase" for their new active
ptinciple. This is from the Greek" {j l.O'.OrCXOlS", which means separation,
and was intended to refer to the effect produced of separating soluble
substances from the residual membranes of starch granules. Partington



says that the reference is to "making a breach" in the membrane, but
this is not accurate. For many years, the word diastase was used,
especially in French, in a sense virtually identical with modem
"enzyme". But this use has now almost disappeared, and so too has the
more restricted sense equivalent to "amylase".

It may be worth opening with a brief reminder about starch
chemistry. There are two main types of polysaccharide; amylose in
which glucose units are connected by a-l,4 bonds to form extremely
long chains, and amylopectin in which shorter chains of this same
structure have sinlilar side-chains connected to them by a-I ,6 bonds, so
that the whole has a branched arrangement. Amylose alone gives the
characteristic blue colour with iodine. Amylopectin also takes up
iodine, though much less, to give a red colour which thus more closely
resembles the natural colour of iodine solutions themselves. In
attempting to understand the complexities of enzyme attack on starch
granules, it should be borne in mind that the above are idealized
structures. Probably few amylose molecules are without one or more
a-l,6 bonds somewhere along their length; there are probably also other
non-ideal bonds and it is usual to find a small amount of ester
phosphate in the inner portions of amylopectin molecules, potato
starch containing rather more than starches of cereal origin. These
untypical structures may interfere with enzyme attack.

Germinating barley (malt) contains several hydrolytic enzymes
acting on starch. The exact effect produced varies with the proportions
of these, the source of the starch and the conditions. Most prominent
are the so-called a and (3 amylases. The first attacks polysaccharide
chains in the middle, hydrolysing glucose-(a-l,4)-glucose bonds, and the
final yield on prolonged digestion is said to be largely hexasaccharides.
This enzyme is no respecter of branching points: it can attack the
polymer "runs" on either side and thus release oligosaccharides in
which a former branch point (a glucose-(a-l,6)-glucose link) lies
somewhere in the middle. (3·amylase attacks the polymer chains at the
non-reducing end, releasing maltose (disaccharide) units successively,
but is stopped if it comes up against any other kind of link than the
glucose-(a-l,4)-glucose type. It should thus be able to degrade an
idealized amylose chain completely, but when attacking amylopectin
would be limited to the outer chains, leaving a "linlit dextrin".

Apparently, (3-amylase cannot attack native starch granules unless
there has been some preliminary attack by a-amylase, and digestion,
even to oligosaccharides, must remain incomplete unless both enzymes

are present. a-amylase is therefore sometinles called "liquefying
amylase". The results reported by Payen and Persoz can be attributed
to the incomplete action of a mixture of a- and (3-amylases. It should be
added at once that other enzymes were doubtless also present and also
participated in ways which cannot be fully described: the processes of
malting and starch modification are nothing like as clearly understood
or controlled as one might inlagine, after some 200 years of research!

Dextrin is a delightfully vague word covering everything produced
from starch by processes involving partial but not complete hydrolysis.
The authors viewed their particular kind of dextrin as composed of three
substances, A, Band C. The first of these appears to be amylose, only
partially degraded since it retained the characteristic colour reaction
with iodine, the drying/hydration behaviour and the relative insolu
bility in dilute alcohol solutions. More extensive hydrolysis led to the
disappearance of this substance, which is in accord with the identifi
cation as amylose and the nature of the actual enzyme process,
suggested above. Substance B was probably partly hydrolysed amylose
and amylopectin including limit dextrins. The description of the iodine
colour reaction of substance B is not clear; they do not mention the
characteristic red to violet colour now attributed to amylopectin.
Substance C, or dextrin sugar, must have been a mixture of maltose and
oligosaccharides, with only a little glucose, which is produced slowly by
the action of malt enzymes alone. In a later paper (payen, AnnaZes de
Chimie et de Physique 60(1835)444) mention is made of the pro
duction by diastase of a crystallizable sugar apparently identical
with grape sugar (glucose). But in the translated paper and in most of
their other work, Payen and Persoz were concerned with the effects of
a brief treatment, not exhaustive hydrolysis with excess enzym'e and at
a moderate temperature.

Payen and Persoz make much of the membranes (tegumens) of
starch granules. Recently, it was fashionable to regard the starch
granule as being naked, lacking any kind of enclosing envelope, and
Partington dismisses the matter by calling the membranes "inlaginary",
which is not correct and not fair. The starch granule is certainly not
composed of amylose and amylopectin alone. There are lipids present,
mineral substances and a protein "matrix", including a layer surround
ing the granule in its native state. Thus there is a kind of substantial
envelope even if it is not organized like a normal biological membrane.
Besides, it was well known that on heating starch in water the grains
swell up and finally burst, often leaving behind "formless sacs", ghosts
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of the grains, which can only be removed by much more extensive
treatment or by filtration. Payen and Persoz knew of this kind of
appearance, made microscopic investigation of their own starch digests
and saw these apparently fragmented membranes. In a later paper
(Annates de Chimie et de Physique 56 (1834) 337-371) they describe
work in which the "tegumens" were obtained free of any carbohydrate
material and then constituted only about 0.3% of the initial weight of
the starch. Small wonder if they have since been treated as unimportant
- so they are, to a first approximation and except as a nuisance.

CONTRIBUTION OF PAYEN AND PERSOZ: According to Partington,
the findings of Payen and Persoz were anticipated by a few months by
de Saussure, and there was also a contemporary dispute over priority
with Guerin-Vany. But a reading of the originals leayes little doubt as
to the relative importance of the work: any "anticipation" concerned
only small elements of the discoveries of Payen and Persoz and was,
moreover, of tentative and preliminary nature.

Certainly, Payen and Persoz invented the word "diastase" and were
the first or nearly the first to separate an enzyme or enzymes from the
parent organism and isolate it in purified or concentrated fOlm.

To them, however, the most important feature of the action of their
new active principle was that it liberated soluble starch products from
the granules; the further and inseparable action of partly converting the
starch into smaller molecules was not understood (because the
chemistry was not understood) and therefore not accorded its true
significance; but it is clearly recorded. Unfortunately, perhaps, these
effects can be imitated reasonably well by simply boiling up starch with
water and a little acid, and thus appear less impressive as a model of a

life process.
Enzyme treatment of starch is used industtially, in fact is now

enjoying a renaissance, but most hydrolytic processes on starch are still
carried out wholly or partly with acids and high temperatures, because
the exact desired producl is only obtainable this way (certain gums) or
because with the industrial equipment and customs which still exist
generally it is more reproducible and cheaper than using only catalysts
of biological origin. Chemically modified starch products are also much

used.

A Report on diastase, its principal reaction products, and
their industrial application
by Messieurs Payen and Persoz
Annates de Chimie et de Physique 53 (1833) 73-92

Since the brilliant research and the labours of Luwenhoeck, I Saussure,1
Kirschoff, Vauquelin, the English brewers, Dubrunfaut, Raspail,
Guibourt, Couverchel, etc., we have been familiar with the normal

[74] structure of starch. We knew that the granules consisted of an envelope
enclosing a mucilaginous substance, that on raising the temperature
appropriately part of the interior substance of the granule was made to
seep out, that by treating with water and sulphuric acid we could
rupture the surrounding membrane and transform the starch into sugar,
or into a gum (by a shorter treatment), and that by means of
germinated barleY,a water and warmth (Dubrunfaut's report of April
1823), starch was converted into sugar.

In 1785, Dr. Irvine demonstrated augmentation of the sugar
products of malt by adding flour from uncooked grain, which was itself
saccharified (Accum. trad. de Riffaut l ).

Was there anything left to discover along this well-trodden path? We
believed so, though at the same time giving due respect to the
important contributions of our predecessors.

In fact, it seemed to us that we still did not have any economical
means to extract from starch the internal constituent characterized by a
new optical phenomenon, recently described by M. Biot; that after
many years of investigation, still being far from knowing the active
principle produced by germination, its reactions have been attributed
first to hordeine,2 and then to a kind of "soluble gluten", which we
have elsewhere shown to be inert;3

[75] That the transformation of starch into sugar was accepted without
observing the liberation of dextrin which now has so many applications;

Consequently, that the conditions and the phenomena of sacchari
fication of starch in the presence of germinating barley were not clearly
set out, that the volumes wlitten on this subject by the English brewers
and distillers, and by our authors, allowed a mass of practical anomalies
to remain unforeseen and unexplained;

Finally, that none of the consequences of the discovery of diastase -

a That is, malt. The common English word is used henceforth.
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for organic chemistry, for physiology and for industry - could have
been predicted.

Since our report to the Academie des Sciences concerning a new
means of preparing dextrin, separating and removing the membranes of
starch granules by a direct action, we have persevered with our research
into the principle which produces this remarkable reaction.

This substance, which we have recently isolated, contains less and
less nitrogen as it approaches purity.4 It is a white amorphous solid,
insoluble in alcohol but soluble in water and dilute alcohol; it is not
precipitated by lead sub-acetate; its aqueous solution is neutral and
without any distinct taste, but left to itself it changes more or less
rapidly according to the atmospheric temperature and becomes acid. b

Heated at 65 to 75° with starch it shows the remarkable property of
rapidly detaching the envelopes of the modified internal substance - [761

dextrin which dissolves rapidly in water, while the envelopes,
insoluble in this mixture, rather float or sink, following the movements
of the liqUid. This striking property of separation decided us to call the
substance concerned diastase,5 which expresses predsely this fact.

Properly carried out, this procedure yields dextrin purer than it has
been prepared before and, particularly, showing the great rotatory
power which characterizes it and which cannot be obtained to the same
degree by any other procedure. The solution of diastase, moreover,
converts dextrin gradually into sugar which is precipitable neither by
baryta nor by lead sub-acetate. During the experiment, the temperature
must be maintained at 65 to 75° because if one heats diastase solution
to boiling it loses the power to act on either starch or dextrin.

Diastase is found in the germinated seeds of barley, oats and wheat,6
close to the germ, but not in the radicles. It is found neither in the
shoots nor the roots of sprouting potatoes, but only in the tuber close
to and around their point of insertion, where it is generally ac
companied by a nitrogenous substance which like itself is soluble in
water and insoluble in alcohol, but which differs from it in being
coagulable on heating to 65 to 75°, in not acting on starch or dextrin,
in being precipitated from solution by lead sub-acetate and in being
largely removed by alcohol before the precipitation of diastase. We have
also found diastase below the buds of Ailanthus glandulosa,7 in which [77]

location it is free of soluble nitrogenous material.
Cereal grains and potatoes contain no diastase prior to germination.

b Presumably because of microbial attack.

It may be extracted from malt by the following procedure and the yield
improves according to how uniform was the germination8 and
according to how closely the length of the shoot approximates that of
each grain. 8

After macerating the malt with cold water for some moments the
mixture is filtered or, preferably, subjected to high pressure and the
solution filtered. The clear filtrate is heated in a water-bath at 70°.
Most of the nitrogenous matter is coagulated at this temperature and
should be removed by a second fIltration. The filtered liqUid contains
the active principle, a little nitrogenous material, colouring matter and a
quantity of sugar in accord with the progress of the germination. To
remove the latter, alcohol is added to the point where no further
precipitation occurs; diastase, being insoluble, is deposited as a
flocculent precipitate which is collected and then dried at a low
temperature. To avoid destruction it is above all necessary to avoid
moist heat at 90 to 100°. To purify further it is dissolved in water and
reprecipitated with alcohol, or these re-solutions and precipitations may
even be repeated twice. One may also obtain diastase free of
nitrogenous material without coagulating the latter at high temperature,
but only by repeated precipitations with alcohol. After each preci-

[78] pitation, less and less of this substance c dissolves and the diastase
becomes purer and whiter.

This is the procedure which has proved most successful with us:
freshly germinated barley is crushed in a mortar, moistened with half its
weight of water and the mixture subjected to high pressure. The liqUid
expressed is mixed with sufficient alcohol to eliminate its viscosity and
precipitate the greater part of the nitrogenous matter - which is then
removed by filtration. The fIltrate is precipitated with alcohol to yield
crude diastase which is purified by three times re-dissolving in water
and precipitating with excess alcohol.

Diastase solution, whether pure or containing sugar, is effective in
separating dextrin from all starches and starchy materials, and thus
permits direct analysis of flours, rice, bread, etc. If the preparation of
this new natural substance9 has been done with care, its power is such
that one part by weight will bring into solution in warm water the
internal substance of two thousand parts of dry starch, and subse
quently convert the dextrin to sugar. These reactions are easier and the
first is more prompt according as a greater excess of diastase is used;

c i. e. the nitrogenous contaminant.
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thus, on doubling the dose to one thousandth, the dissolution of starch
can be completed in ten minutes.

To prepare dextrin or sugar-containing liquors on a large scale,
powdered malt is used in the proportion of 6 or 10 parts to 100 of
starch. If a syrup is required, the mixture is kept for about 3 hours at a
temperature of 70 to 75°, which allows the action to continue, while [79]

for dextrin containing as little sugar as possible the mixture is boiled as
soon as the starch is dissolved, thus stopping the action of the diastase.

Here are the details of these operations:
First, one requires malt dried in air or in a drying room10 at low

temperature, then ground - in a word what is used by brewers in the
properly conducted manufacture of pale beers.11

If during germination the shoot has as uniformly as possible attained
a length equal to that of the grain and if the drying has been done as
just described, five parts of malt suffice for producing dextrin from 100
parts of starch. It is necessary to use more if these conditions have not
been precisely fulfilled, but even so it is rare to fmd that ten parts is
insufficient.

Into a cauldron wanned on a water-bath is poured 350 to 400 kg of
water. Once the temperature reaches 25 to 30° centigrade the malted
barley is added and heating continued up to 60°, at which point the
starch (100 kg) is added and mixed in well with a wooden paddle (the
most convenient shape being that employed by Gay-Lussac for the
agitator of his cWorometer). Occasional agitation is then sufficient to
keep in suspension even 500-750 kg of starch in a bulk of 2 to
3,000 kg of water.

When the temperature of the mixture approaches 70°, it must be
maintained almost constant and not allowed to fall again below 65° or
exceed 75°. This is easily done if the water-bath is heated by means of a [80]

pipe reaching to the bottom, through which stearn can be admitted
under the control of a tap.

After 20 to 30 minutes, the liquid, at first milky, then a little
thicker,12 becomes more and more translucent. From being opaque,
viscous and cohesive 13 - as examined by raising the stirrer above the
surface - it becomes fluid, almost like water. The temperature is then
briskly raised to 95 to 100°.

It is allowed to stand,! 4 the clear supernatant fluid drawn off,l 5

filtered, then rapidly evaporated either over the naked fire or,
preferably, on a water-bath kept at about 110° under the necessary
pressure. During evaporation, scum is removed consisting of most of the

membranes of starch granules whic~l escaped the first settlement
stage. 1

6 When the evaporation 1
7 reaches the stage at which the syrupy

liqUid falling from the skimmer forms a broad sheet, the concentrate is
tipped out into a receptacle of copper, tin-plate or wood. On cooling it
forms an opaque, gelatinous mass.

To use directly for making bread, it is warmed to tepid heat, mixed
with yeast and dough and kneaded well.

[81] Spread ou.t as thin slices in a dryer, in a current of air, the product
becomes dehydrated dextrin. It is easily stored in this state and can be
ground into a flour for use in all kinds of pastries, chocolate, bread,
tonic beverages for chest or stomach, etc. Following the report by
Messrs. Dumas and Robiquet, M. Serres has already made use of it with
great success at the Pitie Hospital,! 8 in the treatment of intestinal
conditions.

To obtain a dextrin syrup suitable for making various alcoholic
beverages, the above procedure is followed up to the point at which the
starch has been dissolved, but then, instead of raising the temperature
immediately to 100° it is kept at 65 to 75° for 3 or 4 hours and then the
operation concluded as just described.

This dextrin syrup, besides the uses just indicated, may be used for
thickening of (artists') colours and preparation of canvasses.! 9 As it has
more adherence, is more fluid, and more translucent than the low-sugar
dextrin, it may be used alone or in admixture with the latter for
thickening mordants,20 making felt, application of colours to wall
papers/land can with benefit replace both indigenous and exotic
gums ill a great number of cases.

The effects and significance of the technical details above can be still
better understood in the light of the following points concerning the
transfOimation of starch.

One of the outstanding results of the separation occasioned by
[82] diastase between the dissolved interior substance and the membranes, is

that these latter cany away the greater part of the noxious22 essential
oil, the ill-tasting principle of certain starches, so that one can in this
way, more economically than otherwise, obtain dextrill and starch
syrup which are most acceptable to the taste. This lucky coincidence is
inlportant above all in applications to the production of articles of diet,
and of beer and other alcoholic drinks.

The following facts demonstrate that the noxious essential oil exists
preformed in potato starch, that it is contained in the membranes and
that it is removed with them. It is found (1) in distillation products, (2)
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in starch paste, (3) in bread prepared with starch, while the taste is not
detectable in bread prepared with dextrin.23 It turns up again in the
membranes removed by diastase and in alcohol washings of starch,
obtained in the cold. Finally, by washing alternately24 with alcohol
and water one can remove the essential oil from starch to the extent
that its peculiar taste is eliminated, and thus treated the starch can be
used in place of the exotic starches called arrowroot, tapioca 25 etc. The
alcohol, redistilled, can be re-used for purification of starch.

Since the report to the Institute,26 we have been concerned with
studying more closely the substance obtained from starch by the action
of diastase, referred to as dextrin.

Crude dextrin, obtained by the action of 0.0005 parts of diastase or [83)
of an extract of germinated barley, can be fractionated into three
distinct products, or, by various procedures described below, this
number may be diminished to two.

Dehydrated dextrin - colourless, translucent - when placed in cold
water becomes opaque as it rehydrates. Filtered off27 it leaves an
insoluble residue, substance A which, after washing and drying in the
cold, is transparent in thin layers. This substance, like a solid material
interleaved with the other, facilitates the dehydration of the two other
substances. On rehydrating in cold water, it becomes opaque.

In this condition, it dissolves in water at 65°, is partly precipitated
on cooling and the solution becomes more or less opaque or opalescent
according as it is more or less concentrated. 28 Alcohol hastens and
completes its precipitation. Dissolved or precipitated, it gives with
iodine shades of blue or violet, through to black when it is almost dry.

This substance A, however, is still not pure; under the microscope it
still shows a large number of fragmented membranes which may be
removed by incubating at 75 to 80°, when they settle out. On drying
and repeating tllis purification step twice, a concentrated28 solution of
substance A no longer becomes opaque on cooling. This is the
substance which exists preformed in starch and gives a blue or violet
colour with iodine.

This substance A, insoluble in the cold, if dissolved by wanuing
remains in solution on cooling. It is precipitated by baryta and by lead
sub-acetate in coagulated flakes which form a pasty mass. 2

9 The baryta
precipitate redissolves in cold water. The solution treated by passing a [84]
stream of carbon dioxide,3o filtered and then concentrated,28 again
produces the substance insoluble in the cold. We will study more
closely the last reaction, which we have just distinguished, and its

probable consequences.
The following observations prove the identity of substance A in

starch and in dextrin:
Dried in a thin layer on a sheet of glass it lifts off in the form of

curled diaphanous plaques, elastic, tough, breaking under a moderate
stress.

It is tasteless, neutral and colourless. Exposed to water-saturated air
at 15° for 48 hours, it swells, remains transparent and elastic but now
breaks easily. In this condition it contains 0.24 parts of water without
appearing moist. (In like circumstances, starch takes up essentially the
same proportion of water and appears dlY.) If immersed in cold water it
swells further, absorbs more water, retains little elasticity, breaks very
easily and retains its shape, like pure gelatine.

Warmed in water at 65°, it dissolves. If the liquid is evaporated it
becomes more and more syrupy: if dried again its properties are as
before, even if the solution is held for 3 hours at 76°. (We will see that
this is not the case if diastase is present.) Left immersed in cold water,
without agitation, it does not dissolve, and testing the liqUid with
iodine scarcely registers its presence. But if it is ground up in the dry or
moist state and then suspended in water, the liquid, even if fIltered,

[85) contains a considerable amount and with iodine gives a blue or violet
colour, depending on the amount of iodine used.

If thus suspended by mechanical agitation or dissolved in hot water,
the cold liqUid containing it is made turbid by alcohol. The turbidity
clears on warming to about 65° if the proportion of alcohol is not too
great and reappears on cooling - phenomena analogous with the
following.

Dissolved in hot water or suspended in cold water, it shows the
coloration by iodine and decoloration at 90° described by M. Lassaigne.
We have further observed that, in water, the blue colour diminishes in
proportion to the temperature over tlle range 66 to 100°, and reappears
on cooling, provided that not all the iodine has been transformed
meantime into hydriodic acid - in which case a further addition of
iodine restores the colour. A small amount of chlorine also restores the
colour,d when it has disappeared in whole or in part because of the
formation of hydriodic acid, wllile an excess of cWorine destroys all
coloration permanently.

At temperatures between 0 and 66°, water and alcohol can separate

d And reforms iodine, 2HI + CI2 _ 2HCI + 12 (Ed.)
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the iodine from the blue compound, decolorizing it and making it
disappear, but at these same temperatures an excess of iodine restores
the colour. At 66°, the blue compound dissolves completely in water in
moderate amount, like the interior substance of starch granules, giving a
colourless or yellowish solution. (To show that complete dissolution
takes place only close to 66° and so that the colour, if weak, may [86]

reappear on cooling, it is necessary to have an excess of iodine which is
capable of turning the mixture violet.)

These two distinct phenomena account for the apparent anomaly of
the colourless iodide of starch. 3 I

Aluminium hydroxide gel and animal charcoal carry down the blue
compound during sedinlentation. Likewise they precipitate, but only
partially, the cooled solution of Substance A. The decanted supernatant
gives only a very weak colour with iodine whereas the alumina deposit
gives an intense blue or violet colour with the same reagent.

If this is ground into a paste with an alcoholic solution of iodine,
spread out over the sides of the vessel, and, just as it becomes dry,
water is gently poured over it, the coloured substance is detached and
precipitates without tinting the supernatant solution - at least so long
as it is not agitated. This is additional evidence that the blue compound
is not in a state of solution when it appears coloured. 3

2

TIle same substance A, treated with diastase, can be transformed,
like starch, into sugary material and a gummy substance there is
lacking only the effect of the membranes of the starch granules. It is
converted into sugar, as is starch, by treatment with two parts in one
hundred of sulphuric acid.

All the reactions which we have just described can be reproduced
using the interior substance of starch obtained either (1) by prolonged
grinding in the dry state and then dissolving, or, rather, suspending, in
cold water, or (2) by grinding in water in a metal mortar immersed in [87]

cold water so as to prevent appreciable walming, or (3) by the partial
dissolution of the interior substance at 65° after one or other of the
procedures for disruption which were described above, or (4) by direct
dissolution of starch in one thousand parts of boiling water.

In the course of extended treatment of starch with diastase, the
former is gradually converted into sugar and gummy material. Finally,
the solution contains no membranes impregnated with substance A and
gives no turbidity on cooling. This last observation is very important in
the manufacture of beer, and in some other applications.

The clear aqueous solution obtained from dextrin in the cold,

reduced to dryness and redissolved in the cold, still contains some
substance A. It can be largely removed by adding alcohol to the point
of precipitating a little of the soluble material. Then the solution is
filtered, and 30° alcohol is added till there is no more precipitation.33
The mixture is heated on a water-bath and the precipitate extracted
with alcohol.

This precipitate, dried and redissolved in water, gives on re-drying a
substance B completely soluble in the cold in water or dilute alcohol,

difficult to dry and strongly adherent so long as it retains a little water.
It is ~nsoluble in alcohol, and gives a colour with iodine so long as it
contaInS traces of substance A, which can be removed completely by
the reaction with diastase, finally forming sugar, which remains in
solution in alcohol, etc.3 4

[88] Substance B, thus purified, no longer turns iodine blue and in this
respect behaves like the debris of washed membranes of starch
granules,35 so that the iodine reaction is a characteristic of substance
A.

The alcoholic solution distilled and dried, yields a substance C,
which is difficult to dry although only slightly hygroscopic in air, gives
no colour with iodine, on fermentation gives alcohol without any
unpleasant flavour, and is not precipitated by baryta - while substance
A shows this last phenomenon along with some curious circumstances
to which we will return later.

One may also treat directly the dextrin solution, concentrated to the
state of forming a fille surface film, by treating with alcohol, (36°,
equal weight) then extracting with alcohol of 30°. On evaporation the
extract yields the sugar C which is further purified. 3

6 The precipitate on
extracting in the cold with dilute alcohol yields substance B in solution.
This may be isolated and purified as above. Finally, the insoluble
residue contains substance A, which also needs to be purified.

From these latest researches and our earlier results from before the
report to the Academie des Sciences,2 6 we may conclude

(1) That crude dextrin, apart from some membranes, usually consists
of three substances, one of these is insoluble in the cold but dissolves
in warm (water), gives a colour with iodine and is ide~tical with the
internal substance of the starch grain. The second is soluble in cold or
hot water and dilute alcohol, gives no colour with iodine and is

[89] analogous to gum. The third is a sugar soluble in water and in alcohol of
35 degrees, gives no colour with iodine alld is fermentable, etc.

(2) That prolonged action of diastase yields only the two last
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substances, and not all three, through transformation of the first.
(3) That the membranes, if completely freed of the substance which

they enclose in the native state and which they strongly retain, give no
blue or violet colour with iodine. Thus when native starch gives a blue
colour with iodine, this reagent produces its effects across the
membrane.

(4) That the phenomena of coloration by iodine, and decoloration,
are dependent on temperature and on the relative solubility of the blue
compound.

The three substances, together, or in isolation, or (easily) converted
into two, have many applications in industry, as we have already
shown. Produced gradually in vegetable tissues, or removed by the
action of diastase, water, heat, etc., they will serve in the study of plant
physiology.

It thus appears clear that diastase, with water, alters the composition
of the interior of the starch granule, produces two soluble substances,
and thus favours the escape of all three from the membrane, and finally
their separation from the latter.

In conclusion, we will set out a summary of the principal
applications of (1) diastase, (2) dextlin and (3) dextrin sugar. e

The new substance,9 in a more or less pure form, will be especially
useful in the assay of starch, flour, bread and other starchy materials. [90]

This is one of the most elegant procedures of organic analysis. In
solutions containing it we will have an agent for the production of
commercial dextrin and dextrin sugar - operations which have already
been brought to great precision and simplicity. It forms a means of
obtaining the starch-granule membranes completely free of the iodine
reacting substance and of obtaining the latter in high yield or of
converting it at will into two other substances,9 a sugar and a gum. It
allows an explanation of how the products (of degradation) of starch
pass into the sap: guided by this possibility, we have searched for and
"round this active plinciple close to the point where the starch is
dissolved by the plants themselves.

Dextrin, manufactured on a large scale, is easier to dry according as
its sugar content is less.

Isolated from starch-granule membranes (which in the potato are
impregnated with essential oil and difficult to eliminate), it gives a
pleasant taste when used for the preparation of bread, pastries,

e The sugar was probably maltose plus a little glucose and some oligosac-
charides.

chocolate, drinks, and many other culinary preparations: it seems to be
more readily and completely digested than starch. In intestinal diseases,
dextrin can be used in place of gum,! with advantage. More economical
in use and more constant in quality, it does not have the insipid taste
which repels sick people. These are the facts stated by M. Serres.

Used with a greater or less sugar content, according as it is required
[91] more or less adhesive or more or less difficult to dry37 and to convert

into alcohol, it may be used for the thickening of mordants, thickening
of colours, application of decorative papers38 and making felt, for
printing rollers and inking pads,3 9 and for dressing fabrics. 4

0

In the manufacture of beer, cider, wines, from grapes, from
redcurrants,41 etc., where it augments, economically, the substance
which provides the alcohol. In these drinks, it can replace starch syrup
prepared with sulphuric acid, thereby avoiding the presence of a large
proportion of calcium sulphateg and the taste of essential oils. Thus
these drinks are made at once more healthy and more pleasing.42

There remains a vast field of researches on the existence of diastase
in various parts of the plant organism, on its molecular weight, its
elementary composition, its chemical reactions and on the products of
its specific reaction upon plants which contain starch.

It will seem less remarkable that we have advanced only such a little
distance along this new road if it is considered that we have been caught

[92] up in a millrace of newborn applications and that we have not thought
it right to refuse our collaboration to the manufacturers who have
requested it from every direction.

NOTES

1 sic.
2 The major storage protein from barley grains, but at this time the name was

probably attached to a very heterogeneous material.
3 Is this a reference to the "anticipatory" work of others, discussed in the

notes above?
4 A vague form of statement, but this probably refers to total and not

percentage of N. In any case, this result led the authors to conclude that the
active principle was non-nitrogenous, an error due to insensitivity of
contemporary means of assay for N. Recently, ethanol precipitation of an
a-amylase/amylose complex has been used in purification of the enzyme.

S From Greek 0waTaa~s meaning separation and whose converse is union.

r Vegetable gums are used in the preparation of medicaments.
g Resulting from neutralization of the acid with chalk (calcium carbonate) at

the end of the process.
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6 "ble". The word can mean corn in general, including rye, maize, etc. Here
presumably wheat is intended.

7 Original has "aylanthus", but the accepted spelling is apparently as now given
in text. Ailanthus glandulasa (Desf.) =A. altissima (Mill.) Swingle. It is a tree
native to Southern China, of some commercial value through the use of its
wood, leaves (to feed silkworms), bark (yielding glue) and seeds (oil). I am
indebted to Mr. M.H.H. Ho, Botany Dept., Hong Kong University for the
above information, drawn from Flora Cantanensis by Chun Wun Yung. Its
use by the authors was presumably partly fortuitous and partly because they
were familiar with the species, Payen having worked with it before (Poggen
dorff).

8 These criteria are traditionally used in brewing practice among measures of
malt quality. See below in the text for further discussion of uniformity of
germination.

9 "principe immediat".
10 "etuve".
11 The original has "biere blanche" a term apparently not now in common use,

but Spiers' dictionary (1850) confirms the translation "pale". This
presumably includes all lagers (which is most of the beer of the world and is
often described as "blonde") plus British-type "bitter" beer, pale ale, light
ale, etc., and doubtless many other varieties from all over the world - i.e. all
those which have not been deliberately rendered dark by the use of a
proportion of overheated, partially caramelized malt in the manufacture.
The latter would have lost much diastase activity during the caramelization
process.

12 If the heating to 65 to 70° is rapid, the mixture becomes very thick, but
clarifies somewhat more slowly. (Authors' note)

13 "fI1ant" - forming a continuous stream which does not readily break up.
"Ropy".

14 Presumably to cool at ambient temperature.
15 "soutire" - decant leaving sediment behind. "Rack".
16 "defecation".
17 "rapprochement". In culinary practice the translation would be "reduction",

but in a chemical context this is best avoided.
18 "dans Ie service de 1a Pitie".
19 "servir au gommage des couleurs, i l'appret des toiles it tableaux". Before

painting on an absorbent surface such as canvas, it is prepared by brushing
on a thin solution of a glue or sim ilar substance ("size") which is then
allowed to dry.

20 "mordans" - the 'spelling is not recognized in dictionaries and the
translation is justified largely by association of ideas.

21 "l'application des peintures sur papiers-draps,".
22 "vireuse".
23 "Ie pain de fecule ... Ie pain de dextrine".
24 "par bandes ... successivement".
25 Arrowroot is prepared from Marenta arundinacea, and tapioca from manioc.
26 See Introductory Notes above. This presumably refers to the report to the

27
28
29
30
31

32

33

34

35
36

37

38
39
40

session of 8th April 1833 of the Academie des Sciences. (Praces Verbaux de
I'Academie des Sciences de Paris, 10 (1832-5) 242). The Institut de France
unites the various learned Academies, including that of Science.
"divisee, jetee sur un filtre".
"rapprochee". c.! note 17, above.
"magna" - probably a misprint for "magma".
To precipitate barium as BaC0 3 •

"iodure blanc d'amidine". This obviously refers to a starch derivative rather
than a compound of the type now called an amidine. Plainly, there had been
some confusion arising from the fact that iodine complexes with,both major
constituents of starch, tllOugh much more strongly with amylose than with
amylopectin, and gives a strong colour (blue) only with the former, below
66°C and under certain other limitations also.
Amylose and the amylose-iodine complex are very large molecules and it is
on this basis that we would now explain some of their peculiar behaviour,
rather than saying either that they were not in a state of solution, or (a few
years later) "colloidal".
" ... , puis on ajoute de l'alcool it 30°, jusqu'it cessation de precipite".
Contaminating substance A is removed first by precipitation at a low

concentration of ethanol. On raising the concentration further, amylopectin
is precipitated. The concentrations used are difficult to reconcile with
modern practice and higher alcohols are nowadays preferred to ethanol for
this fractionation.
" . ',; qui forme en outre du sucre, on tient celui-ci en solution par l'alcool,
etc.
" ... i1 en est de meme des debris de tegumens laves, ... "
"On peut aussi traiter directement 1a dextrine rapprochee, it legere pellicule
par I'alcool, it 36° (un poids egal), puis epuiser par l'alcoo1 it 30°; Ie liquide
evapore donne Ie sucre C que l'on epure". The text appears corrupt. The
interpretation adopted here implies at least errors of punctuation in the
original but is broadly confirmed by comparison with another description of
the procedure (Payen and Persoz, Annales de Chimie et de Physique
56 (1834) 337-71, p. 342). Apparently, 36° alcohol (30% ethanol w/w) was
added to the concentrated dextrin solution. But nowadays a final
concentration of around 15% w/w ethanol would be regarded as too low to
precipitate even amylose and amylopectin, never mind dextrin, whereas here
it seems to be relied on to remove all three. The answer may lie in the extent
of concentration of the dextrin solution used for the initial precipitation
(low water-content, and other effects).
The expense of drying may be avoided by using saccharified dextrin as a
syrup of 35° (authors' note). This might mean degrees Brix (% sugar by
volume) or perhaps degrees Beaume - an expression of specific gravity. 35°
Beaume is equivalent to a specific gravity of about 1. 32, depending on the
convention chosen.
"repiques des papiers peints ... "
"tampons it timbres".
" ... des paremens pour la chaine des tissus." By "dressing" is meant



introducing a substance into the cloth to render it stiffer in use or give it a
more glossy surface.

41 " ... de raisin, de groseille etc. ... " Groseille when unqualified means
redcurrant, but it is conceivable here that the b1ackcurrant (a quite different
fruit) is intended. In either case, to make a fermented drink from these fruits
certainly requires addition of sugar (or dextrin) to the juice, whereas with
the grape there is sufficient natural sugar if there was sufficient sunshine
during the ripening of the fruit on the vine.

42 Among the persons actively involved in these applications, we wish to
mention M. Drouard, manufacturer of decorative papers; M. Buran, M.
Mouchot, a skilful baker who produces in tllis way a bread and a kind of
pastry sought after for their lightness and taste; M. Raymond who makes
tonic pastilles for chest and stomach using dextrin; Messieurs Chappellet,
Janneret and Chaussenot, brewers of Paris, who in replacing starch sugar
prepared with sulphuric acid by dextrin syrup in their beer manufacture have
succeeded in combining at once the interests of their firms and of the
consumers. (Authors' note)

58 Payen & Persoz 59

2 Berthelot (1860)

Clear distinction between the action of an individual enzyme
(soluble, unformed, or acellular ferment) and that of an
entire microorganism. Partial purification of "invertin" and
proof that the hydrolysis of sucrose ("inversion") was due to
this soluble nitrogenous substance derived from yeast, and
not to acids produced during fermentation

THE AUTHOR: P.E.M. Berthelot (1827-1907) was one of the most

brilliant lummaries of French science of all time. He was fantastically
productive and his work spanned many fields of chemistry. At the time
of this paper, he had recently been appointed Professor of Organic
Chemistry at the Ecole Superieur de Pharmacie (paris). He later moved
to the College de France, and there, apparently, taught Victor Henri,
who like many other students revered him as a demi-god. Biographical
notes appear in D.S.B. and Partington.

THE PAPER AND ITS CONTRIBUTION: This paper offered no difficulty
in translation, being, indeed, of transparent clarity and admirably
concise. The contribution of Berthelot is summarized above; he cannot
be blamed for the failure of some others to appreciate the full weight of
his evidence. He went further than Payen and Persoz in preparing a
purified substance of chemically defined function and understood the
nature of its action far better than they, though he was, of course, far
better placed to do so.

lt should just be mentioned here again that the use of the words
"enzyme" and "invertin" above is deliberately anachronistic; neither
had been invented.
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On the glucose fermentation of cane sugar
by M. Berthelot

Comptes Rendus de l'Academie des Sciences, Paris, 50 (1860) 980-84
(Commissioners: Messrs. Dumeril, Chevreul, Milne Edwards, Regnault,
Decaisne, Cl. Bernard)

1. Among the changes undergone by cane sugar under the
influence of brewer's yeast,l one of the most remarkable is its
transformation into invert sugar. Thirty years ago the researches of M.
Dubrunfaut taught us that cane sugar treated with yeast changes first
into a non-crystallizable sugar; and those of M. Persoz have shown that
the rotation of tIlis sugar is of opposite sign to that of the original
sugar. Hence the name invert sugar.

What exactly is the nature of this phenomenon of inversion? Is it
due to a special action of yeast made necessary because cane sugar is
not directly fermentable? Or perhaps does the inversion of cane sugar
result from a secondary influence, of chemical type, and independent
of the direct action of the ferment? All these points are still uncertain.
In respect of this, let us quote the words of M. Pasteur in his recent
work on alcoholic fennentation. 2

"Everything which has been written on this subject lacks solid proof.
For myself, I think that the formation of "invert" sugar follows simply
from the production of succinic acid, that it is only an accessory
phenomenon. In other words I do not think that there is in the yeast
cells any special power of transformation of cane sugar into invert
sugar. But since succinic acid is a regular product of alcoholic
fermentation, the sugar must be subject to the same effect as is
generally produced by the action of acids."

Finding myself obliged to explain and summarize the principal [981]

phenomena of fermentations, I was led to re-examine the questions set
out above. They are not without interest: because it is necessary to
know if yeast produces several successive effects on cane sugar or if it
produces only one; if it consists of several ferments capable of
producing multiple effects; finally if some of the effects which it
produces are the same which can be produced by contact with dilute
acids.

2. The experiments I have done belong to three categories. In the
first I have investigated whether succinic acid used in the same
conditions as during fermentation really possesses the property of

inverting cane sugar. In the second I have conducted alcoholic
fermentation while keeping the solution alkaline, which would exclude
any action due to acid. These experiments having proved that inversion
is truly due to the brewer's yeast, I was led to isolate the actual ferment
which produces inversion of cane sugar and I have studied its action
separately.

Here is the summary of my observations:
3. Comparison of the influence of brewer's yeast and succinic acid

on cane sugar
I took 200 g of candied3 sugar and dissolved it in such a quantity of

water that the solution occupied 1000 cm3
. In a tube 200 mm long this

solution deviated the plane of polarization4 by +29.2°. I divided it into
two equal parts. To one I added 0.8 g of succinic acid, a larger amount
than that which would be produced at the end of an ordinary alcoholic
fermentation carried out on the same quantity of sugar. To the other, I
added 10 g of brewer's yeast which had been well expressed. 5 After 16
hours, the temperature having remained between 15 and 20°, the
solution which had been mixed with yeast was in full fermentation.
There was strong reduction of copper/potassium tartrate; it had been
inverted and deviated the plane of polarization by _9° (to the left). By
contrast, the solution mixed with succinic acid showed only a trace of
reduction: it deviated by +28.9° (to the right).

The difference between these two results is beyond doubt. Thus the
inversion due to yeast cannot be attributed to succinic acid. Even more
decisive results are obtained by completely suppressing the influence of
succinic acid.

[982] 4. Inversion ofcane sugar by brewer's yeast in alkaline solution
I took 200 g of candied sugar and 20 g of sodium bicarbonate and

dissolved them in cold water so as to obtain one litre of solution. The
deviation was the same as before: +29.2°. To this solution I added 20 g
of brewer's yeast which had been well expressed, and left the whole at a
temperature which remained between 15 and 20°. Alcoholic fermen
tation developed, although a little more slowly than in the preceding
case.

After 16 hours the deviation had fallen to +9° and there was
powerful reduction of copper/potassium tartrate.

After 40 hours, alcoholic fermentation was continuing, while the
solution remained alkaline; the sugar was inverted and the deviation was
- 7°. The following day it had risen to -8°; the solution was still
alkaline. Half of it, distilled, gave 7 g of alcohol. The remainder



continued to show alcoholic fermentation.
These facts prove that brewer's yeast inverts cane sugar by reason of a

specific action independent of the acidity of the solution. They lead to
an investigation on whether the inverting action of yeast lies in its
totality or whether it lies in one of the substances contained within
the tissues of this vegetable organism. Concerning this, some further
experiments.

5: Glucose felment. I first investigated what was the action upon
sugar of the soluble material from yeast, extracted in the cold. I mixed
yeast, which had been first expressed, with twice its weight of water, let
it stand6 for several hours, and then filtered it. The resulting solution
contained 1.5% soluble matter. But in contact with its own volume of a
20% solution of sucrose containing 2% bicarbonate,7 the extract
inverted it like yeast itself and without making the solution acid. Its
action could be very quickly detected by means of copper/potassium
tartrate.

In these conditions, the extract inverted sugar without inducing
alcoholic fermentation, and without giving rise to the immediate
development of organize£! beings.

The yeast extract therefore contains a specific ferment, soluble in
water and capable of changing cane sugar into invert sugar.

This ferment can be further studied. It is sufficient to mix the
aqueous yeast extract, made in the cold, with an equal volume of
alcohol. This gives a white, flocculent precipitate which settles to the
bottom of the vessel. After decanting, washing with alcohol and then
drying the precipitate at room temperature, the product is a yellowish,
horny mass of a weight of about one fifth of the total soluble matter
contained in the extract. This material represents a specific nitrogenous [983J

substance, comparable to diastase and pancreatin, which can be
coagulated by heat and nitric acid. Once isolated it may be redissolved
in water, re-precipitated by alcohol, etc. But these repeated treatments
somewhat reduce its activity. In its original state, one part is sufficient
to invert 50-100 parts of cane sugar.

Let us say finally that this ferment seems to depend upon the yeast
for its production, being secreted by it. 8 Provided there was no
decomposition, however much I washed the yeast, on a filter or by
decantation, whatever quantity of water I put in contact with it, I had
only to allow the yeast to stand for some time with a small quantity of
water for this glucose ferment to appear in that water. This explains
why washed yeast, put in contact with a solution of sugar, immediately

inverts it.
6. The facts which have just been related throw a new light on the

nature of brewer's yeast and on the phenomena which it produces.
They prove that yeast does not constitute a single, defined ferment.

We know that the investigations of M. Cagniard de Latour and
especially those of M. Pasteur have shown that brewer's yeast is a
mycodermic9 vegetable. Basing myself on the new experiments which I
have just reported I think that this vegetable does not affect sugar by a
physiological act, but simply by the ferments which it is able to secrete
in the same way as germinating barley secretes diastase, almonds secrete
emulsin, the pancreas of an animal secretes pancreatin, and the stomach
of that same animal secretes pepsin.! 0 Among the ferments which are
secreted, those which are soluble can be isolated and purified to a
certain point, as with well-defined naturally-occurring compounds.!! I
have just established that this is true also for the glucose ferment which
is one of those contained in brewer's yeast. By contrast, the insoluble
ferments remain locked in organized tissues and cannot be separated
from them.

In the examples listed above and which relate to soluble ferments,
one can see clearly that the living being is not the ferment; but forms
it.! 2 Also, soluble ferments, once produced, carry out their action
independent of any further vital act; this action shows no necessary
relation to any physiological phenomenon. I insist upon these words so
as to leave no doubt concerning the way in which I envisage the action

[984J of soluble ferments. It is also clear that each of these ferments is made
preferably, if not exclusively, by such and such specific vegetable or
animal: this organized being produces and multiplies the ferment which
corresponds to it, in the same way and in the same manner as it
produces and multiplies all the other defined natural chemical
compounds which go to make it up. Concerning this, the success of the
very important experiments of M. Pasteur on the seeding!3 of
ferments, or rather, in my opinion, on the organized beings which
secrete the actual ferments.

If a deeper study leads to the extension of the view which I have
proposed and to its application, with certainty, to insoluble ferments,
all fermentations can be understood under one general theory r4 and
can be clearly classified with the actions of presence! 5 brought about
by contact with acids and with chemical agents in the strict sense.
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NOTES

1 "levure de biere" is so translated throughout.
2 See also Regnault, Cours de Chimie, vol. IV, article on alcoholic fermentation

(1860). (Author's note)
3 "candi", signifying sugar in a state not truly crystalline but rather glass-like,

obtained by rapid evaporation of water from a syrup. Translation as "loaf"
sugar might not now be understood. "Candy" has come to mean simply
"swee;meat", but originally it meant a preparation of sugar as just described.

4 "teinte de passage". Translation not literal.
5 "exprimee", i.e. excess water removed by squeezing in a fIlter press.
6 'Tai fait digerer .... " It might be misleading to translate either as "digest"

or "incubate".
7 "sucree a 1/5, renferment 1/50 de bicarbonate".
8 " ...semble se reproduire aux depens de la levure, en etant secrete par elle".

The translation is justified in the context of the entire paper.
9 "Mycoderm" meant simply the pellicle forming on the surface of a

fermenting liquid.
10 establishing the point that there may be more than one 'ferment' per species.
11 " , ala faeon des principes immediats definis".
12 " mais c'est lui qui l'engendre".
13 "ensemencement" - This is a reference to Pasteur's work disproving

spontaneous generation of micro-organisms.
14 " ... ramenees a une meme conception generale,".
15 i.e. catalysis. See discussion in the introductory chapter and in connection

with the papers by Henri.

Sur la fennentation glucosique du sucre de canne;
par M. Berthelot
Comptes Rendus 50 (1860) 980-84
(Commissaires, MM. Dumeril, Chevreul, Milne Edwards, Regnault
Decaisne, C1. Bernard)

1. Parmi 1es alterations que Ie sucre de canne eprouve sous l'influence
de la levitre de bj(~re, l'une des plus remarquables est sa metamorphose
en sucre interverti. En effet, les recherches de M. Dubrunfaut nous ont
appris, il y a trente ans, que Ie sucre de canne, traite par la levl1re, se
change tout d'abord en un sucre incristallisable; et celles de M. Persoz
ont montre que Ie pouvoir rotatoire de ce sucre presente un signe
contraire a celui du sucre primitif. De la Ie nom de sucre interverti.

Quel est Ie caractere precis de ce phenomene d'inversion? Est-il dl1 a
une action speciale de la levl1re, rendue necessaire parce que Ie sucre de
canne ne serait pas directement fermentescible? Ou bien !'inversion du

sucre de canne resuite-t-elle de quelque influence secondaire, d'ordre
chimique, et independante de l'action directe du ferment? Tous ces
points sont encore incertains. Citons a cet egard les paroles de M.
Pasteur, dans ses travaux recents sur la fermentation alcoolique:(l)

"Tout ce que 1'0n a ecrit ace sujet, dit-il, manque de preuves solides.
Pour moi, je pense que la formation du sucre 'interverti' tient tout
simplement a la production constante de l'acide succinique, que ce n'est
qu'un phenomene accessoire ... En d'autres termes, je ne pense pas
qu'il y ait dans les globules de levilre aucun pouvoir particulier de
transformation du sucre de canne en sucre 'interverti'. Mais l'acide
succinique, etant un produit constant de la fermentation alcoolique, Ie
sucre doit eprouver en sa presence l'effet qu'il eprouve en general par
l'action des acides."

[981] M'etant trouve dans l'obligation d'exposer et de resumer les
principaux phenomenes des fermentations, j'ai ete conduit areprendre
l'etude des questions qui precedent. Elles ne sont pas sans interet: car il
s'agit de savoir si la levl1re produit plusieurs effets successifs sur Ie
sucre de canne, ou si elle n'en produit qu'un seul; si elle repnlsente
plusieurs ferments, capabies de provoquer des resultats multiples; enfin si
quelques-uns des effets qu'elle produit sont les memes que ceux que les
acides etendus peuvent developper par leur contact.

2. Les experiences que j'ai faites apartiennent a trois categories.
Dans les unes, j'ai cherche si l'acide succinique, employe dans les memes
conditions que pendant la fermentation, possede reellement la propriete
d'intervertir Ie sucre de canne. Dans les secondes, j'ai realise la
fermentation alcoolique, en maintenant la liqueur alcaline, ce qui exclut
toute action due a une influence acide. Ces experiences ayant prouve
que l'action inversive est reellement due a la levitre de biere, j'ai ete
conduit a isoler Ie ferment meme qui produit l'inversion du sucre de
canne et j'en ai etudie l'action separement.

Voici Ie resume de mes observations:
3. Influences comparees de la levure de biere et de l'acide

succinique sur le sucre de canne. - Je prends 200 grammes de sucre
candi et je les dissous dans une quantite d'eau telIe, que la liqueur
occupe 1000 centimetres cubes. Cette liqueur clevie la teinte de passage
de +29

0

,2 dans un tube de 200 millimetres. Je la partage en deux
parties egales. A l'une j'ajoute ogr, 8 d'acide succinique, proportion
superieure a celIe qui se serait produite a la fill d'une fermentation

(1) Voir aussi Regnault, Cow's de Chimie. 1. IV: article Fermentation alcoolique,
1860.
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alcoolique ordinaire executee sur la meme quantite de sucre. A 1'autre
portion, j'ajoute 10 granlmes de leviire de biere bien exprimee.

Au bout de seize heures, la temperature etant restee comprise entre
15 et 20 degres, la solution qui a ete melangee de leviire est en pleine
fermentation. Elle reduit enormement Ie tartrate cupropotassique; eUe
est intervertie et devie la teinte de passage de _9° (a gauche). Au
contraire, la solution melangee d'acide succinique ne reduit que d'une
maniere insensible: elle devie de +28°,9 (a dro·ite).

Entre ces deux resultats, la difference n'est point douteuse. Ce n'est
done pas a1'acide succinique que 1'on doit attribuer l'inversion qui suit
l'action de la leviire.

On arrive a des resultats plus decisifs encore, en supprimant tout a
fait l'influence de I'acide succinique.

4. Inversion du sucre de canne par la levure de biere dans une
liqueur alcaline. - J'ai pIis 200 grammes de sucre candi et 20 granunes [982]

de bicarbonate de soude et j'ai dissous Ie tout dans 1'eau froide, de
facon a obtenir un litre de liqueur. La deviation a ete trouvee la meme
que ci-dessus: +29°,2. A ceUe liqueur, j'ajoute 20 grammes de levure
bien exprimee et j'abandonne Ie tout a une temperature qui demeure
comprise entre 15 et 20 degres. La fermentation alcoolique se
developpe, quoique un peu plus lentement que dans Ie cas precedent.

Au bout de seize heures, la deviation est tombee a +9 degres, et la
liqueur exerce une reduction enorme sur Ie tartrate cupropotassique.

Au bout de quarante heures, la fermentation alcoolique continue,
sans que la liqueur ait cesse d'eire alcaline; Ie sucre est interverti et la
deviation egale a -7 degres. Le lendemain, elle s' eleve a-8 degres; la
liqueur est toujours alcaline. La moitie, etant distillee, foumit 7
grammes d'alcool. Le reste continue a subir la fermentation alcoolique.

Ces faits prouvent que la leviire de biere intervertit Ie sucre de canne
en vertu d'une action propre et independamment de 1'acidite des liqueurs.
TIs conduisent Ii chercher si I'action inversive de la levure reside dans son
ensemble ou bien dans quelqu'un des principes contenus dans les tissus
de ce vegetal. De la de nouvelles experiences.

5. Ferment glucosique. - J'ai cherche d'abord queUe etait l'action
exercee sur Ie sucre par les parties solubles de la levure. Je les ai
extraites par maceration a froid. J'ai delaye la levure, prealablement
exprimee, dans deux fois son poids d'eau, j'ai fait digerer pendant
quelques heures, puis j'ai filtre. La liqueur obtenue renfennait 1,5 pour
100 de matieres solubles. Mais en contact avec son volume d'une
solution sucree au 1/5, renfennant 1/50 de bicarbonate, eUe I'intervertit,

comme la levure elle-meme, et sans rendre la liqueur acide. Son action
peut etre manifestee tres-rapidement au moyen du tartrate cupro
potassique.

Dans cette circonstance, elle se borne a intervertir Ie sucre, sans lui
faire eprouver la fennentation alcoolique, et sans donner lieu au
developpement irnmediat d'etres organises.

L'extrait de leviire renferme done un ferment particulier, soluble
dans 1'eau et capable de changer Ie sucre de canne en sucre interverti.

Ce ferment peut eire etudie de plus pres. TI suffit de melanger avec
son volume d'alcool1'extrait aqueux de levure obtenu a froid. On voit
se precipiter des flocons blancs qui se rassemblent au fond du vase. On
decante et on lave avec de I'alcool, puis on desseche ces flocons ala
temperature ordinaire. On obtient une masse jaunatre et cornee, dont Ie
poids represente environ Ie cinquieme de celui des matieres solubles

[983] contenues dans l'extrait. Cette masse est constituee par un principe
azote particulier, comparable a la diastase et a la pancreatine,
coagulable par la chaleur et par l'acide nitrique. Une fois isole, il peut
eire redissous dans 1'eau, reprecipite par 1'alcool, etc. Mais ces
traitements reiteres affaiblissent un peu son activite specifique. Dans
son etat primitif, une partie suffit pour intervertir de 50 a100 parties de
sucre de canne.

Disons enfin que ce ferment semble se reproduire aux depens de la
leviire, en Mant secrete par eIle. En effet, quels que soient les lavages
que j'ai fait subir ala levure, sur un filtre ou par decantation, queUes
que soient les masses d'eau avec lesqueUes je 1'ai mise en contact, tant
qu'elle n'a pas ete alteree, il m'a suffi de la laisser digerer ensuite
pendant quelque temps avec une petite quantite d'eau pour voir
apparaitre dans cette eau Ie fennent glucosique. Ceci explique pourquoi
la levure lavee, mise en contact avec une solution de sucre, ne tarde pas
a 1'intervertir.

6. Les faits qui viennent d'eire exposes jettent une lumiere
nouvelle sur la nature de la levure de biere et sur celIe des phenomenes
qu'elle determine. En effet, ils prouvent que la leviire ne constitue pas
un ferment unique et defini.

On sait que les recherches de M. Cagniard de Latour et surtout celles
de M. Pasteur ont etabli que la levure de biere est constituee par un
vegetal mycodermique. En me fondant sur les experiences nouvelles que
je viens de rapporter, je pense que ce vegetal n'agit pas sur Ie sucre en
vertu d'un acte physiologique, mais sirnplement par les ferments qu'il a
la propriete de secreter, au meme titre que l'orge germee secrete la
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diastase, les amandes secretent l'emulsine, Ie pancreas d'un animal

secrete la pancreatine, et l'estomac du meme animal secrete la pepsine.
Parmi les ferments secretes, ceux qui sont solubles peuvent etre isoles et
purifies, jusqu'a un certain point, a la fa<,::on des principes immediats
~efinis. Je viens d'etablir qu'il en est ainsi pour Ie ferment glucosique,
I un de ceux que renferme la levilre de biere. Au contraire, les ferments
insolubles demeurent engages dans Ies tissus organises et ne peuvent en
etre separes.

Bref, dans les cas enumeres ci-dessus et qui sont relatifs a des
ferments solubles, on voit clairement que l'etre vivant n'est pas Ie
ferment; mais c'est lui qui l'engendre. Aussi les ferments solubles une
fois produits, exercent-ils leur action independamment de tout acte'vital
ulterieur; cette action ne presente de correlation necessaire a l'egard
d'.aucun phenomene physiologique. J'insiste sur ces mots, pour ne
laIsser aucune equivoque sur ma maniere d'envisager l'action des
ferments solubles. 11 est d'ailleurs evident que chacun de ces ferments
peut etre forme de preference, sinon meme exclusivement, par tel ou tel
vegetal ou .ani~al determine: cet etre organise produit et multiplie Ie
ferme~t qll1 lUI cO~'respond, au meme titre et de la meme maniere qu'il
p~od~lt et :nultlphe tous les autres principes immediats chimiquement
defi:u.s qll1 Ie constituent. De Ii Ie succes des tres-importantes
~xpenen~es de ~. Pasteur ~u,r l'e~se~ne~cement des ferments, ou plutot,
a mon aVIS, des etres orgamses qUI secretent les ferments veritables.

Si une etude plus approfondie conduit i etendre Ia maniere de voir
que je propose et al'appliquer avec certitude aux ferments insolubles
toutes les fermentations se trouveront ranlenees a une meme con~
ception generale, et elles pOUlTont etre definitivement assimilees aux
ac~io~s de presence provoquees par Ie contact des acides et des agents
chlmlques proprement dits.

[984]

3 Kuhne (1876)

Invention of the word 'enzyme'. Purification of trypsin and
clarification of its mode of action and physiology

THE AUTHOR: W.F. Kuhne (1837-1900) succeeded to the chair of
Physiology at Heidelberg in 1871, retiring in 1899. He worked on many
different subjects and is well regarded as a flexible, original, problem
oriented scientist. A biographical note appears in D.S.B.

THE PAPERS AND KUHNE'S CONTRIBUTION: In this case, as with the
papers by Payen & Persoz and by Berthelot, above, precise literature
references were not given in the original, and no attempt has been made
to supply the deficiency. There was no particular difficulty in
translation, but it is hoped that the occasional obscurities of language
have been correctly interpreted.

Kuhne is credited with being the first to isolate trypsin in a
reasonably pure state. By his own account, the existence of the enzyme
in pancreatic juice and of the zymogen in pancreas was already well
known. The bulk of the texts translated here is mundane material
concerning the behaviour of trypsin and pepsin, and the technology of
handling and preserving them in the laboratory. Kuhne's original
contributions in this area of study do not emerge clearly from
consideration of these papers alone.

(1) The word 'trypsin' itself was invented by Kuhne, though this is
really a trifling matter (and see Note 5).

(2) KUhne also invented the word "Enzym", which in turn gave rise
to English "enzyme". Just how the word was formed is discussed in
detail below, but the reasons for the introduction are of far greater
scientific inlportance. In the opening paragraph of the translation given
here we read, "To prevent misunderstanding and troublesome circum
locution, the speaker proposed to designate the unformed or unorgani
zed ferments, whose activity can take place without the presence of
organisms and outside of them, as enzymes. " In Untersuchungen der
physiologisches Institut der Universitat Heidelberg 1 (1878) 291-324
(p. 293) we find the following passage:

"Die letzteren Bezeichnungen haben, wie bekannt, allgemeine
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Zustimmung nicht erwerben k6nnen, indem von der einen Seite erkliirt
wurde, man k6nne chemische Korper, wie das Ptyalin, das Pepsin U.S.w.
nicht Fermente nennen, da der Name schon an Hefezellen und andere
Organismen vergeben sei (Brucke), wiihrend von del' andern Seite gesagt
wurde, Hefezellen k6nnten kein Ferment sein und heissen, well man
dann alle Organismen, mit Einschluss des Menschen dazu mache
(Hoppe-Seyler). Ohne wei tel' untersuchen zu wollen, wesshalb der
Name von so entgegengesetzten Seiten solchen Anstoss erregt, habe ich
zuniichst aus dem blossen Widerspruche Anlass genommen, einen neuen
vorzuschlagen, indem ich mir erlaubte, einige besser bekannte, von
Manchen als ungeformte Fermente bezeichnete Substanzen Enzyme zu
nennen. Damit war an sich keine bestimmte Hypothese verbunden,
sondern nur gesagt, dass in der Zyme etwas vorkomme, das diese oder
jene zu den fermentativen gerechnete Wirkung habe, aber indem ich den
Ausdruck nicht auf das Invertin der Hefe einschrankte, gesagt, dass
verwickeltere Organismen aus denen die Enzyme: Pepsin, Trypsin u.s.w.
zu gewinnen sind, nicht so grundsiitzlich von den einzelligen
verschieden seien, wie es sich z. B. Hoppe-Seyler zu denken scheint."

which may be translated as follows:
"As is well known, the latter designations (i. e., organized and

unorganized ferments, Ed.) have not been able to gain general
acceptance, in that on the one side, as has been made clear (Brucke),
one cannot very well give the name 'ferment' to chemical substances
such as ptyalin, pepsin, etc., since the name has already been conferred
on yeast cells and other organisms, while on the other side it has been
said (Hoppe-Seyler) that yeast cells cannot be and cannot be called
ferments because then one must do the same for all organisms,
including Man. Without wishing to enquire further why the name
excites such controversy, and to remove the reason for blank
contradiction, I have proposed a new one in that I have allowed myself
to give the name enzymes to some of the best-acknowledged
substances of the many usually designated 'unorganized ferments'. This
is not tied up with any definite hypothesis, and only indicates that
something exists in yeast that has this or the other of the activities
reckoned to be fermentative, but this expression is not confmed to the
invertin of yeast and indicates that the complex organisms from which
the enzymes, pepsin, trypsin etc., can be obtained, are not so different
from single-celled organisms as for example Hoppe-Seyler seems to
think."

Kuhne's objective is thus perfectly clear. It was widely though not
universally recognized that "unorganized ferments" represented a set of
phenomena differing from those of "organized ferments". Yet the
common name, especially when "ferment" stood alone, was giving rise
to silly confusion and squabbles. A new word might cut through these
purely sophistical, lingUistic difficulties - and so indeed it did, thOUgll
the process took very much longer than it need have done. The only
misfortune is that another word (diastase) already existed which could
have served exactly the same purpose and had 43 years priority.

(3) A third contribution of Kuhne in this field was to recognize that
the action of trypsin is chemically different from that either of pepsin
or of proteolytic bacteria. The long article in "Untersuchungen ... "
(op. cit.) is largely a ranting, verbose polemic against Hoppe-Seyler,
who in Kuhne's view had not paid sufficient attention to the latter's
work in this area and was tending to confuse the issues.

THE ORIGIN OF THE WORD ENZYME: One reason for glVlng both
original and translation of the passage above is that a translation has
appeared before, in books by the physiologist W.M. Bayliss. This has
been relied upon by others as indicating exactly how the word was
constructed, but Bayliss's translation is actually very inaccurate and
misleading. The key words above he renders (in one version) " ... but
it merely states that €V ~Vf.11} (in yeast) something occurs that exerts
this or that activity ... ". The Greek is an interpolation.

Thus we do not, after all, have clear authority for a derivation
direct from EV ~Vf.11}. The Oxford English Dictionary (Supplement,
1972, Vol. I; an entry transferred from the 1933 Supplement) suggests
that it is derived from EV~Vf.10S, meaning leavened, or the leavened
bread used in the Eucharist of ilie Greek Orthodox Church. But this
word is not known from classical Greek: it seems rather unlikely that
Kuhne would have had any knowledge of modern Greek and the direct
derivation is therefore the more probable. Further, in the 1878 paper,
after introducing the word enzyme, Kuhne immediately proceeds to
mention the classic example of a specifically yeast enzyme; ie. he was
apparently thinking of yeast in particular, rather than leaven, or

ferments in general.
The word "enzyme" was actually used in English in 1850, to mean

the ~leavened bread just mentioned. Plantefol (Comptes Rendus de
l'Academie des Sciences, Paris 266C (1968) pp. "Vie Academique"
41-46) has commented on the rather odd circumstance that the first
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compound formed from €v + ~VJ11} should have the meaning "yeast in"
rather than "in yeast".

The derivation of the Oxford English Dictionwy (widely plagiarized
by other dictionaries) cannot be dismissed completely however. KUhne
was seeking a replacement for "Ferment", which in its primitive sense
referred to "leaven" (yeast or yeast-containing dough), the process of
leavening, or the bubbling of fermenting liquids. Thus a derivation from
€V~VJ10S might be simply a reference back to this.

On the properties of various organized and so-called
unformed I fennents
W. Kuhne2

Verhandlungen des Naturhistonsch-Medizinisch Vereins zu Heidelberg
Vol. 1 (1877) 190-932

Meeting of 4 February, 18763

Mr. W. Kuhne reported on the behaviour of various organized and
so-called unformed ferments. To prevent misunderstanding and avoid
troublesome circumlocution, the speaker proposed to designate the
unformed or unorganized felments, whose activity can take place
without the presence of organisms and outside of them, as enzymes.
Investigated in detail was especially the protein4 -digesting enzyme of
the pancreas, for which the name uypsin was chosen,s since it also
gives rise to splitting of albuminous compounds. Trypsin, first prepared
by the speaker in a state free of protein substances digestible and
decomposable by the sanle, digests only in alkaline, neutral or very
weakly acidic solution. It is precipitated at 40°C by a not too small
amount of salicylic acid, which separates out6 the enzyme in
considerable quantities, without thereby losing its specific activity. If
the precipitate is dissolved in I per cent soda solution it digests most
energetically, with the formation of peptone, leucine, tyrosine and so
forth. Only addition of excess salicylic acid to the point of forming a
thick sluny of crystals, annuls the enzymatic property. This behaviour
was scarcely to be expected, since Kolbe and J.v. Meyer7 have
emphasized the in1Ubitory, even destructive effect of small amounts of
salicylic acid on several enzymes. The observations of the speaker, who
thoroughly investigated pepsin as well as trypsin, stand in contradiction
to the reports of Iv. Meyer,7 according to whom salicylic acid, at a

[191] content in solution of 1:250, so retards pepsin activity in artificial
gastric juice that one must regard it as abolished. The speaker found
that artificial gastric juice or neutral or acid pepsin solutions, purified
by dialysis, could be incubated all day with an excess clystal slurry of
salicylic acid at 40° without losing their digestive ability.

The speaker could confirm that salicylic acid is an excellent means
for the destruction or inhibition of the fermentative8 activity of many
true organized ferments, as Kolbe discovered, above all putrefaction by
certain bacteria. Treatment of enzyme-containing solutions and tissues
with salicylic acid is an excellent procedure for excluding all bacterial
putrefaction in investigations of enzymatic activities and isolation of
enzymes. As examples, the following experiments are quoted. 800 g
beef pancreas treated with 4 g salicylic acid and 2 I water at 40°C,
showed no trace of bacteria, was odourless, evolved no indole, while the
untreated9 glands, after a few hours, had already become fluid, apart
from a small residue, giving a peptone solution filled with a white
tyrosine slurry. Samples filtered off were strongly digestive. If, under
the same conditions, 4 g of sulphuric acid or hydrochloric acid was
used, after 20 hours the mass was already transformed into a stinking,
foaming pulp of alkaline reaction, containing innumerable bacteria, and
giving off much inflal11ffiable gas as well as CO2 , Surprisingly,
experiments with acetic acid gave similarly favourable results as with
salicylic acid. Following incubation with an equal volume of I per cent
acetic acid, the glands were in 24 hours already very decomposed but
besides the known digestion products of the glandular proteins neither
bacteria, nor indole, nor evolution of gas were apparent. A similar result
was observed upon the intentional inoculation of the mass with a small
amount of putrefied pancreas.

In working with animal tissues, no microorganismI 0 is more
annoying than the putrefying bacteria almost universally present

[192] beforehand in the healthy living organism, which, notoriously, multiply
in a few hours to a colossal extent with destruction of the material.
Compared to these, the growth of yeasts and moulds can be regarded as
relatively harmless, so that even if it is not successful in preventing
these latter growths, salicylic acid remains a valuable aid in physio
logical-chemical investigations. For exampl'e, fibrin allowed to stand in
water with excess salicylic acid at room temperature, usually becomes
richly covered with a layer of mould, but under this it often remains
unaltered and odourless for a long time. Gastric juice containing 1
ppt ll HCI, with excess crystals of salicylic acid, will often be found
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covered with an opaque layer of yeast cells, but putrefaction or
alteration of pepsin is not noticeable. Most astonishing was the effect of
salicylic acid on a liver stored in it, which while still warm had been
ground up with powdered glass and about 2 volumes of 2 ppt acid.
Decomposition first became evident after standing 13 days in a warm
room, but no putrefaction, only vigorous alcoholic fermentation with,
naturally, a rich growth of yeast. This could be inhibited by addition of
further salicylic acid, only to begin again after a few days.

It is known that some fermentative organisms destroy enzymes.
Thus pepsin is often found to be still active after fungal growth, but
often enough one finds the solution to be no longer digestive, and in
such cases it is usually no longer possible to obtain pepSin from the
solution by incubation with appropriate acids. Trypsin behaves simi
larly, and can also persist in strongly decomposed solutions, but in
them is sometimes destroyed. In such cases, as our botanists gladly
admit, the identification of the fermentative organisms is not suffi
ciently good to be able to say which species destroys the enzyme and
which not. One arrives at a better insight, where one enzyme destroys
another. Corvisart has already shown that pancreatic jUice and gastric
juice, mixed together, lose their activity and stated that pancreatin and
pepsin destroyed each other. Leaving aside the quite different acidities
of the solutions, which the two enzymes require, and which Corvisart's [193J

experiments did not take sufficient account of, the statement is
inaccurate. In fact, pepsin destroys trypsin, but not vice versa. The
experiment is only feasible with a scarcely alkaline or, better, neutral
mixture, in which trypsin is active, and with the other containing only
0.5 ppt HCl in which the pepsin should be active, because prolonged
incubation with even very dilute alkaline solutions in itself destroys
pepsin, and for trypsin 0.5 ppt HCl is the limit at which it can be held
at digestion temperature in acid without harm.

The digestibility of trypsin in gastric juice and the indestructibility
of pepsin by pancreatic digestion is of interest from several points of
view: there lies in this new evidence for Briicke's hypothesis, that pepSin
cannot be a protein, while the converse becomes probable for trypsin,
and also the key to an old riddle in the physiology of digestion.

The speaker remarked on the hitherto ill-understood increased need
of nutrients by animals with biliary fistulae. If no bile flows into the
acid chyme coming out of the stomach, pepsin remains active in the
duodenum in an abnormal manner and disturbs pancreatic digestion,
since the remaining alkaline juices entering the intestine do not suffice

for neutralization of the acid stream coming from the stomach. Where
bile still flows into the intestine, pepsin activity is annulled by the bile,
as is well attested. Also, the almost universal simultaneous discharge of
bile and pancreatic juice into the intestine from openings very closely
spaced, or even in common in many animals, gains significance as a
result of these observations.

On Trypsin (an enzyme of the pancreas)
by W. Kuhne
Verhandlungen des Naturhistorisch-Medizinisch Vereins zu Heidelberg
1 (1877) 194-812

Cl. Bernard very correctly indicated that alcohol precipitates from
pancreatic juice a proteinaceous substance, readily soluble again in
water, and Corvisart showed that the substance so precipitated from
infusions of the gland possessed the digestive capacity13 for albumi
nous substances. It has indeed been known to me for a long time that
the alcoholic precipitate acts on protein not only by peptonising, but
also by way of decomposition, forming leucine and tyrosine. But, much
as with pepSin in gastric mucosa, no further knowledge was attainable
concerning the isolation of the enzyme imputable to the pancreas
because as shown at once by very simple experiments the substance in
question appears to decompose itself with the formation of the
well-known pancreatic digestion products. Similar behaviour was found
with the substance precipitated with alcohol from a glycerol extract by
v. Wittig's procedure, and likewise the product, analysed by Hiifner,
repeatedly precipitated with alcohol after redissolving in glycerol the
product of alcohol treatment of the glands.

From Heidenhain's Subtle researches, the important fact is known
that the pancreas contains in its cells no active enzyme, only a
zymogen. My experience is that living-fresh pancreas immediately
becomes active if one grinds it up warm with glass powder and absolute
alcohol. A water extract, prepared at 0° from the gland treated in this
way, is immediately active in digestion, and likewise with a solution
obtained with 1% soda solution. Pancreas at body temperature, ground

[195] with glass powder and crushed ice gives immediately after thawing a
milky, alkaline fJltrate, which only begins to digest after 3 hours, and in
the cold, treated slowly with very cold alcohol, yields a precipitate
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whose aqueous solution acts no more quickly, whereas it does so if
alcohol is allowed to act on it at moderate warmth for only a few
minutes. Thus Heidenhain's zymogen, also, is a substance which can be
lysed by alcohol at a certain temperature, somewhat like vitellin
according to Hoppe-Seyler's observations, and one can obtain it by cold
alcohol precipitation from the ice extract of the gland.

It is not clear from this whether the substance obtained from the
pancreas by alcoholic precipitation under the usual temperature
conditions is the enzyme itself, or a mixture of substances, or whether
again the most active among them is not first cleaved to yield the
enzyme.

All preparations so far of the protein-cleaving enzyme of the
pancreas (the so-called pancreatin) contain a considerable amount of
non-specific protein which nevertheless differs from the known
albuminous substances very considerably in solubility and other
reactions, although it shares the same composition.a For such
substances, the name leukoid is recommended. This is repeatedly
precipitated with alcohol from a glandular extract prepared with
avoidance of all self-digestion, dissolved again in water at 0° , and finally
treated for a long time with dehydrated alcohol. Thus prepared, it is
not precipitated from aqueous solution by moderate acidification, but
fairly completely if added to acetic acid of 1 per cent or more. 14 Great
excess of acetic acid dissolves the precipitate to give an almost clear
solution, if added inlmediately, but not if the precipitate is filtered off
or washed. The snow-white, opaque precipitate of pancreas leukoid
gradually sticks into a resinous mass, and in this state can also be
washed with water in which it remains henceforth insoluble. If not fully
washed out, so much of the enzyme, which I call trypsin, remains
adherent, that in a warm room it liquefies on the filter, forming a slurry
containing tyrosine and leucine. If well washed it has scarcely any
digestive capacity, none at all if dissolved once in 1 per cent soda and [196]

reprecipitated with acetic acid. The solution separated from the leukoid
now, on precipitation with alcohol, yields a substance giving much
purer tlypsin. Allowed to self-digest, it forms peptone and the other
digestion products, but not in as large amounts as formerly. If it is
warmed for some time at 40°C with 1 per cent acetic acid, there forms
a new, finely flocculent, grey, transparent deposit in moderate amount,
composed of a second, non-enzymatic protein, while digestion products

a That is, indistinguishable as to elementary composition.

appear in the solution. On warming, with addition of soda to give a
really alkaline reaction, it finally forms a third deposit, formed largely
of mineral saltS. l5 If this too is removed, one can proceed to the
separation of trypsin from the digestion products. By evaporation at
40°C, most of the tyrosine is precipitated. The remainder, precipitated
with alcohol, consists of peptone, much leucine, and the enzyme. The
latter is separated from its contaminants by dialysis and purified by
repeated precipitation with alcohol.

Trypsin is readily soluble in water and, like albumin,1 6 coagulates
completely only in acid solution. Incubation for weeks in alkaline
solution does not change it at all. On a single boiling, trypsin is
decomposed into coagulated albuminl6 and much peptone, which
behaves as antipeptone (see below).b The suspicion that one is dealing
with pre-existing, admixed peptone not successfully removed, as can
easily occur, must be first eliminated after every trypsin preparation. So
long as such peptone is present, one obtains through fractional alcohol
precipitation first trypsin and then peptone; the later precipitates,
dissolved in water, no longer become turbid on boiling. Further, trypsin
is quite insoluble in pure glycerol, while peptone dissolves in it.
Therefore, so long as glycerol which has been passed through tlypSin
gives turbidity with alcohol, free peptone is present.

Pure tlypsin incubated for however long at 40°C with water or soda
[197 J solution remains quite unaltered, specifically it forms no trace of

peptone, tyrosine, leucine or the substance which becomes violet with
Cl and Br,l7 and which is thus easily detected even in minute traces.
Prepared from the solution by evaporation at 40°C, trypsin appears as a
pale straw-yellow transparent substance, of characteristic elasticity of
such a kind that it crumbles to a light woolly mass.

Trypsin dissolves fibrin on warming, almost instantly, and in such
quantity that with expressed, unboiled fibrin one never truly observes
an end, because the apparently quite stiff plug-like mass which is
finally formed consists in reality of tougll droplets and streaks of
peptone adhedng to small fibrils of undigested fibrin, and if left in
water dissolves with very little residue. With this solution one can also
again digest very considerable quantities. Although I have never
succeeded in seeing the activity quite disappear, I have found it finally
so much retarded that I cannot be sure that the enzyme is completely
unchanged in the course of its action. 1

8 The digest contains peptone,

b "see below" is the author's note. It is not clear what was meant by
antipeptone.
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antipeptone, leucine, tyrosine and the substance which becomes violet
with Br.

More accurate experiments with pure proteins and purified trypsin
have confirmed what earlier experience with pancreatic extracts
allowed us to suppose. Namely, that substances first arise which cannot
be differentiated from pepsin-peptones and that these then break down
into antipeptone and the other, mostly clystalline, decomposition
products. Such a process does not occur with pepsin digestion of true
proteins, which yields very often a somewhat greater weight of peptone
than corresponds to the protein subjected to digestion (through taking
up H2 0), and in the case of fibrin no trace of amino acids, if one
observes the obvious precaution of avoiding contamination of the gastric
mucosa with impurities from the glandular substance. After exhaustive
trypsin digestion, the protein (irrespective of whether that used was
native,19 coagulated, or transformed into pepsin-peptone) appears to
be all cleaved into two halvesc because antipeptone, which is not
further affected by tlypsin under any conditions, has almost exactly [198 J

one half of the weight of that subjected to digestion. Leucine and
tyrosine are not further decomposed by trypsin.

Trypsin transforms collagen, previously swollen with acid to a
certain degree, to the Leimpeptone20 described 9 years ago by
Schweder. Just as with the digestion of prepared gelatine, neither
leucine nor glycine is formed. Umnodified connective tissue is not
dissolved by trypsin, but the protein-containing intercalated material is
wholly removed from it. Haemoglobin is digested by tlypsin, with
formation of haematin.

Trypsin does not act on starch or dextrin.
Putrefying protein contains no trypsin and (certain kinds of cheese

excepted) in general no enzyme resistant to alcohol treatment. The
same holds for the bacteria produced often in very large quantity in
pancreatic putrefaction.

In arterial blood, in the saEvary glands and the lymph glands of the
mesentery, no trypsin could be found.

Heidelberg, 6 March 1876

c That is, decomposed into two types of product, each comprising about one
half of the to tal.

NOTES

1 "ungeformter" - Could be translated "unorganized", but the phrase "nicht
organisirten" is used in the second sentence.

2 There has been confusion over the source and date of these texts, leading to
incorrect citations, so it seems worthwhile stating the case at some length.

They were published in the Verhandlungen des Naturhistorisch·Medizinisch
Vereins zu Heidelberg, vol. I, as pages 190-193 and 194-198 respectively.
The date of publication of this volume is given authoritatively as 1877
(D.S.B. and A Supplement to the Oxford English Dictionmy (1933 and
1972) vol. 1, article on "Enzyme"), but, of course, this date does not
necessarily apply to an individual fascicle and the argument for an earlier
date is given below. The papers were also published as an offprint or
"reprint", and it is in this form that they were rediscovered and brought to
the attention of the scientific community through a facsimile reproduction
in FEBS Letters, Supplement to Vol. 62 (1976) pp. E3-E12. The journal
texts were already known to philology and to the author of the D.S.B.
article.

The text of the pamphiet is identical to that of the journal, but the page
numbers in the former have been changed to read 2-5 and 6-10
respectively. This is the chief cause of confusion. Page 1 of the pamphlet is
the title page: it carries the name of the journal in a slightly different form
(Verhandlungen des Heidelb. Naturhist-Med. Vereins) and the volume and
issue number are given as "N.S.I. 3", suggesting that the volume is the first
of a new series (very likely arising from Kuhne's initiative).

The pamphlet was discovered by Prof. S.P. Datta, University College,
London, in a reprint collection formerly belonging to the physiologist G.
Schwalbe, at one time a close colleague of Kuhne. It bears Schwalbe's name
in handwriting resembling that on other reprints in the collection and
therefore probably written by Schwalbe himself. It also bears the date 1876,
written in ink, but probably by a different pen. The possibility exists that
the pamphlet at least, if not the fascicle of the journal, was published
privately by Kuhne in 1876 and that the handwritten date was entered by
him to establish this point should there be any subsequent dispute over
priority.

The first of the two texts is anonymous in a formal sense since it is not
attributed to any author: the appearance of Kiihne's name at the head of the
printed page has no significance in this respect. It is the report of a
conference speech by KUhne on 4 February 1876 and he may very well have
participated in writing the report and preparing it for the press. The second
text is a scientific paper of normal form. Since this is specifically attributed
to Kuhne it is the one chosen by the editors of the Oxford English
Dictionary (op. cit.) as representing the first use of the word "enzyme", who
have followed their normal rules in this matter and as to dating. This second
paper is dated by Kuhne as 6 March 1876, which is, of course, without
significance with regard to date of publication, but it seems quite likely that
the text would have been in print before the end of the year.

The editors of the FEBS Letters Supplement elected to regard 4 February
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1976 as the centenary of the word enzyme. This seems entirely reasonable,
and the discussion above shows that this is not really in conflict with the
date given in the Oxford English Dictionary, merely the result of applying a
different set of rules. A brief note on this point and the etymology of the
word enzyme, appeared in Nature 269 (1977) 194: it contains several
misprints of 3reek letters.

3 Adopted by the Federation of European Biochemical Societies as the
earliest recorded use of the word "enzyme", c.t Note 2.

4 "Eiweiss" - the context makes it possible that a more limited sense was
intended than modern "protein".

5 The etymology is actually not perfectlY clear. O.E.D. notes occurrence of
the word in English in 1876 and somewhat diffidently suggests construction

from Greek rpVEllJ (to digest) plus -psin, borrowed from "pepsin".
6 "lost".
7 In the pamphlet (c.f Note 2) the name has been corrected in ink to read J.

Muller.
8 "zymotischen".
9 "untreated" is supplied here.

10 "kein Ferment" - showing very clearly how the word "Ferment" was used
interchangeably for "enzyme" and "micro-organism", in a way which now
causes difficulty in following the sense.

11 "p.m." =parts per thousand.
12 c.f Note 2. The present article is referred to by Q.E.D. as the source of the

word "enzyme" (in its modern sense).
13 "das von ihm entdeckte" not translated - ambiguous, although probably

referring to Bernard.
14 " ... wird aus wassriger Losung durch massiges Ansiiuern nicht gefiillt,

ziemlich vollstandig, wenn bis zu 1 P ct und mehr Essigsaure zugesetzt wird".
Isoelectric precipitation?

15 "Erdsalzen".
16 "Eiweiss".
17 Presumably tryptophan.
18 " ... ich noch nicht flu eine vollige Unveriindlichkeit des Enzyms bei seiner

Action einstehen mochte." The word Unverandlichkeit might well be used in
reference to a .process involving denaturation, but the noncommittal
translation is preferred here. In context, as well as linguistically, "bei seiner
Action" cannot mean "by its action upon itself". The observed progressive
slowing was no doubt due to denaturation and inhibition by accumulation of

products.
19 "genuines".
20 "Leimpeptone" = "glue"-peptone.

Stereochemical specificity of enzyme action, implying closely
complementary structures of substrate and enzyme and that
close approximation of the molecules is required for catalysis

THE AUTHOR: At the time of the paper translated here, Emil Fischer
(1852-1919) was a Professor at the University of Berlin. He is
everywhere recognized as one of the greatest of organic chemists and
his foray into enzymology was an outgrowth of his work on
carbohydrates which was his life interest and which is commonly said
(with scant evidence) to have killed him through his use of phenyl
hydrazine as a reagent. Biographical sketches may be found in D.S.E.
and Partington.

THE PAPER AND ITS CONTRIBUTION: This is apparently the first
published statement of Fischer's universally-known simile of the lock
and the key. If the significance of Fischer's evidence and theory is fully
understood, no other single paper could be more important for
understanding the nature of enzyme action. At one blow, it demolishes
the "action of presence" theory of catalysis, establishes that enzyme
substrate complexes are required for catalysis to occur, introduces the
idea of specificity of enzymes, and leads almost directly to the most
recent theories attempting to account for the very high efficiency of
enzyme catalysis.

The only difficulties in understanding this paper concern the variety
of enzymes present in yeast and other extracts used by Fischer, and
hence the mysterious cross-reactions which he records. Naturally
enougll, he assumed that hydrolysis of sucrose by a yeast extract was
due to a single substance, whereas in fact there are commonly at least
two enzymes present, of different specificities, capable of catalysing
this reaction. Further it appears that his extracts contained another
enzyme, capable of hydrolysing the D-glucose-(J3-1,6)-D-glucose bond of
amygdalin. Recent authorities do not mention the existence of such an
enzyme in yeast, but it is difficult otherwise to account for the release
of one mole of glucose from this glycoside.

In the original, references to the Reports of the German Chemical
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Society appear as "diese Berichte". Here, following the custom in
contemporary chemical literature in English, the title is abbreviated to
Berichte, in preference to either "this Journal" or the full title.

Alcohol glycosides. As I have set out earlier, the glycoside formula,
m~de experimentally very probable by me, leads us to expect the
eXIstence of 2 stereoisomers, differing only in the configuration of the
asymmetric carbon of the glycoside group.

The configurations of the hexose derivatives would be as follows:

b That is, of D-glucose, grape sugar.
c Presumably, one part of glucoside (by weight) mixed with 10 parts of

enzyme solution.

Of the two glucose b compounds with methyl alcohol, I have isolated
one and described it as methylglucoside. The second is formed at the
same time, as I quite rightly suspected, and is to be found in the syrupy
mother liquor. 3 But Alberda van Ekenstein anticipated me in isolating
it.4 With the aid of a sample of crystals which he kindly provided, I was
able likewise to obtain the substance crystalline.

I propose to distinguish the new isomer as the )3-compound to
contrast with the older a-methyl glucoside, and provisionally to use the
same notation for all isomers of the same series. As communicated
earlier, a-methylglucoside is cleaved by invertin. After allowing a
ten-fold amount C of the above enzyme solution to act for 20 hours at
30-35°, about one half was transformed into glucose.

Under the same conditions, the )3-methylglucoside remained quite
unchanged. This is the more surprising in that, according to van
Ekenstein's observations, it was much more quickly hydrolysed by
dilute acids than the isomer.

The crystalline ethylglucosides behaves towards invertin like the
a-methyl compound, and thus obviously belongs to the a-series.

Benzyl- and glyceryl-glucosides have not yet been obtained crystal
line. Very probably the amorphous products are a mixture of a and )3
compounds. In fact they were attacked by invertin, but not completely

Effect of configuration on enzyme activity
Emil Fischer
Berichte der deutschen chemischen Gesellschaft 27 (1894) 2985-93
From Berlin University Laboratory No.1
Delivered by the author at a meetinga

The varied behaviour of stereoisomeric hexoses towards yeast led
Thierfelder and myself to the hypothesis that the active chemical agents
of the yeast cell can only act upon sugars with which they have a
related configuration. I

TIus stereochemical conception of the fermentation process would
gain probability if it were possible to show similar differences also in [2986]

ferments separated from the organism - the so-called enzymes.
I have now succeeded in an unambiguous manner first for two

enzymes which cleave glycosides - invertin and emulsin. The means
thereto is the synthetic glycosides which can be made in great number
from the various sugars and alcohols by the procedure discovered by
me.2 But, for comparison, a number of natural products of the
aromatic series and even a few polysaccharides, which I regard as
glycosides of the sugars themselves, were also drawn into the orbit of
the investigation. The result may be summarized by saying that the
activity of the two enzymes depends strikingly on the configuration of
the glycoside molecule.

EXPERIMENTS WITH INVERTIN

As is well known, the enzyme may be leached out of brewer's yeast
with water and precipitated unaltered by alcohol. For reasons set out
below I have not isolated the enzyme. The following experiments were
done, rather, with a clear, filtered solution prepared by incubating 1
part of air-dried brewer's yeast (Saccharomyces cerevisiae, Frohberg
type, pure culture) with 15 parts of water for 15 hours at 30-35°.

a A meeting of the German Chemical Society.

[2987J

H-C-O·R

/CHOH

o"'" ~HOH
CH

CHOH

CH
2

0H

R'O-C-H

/ CHOH

°\~HOH
CH

CBOH

CH 20H



84 Fischer Fischer 85

cleaved like the pure <X-glucosides.
All the other alcohol-glycosides so far known, derived from other

kinds of sugar - as methyl and ethyl galactosides, methyl, ethyl and
benzyl arabinosides, methyl and ethyl rhamnosides, were not attacked
in the slightest by the enzyme solution. The first five are crystalline,
and one might suppose that these represented the ~-forms; but I believe
this to be unlikely since they were prepared exactly as <X-methyl
glucoside. Nevertheless, it would be desirable to obtain the isomers and
test their behaviour with the enzyme.

It seemed to me, finally, to be of special interest to present the test
of a derivative of L-glucose. 6 I therefore prepared the methyl
compound, which I will call methyl-L-glucoside, in the same manner as
the <x-methyl derivative of D-glucose.

Unfortunately, no pure, crystalline L-glucose could be used for the
experiment, because it is so difficult to obtain, and in consequence of
the use of sugar which was not perfectly pure, the isolation of the
clystalline glucoside was itself faulty. But a syrup was obtained which
undoubtedly contained the glucoside, and because of the manner of
preparation, chiefly the <X-compound. Further, the preparation was
quite free of sugar so that the action of the enzyme solution could
easily be ascertained. It was completely negative.

Polysaccharides. The action on cane sugar gave the enzyme its name, as
is well known. However, it has hitherto been assumed that maltose is
not cleaved by it but experiments have shown me that the opposite is
the case and that the hydrolysis proceeds just as fast and altogether
takes place just as with the alcohol glucosides. The resulting glucose
may be easily demonstrated and distinguished from accompanying
unaltered maltose by means of phenylhydrazine. To avoid any
misunderstanding, I point out that, in contrast to the freshly prepared
solution, commercial solid invertin does not bring about the cleavage of
maltose.

The transformation of maltose into glucose has been observed to
occur by the effect of pancreatic juice, animal small intestine,7 Koji
extract,8d and the so-called glucase which was discovered in maize by
Cuisinier and later more closely investigated by Geduld, Lintner and
Morris. Whether any of these enzymes is analogous to that of yeast, I
cannot say. The above observation suggests to me that maltose is not

d Extract from Aspergillus oryzae. The enzyme concerned is widely known as
Taka-Diastase.

[2988]

fermented directly by yeast, as has been assumed, but, like cane sugar,
is first transformed into hexoses.

Lactose is quite stable to the yeast enzyme. After 24 hours
incubation of I part of lactose with 10 parts of the above enzyme
solution at 30-35°, neither glucose nor galactose could be detected by
the sensitive osazone test. It is not clear to me how Dastre found the
contrary.9

The different behaviour of lactose and maltose towards invertin I
regard again as a consequence of their divergent configurations. If
one makes the very probable assumption that both have the same
glycosidic structure, one must be the glucoside and the other the
galactoside of glucose, corresponding to the following formulae:

Maltose I 0

CH20H.CHOH.CH.CHOH.CHOH.CHoO.CH2(CHOH)4oCOH

Glucose residue L °~ Glucose residue

Lactose I 0

CH20H·CH·OHoCHoCHOHoCHOH.CHoOCH2(CHOH)4oCOH

Galactose residue L °~ Glucose residue

[2989] They would thus be related to each other in the same way as
methyl glucoside to methyl galactoside, of which only the first is
decomposed by invertin.

Inulin and starch in the form of starch paste were not affected by
invertin solution. I

1

Aromatic Glycosides. Invertin shows no activity with salicin, coniferin,
phloridzin1

2 and the synthetic phenylglycoside prepared by Michael,l 3

however it easily cleaves amygdalin to yield glucose. But since neither
benzaldehyde nor hydrocyanic acid are produced, the reaction is quite
different to that with emulsin. 14 It appears rather, that of the two
molecules of glucose which probably exist in amygdalin in the form of
maltose, only one is liberated by invertin. This observation points to a
kind of glycoside cleavage which is so far unique, and which I will
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further pursue.
The following is to be remarked upon in the practical handling of

the invertin solution. If it is not mixed with antiseptics or not kept very
cold it begins to decompose within a few days, becoming turbid and
giving off a foul odour. In hydrolytic experiments one can avoid this
risk, which is greater at higher temperature, by adding chloroform,
since this does not interfere with the action of the enzyme. Phenol

behaves otherwise. It immediately produces a precipitate in the
solution. Addition of 1% phenol to fresh enzyme solution markedly
diminishes hydrolysis and it is completely abolished by 21,6% phenol.
But it is advisable in every case to use freshly prepared enzyme
solution. In its place one can otherwise use yeast simply suspended in
water, provided that the living state of the cells and the consequent
fermentative activity are annulled by addition of chlorofoll11 in the
usual manner.

All the experiments so far were carried out with Saccharomyces
cerevisiae, Frohberg type. But I have convinced myself that the Saaz
type acts i.n the same way both on alcohol glycosides and on maltose.
On the other hand, it may be expected that the kinds of yeast which do
not ferment maltose, as S. exiguus Ludwigii or apicu[atus, will also not
make any glucoside-cleaving enzyme. For lactose yeasF I can already
assert the truth of this assumption.

The solid, commercial invertin behaves quite differently from the
freshly prepared enzyme solution. A preparation bought from E. Merck
of Darmstadt showed still a fairly strong action on cane sugar, but left
a-methylglucoside and maltose unchanged. Whether this weakening of
activity is due to the yeast used or the method of isolation, or whether
there is in yeast, besides the well-known invertin, a new powerful,
hydrolysing enzyme, I hope to decide quickly through experiment.! 5

EXPERIMENTS WITH EMULSIN

The preparation used was supplied by E. Merck, and exerted a powerful
effect on amygdalin. One part of enzyme plus two parts of the
glycoside being tested and 20 parts of water were held at 30-35° for
15-20 hours.

Emulsin corresponds with invertin in that it only attacks glycosides
of D-glucose, leaving the earlier mentioned galactosides, arabinosides,

e See below, in respect of kefir, and Note 18.

[29901
[2991]

rhamnosides and methyl-L-glucoside unaffected.
However the two enzymes differ sharply with respect to ex- and

,B-methylglucosides, the first being attacked by invertin, exclusively the
second by emulsin. A quantitative experiment showed that under the
above-mentioned conditions, 90% of the ,B-methylglucoside was
transformed into glucose whereas there was no detectable hydrolysis of
the a-compound.

Of course, the glucosides of glycerol and benzyl alcohol were
partially cleaved by emulsin as well as by invertin. But these amorphous

products, as one must conclude from the method of synthesis and as
has already been emphasized above, must obviously be mixtures of ex
and ,B compounds.

It is well known that many natural aromatic glucosides, salicin,
coniferin, arbutin,16 etc., and the synthetic phenylglucoside - are
hydrolysed by emulsin. Since these products are not attacked by
invertin, even though the phenols produced can not have any adverse
influence on the enzyme because present only in great dilution, one
may assume that each of these glucosides belongs to the ,B series
(analogous to ,B-methylglucoside).

Maltose1
7 and cane sugar are not detectably cleaved by emulsin

under the conditions mentioned above. The action of emulsin on
lactose appears to have been not previously tested: to my surprise I
found that hydrolysis readily occurs in this case. A solution of 2 g
lactose in 20 cm3 water was mixed with 0.5 g emulsin and kept warm
at 35° for 22 hours. The osazone test was used to detect hydrolysis
products. To this end, the solution was mixed with a little sodium
acetate, warmed on the water-bath for some minutes, filtered off from
the amorphous precipitate which formed, and again heated on the
water-bath for 1':4 hours after adding 2 g phenylhydrazine and 0.7 g
pure acetic acid. The deposit of osazone which had already appeared
was filtered off after cooling and freed of lactosazone by boiling with
plenty of water. The residue amounted to 0.6 g. After recrystallizing
from dilute alcohol, this melted at 203-205° and showed the
composition of a phenylhexosazone (N found 15.7%, theoretical
15.6%). The preparation was undoubtedly hexosazone, in fact a mixture
of glucosazone and galactosazone.

Thus in the case of maltose and lactose there is a similar contrast
between invertin and emulsin as with the ex and ,B glucosides, although
the difference in configuration of the two sugars is of a different kind.



After the observation of the action of invertin on maltose, and the
consequently very doubtful direct fermentability of the sugar, the next
conjecture was that lactose yeast also produces an enzyme capable of
cleaving lactose and so making its fermentation possible. Unfortunately
I did not have at my disposal sufficient pure lactose yeast to carry out
experiments in the same manner as with brewer's yeast. I have thus first
used kefir grains. The result is as expected. In the course of 20 hours at
30-35°, the aqueous extract of the grains, clarified by passing through
a Pukall clay filter,! 9 cleaved large amounts of lactose into its
components, which could be identified by the osazone test as above.
Maltose was unaffected under the same conditions. I will repeat the
experiment as soon as possible with pure lactose yeast and also
investigate the isolation of the enzyme.

Beyerinck20 has already affirmed such a lactose cleaving agent in
Saccharomyces kefir and in Saccharomyces tyrocola (cheese yeast). But
the way in which he wishes to demonstrate the action of the so-called
"lactase" on lactose, with the aid of luminescent bacteria,21 is such as [2992J

to arouse serious question as to the reliability of the results. Also,
Beyelinck's view has been, in fact, specifically disputed by Schnurmans
Stekhoven.22 The latter came to the conclusion that the enzyme of
kefir yeast decomposes cane sugar and raffinose, but not lactose. The
question of who is right in this matter would be easily decided if one
carried out an experiment with pure kefir yeast as described above for
kefir grains. I will do this as soon as I have at my disposal a sufficient
amount of the yeast.

I intend to draw into the comparison some other related enzymes, as
glucase, ptyalin, myrosin23 and the pancreatic enzymes, and to cany
out expeliments on unusual polysaccharides like isomaltose, turanose,
melibiose, melitliose, trehalose, melezitose,24 artificial dextrins, etc.
Doubtless there will then appear other contrasts, like that which has
already emerged between emulsin and invertin.

But the observations already ShOW25 that enzymes are as fastidious
with regard to the configuration of their substrates as are yeast and
other microorganisms. The analogy between the two phenomena seems
so complete in this point that one may assume the same basis for them,
and therefore I return to the above-mentioned hypothesis of Thier
felder and myself. As is known, invertin and emulsin have many
similarities with proteins and no doubt, like them, possess an

asymmetlically constructed molecule. Their restricted activity upon
glycosides can thus also be explained by the assumption that close
approximation of the molecules, which is requisite for initiation of the
chemical process, can only occur where the geometrical construction is
similar. To use an illustration, I will say that enzyme and glycoside
must match each other like lock and key in order to exert a chemical
influence on each other. This concept appears more probable and of
greater value for stereochemical research once the phenomenon itself is
considered in purely chemical terms, rather than biological. It forms a
broadening of the theory of asymmetry but without being a direct
consequence of it; for the conviction that, even with optical isomers,26
the geometrical construction of the molecule exerts so great an
influence on the play of chemical affinity, could in my view only have

[2993 J been obtained by new actual observations. Existing knowledge that the
salts formed from two asymmetric components can be distinguished
from each other by solubility and melting point, would certainly not
suffice. I have as little doubt that the phenomena first observed only
with the highly complex enzymes will also quickly be found to occur
with simpler asymmetric agents, as that enzymes will be useful for
determination of the configuration of asymmetric substances.

The knowledge that the activity of enzymes is restricted to so high a
degree by molecular geometry may also be useful in physiological
research. But even more important for this seems to me the proof that,
contrary to the earlier frequent assumption, there is in fact no
difference between the chemical activity of living cells and the action of
chemical agents, in respect of molecular asymmetry. In particular the
analogy between living and non-living ferments so frequently em
phasized by Berzelius, Liebig and others will be re-established in a not
immaterial respect.

In carrying out the above experiments I have rejoiced in the zealous
and skilful assistance of Dr. Paul Rehlander. Further, I am indebted to
Dr. A. Thierfelder, Prof. M. Delbriick and Dr. O. Reinke for the
provision of pure cultured yeasts.

'l
,I
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which on complete hydrolysis

/=\
-CH-~ II

I -
CN

yields HCN and benzaldehyde

"Emulsin" is sometimes taken to mean the iJ-glucosidase of almonds, but it is
also used to refer to a crude extract of almonds (or even of other plant
materials) containing several hydrolytic enzymes and capable of completely
degrading amygdalin to the products noted. Apparently, Fischer's yeast
extract contained an enzyme capable of cleaving the terminal glycosidic
bond, only, of amygdalin.

15 Presumably, the commercial material was depleted in O1-glucosidase, but still
contained the iJ-fructofuranosidase.

16 Arbutin is p·hydroxyphenyl-iJ-D-glucopyranoside.

17 See v. Mering, Zeitschr. f physiolog. Chemie 5, 190. (Author's note)
18 "Kefrr grains" are not of cereal origin as one might suppose, but "a

conglomeration of various fungi including Dispora caucasica, schizomycetes
and a species of Saccharomyces" (Merck Index, 8th ed., 1968, p.599).
(They are used in the preparation of a fermented milk drink.) From the
context it is clear that Fischer's "lactose yeast" (Milchzuckerhefe) is the
same as his "Saccharomyces Kefir" or kefir yeast and refers to the yeast
isolated from this material.

19 "Pukall'sches Thonfilter" - a type of porous porcelain fllter.
20 "Die Lactase, ein neues enzym", Centralbl. f Bacteriologie und Parasiten-

kunde, 6,44).
21 "Leuchtbacterien".
22 Koch's Jahresbericht uber Gii11l1mgsorganismen, 1891,136.
23 Shorter O.E.D. "A nitrogenous ferment contained in the seeds of black

mustard".
24 Melitriose is an alternative name for raffinose (O-Q1-D-galactopyranosyl

(1 .... 6)·O-01-D-glucopyranosyl-(l .... 2)-iJ-D-fructofuranose) and yields melibiose
when the fructose residue is removed by hydrolysis. (Merck Index, 8th
edition, 1968, p. 910).
Melezitose is 0-01-D-glucopyranosyl-(l .... 3)-O-iJ-D-fructofuranosyl-(2 .... 1)-01
D-glucopyranoside, and yields turanose when the last listed glucose residue
is removed by hydrolysis.

25 "um principiell zu beweisen" not translated.
26 "Spiegelbildformen." The translation, as "optical isomers", was adopted in

fhe interests of clarity.

13 This phrase presumably refers to methylarbutin synthesized by Michael in
1881 (c.f Note 16, below.)

14 Amygdalin is stated to be D-mandelonitrile-iJ-D-glucopyranoside-6-iJ-D
glucopyranoside, ie. the two glucose residues do not have the configuration
of maltose, but of gentobiose. The aglycone residue is

(phloretin)

(coniferyl alcohol)

(saligenin or
salicyl alcohol)

".: - OB

~

01
~ "-

I
o
I

phlorizin:

or

phloridzin

coniferin:

salicin:

NOTES
1 Berichte 27, 2036.
2 Berichte 26, 2400.
3 Berichte 26, 2404.
4 Recueil d. Trav. Chim. d. Pays-Bas, 13, 183.
5. E. Fischer and L. Beensch (sic), Berichte 27, 2479.
6 In the original, I-glucose.
7 Ann. d. Chem. 204, 228.
8 Zeitschr. f physiolog. Chem. 14.297.
9 Comptes Relldus 96, 932.

10 The formulae are given as in the original, but do not correctly express the
difference between glucose and galactose. Note that a furanose ring is
assumed for the first of the sugars, whilst the second is represented as
open-chain.

11 Kiliani, Ann. d. Chem. 205, 189, has already observed that inulin is not
altered by invertin isolated by the procedure of Barth. (Author's note)

12 These are three iJ-D-glucopyranosides, the aglycone residue being res
pectively:
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5 Buchner (1897)

Unequivocal demonstration of a life process (alcoholic
fermentation) occurring in a cell-free extract

THE AUTHOR: Eduard Buchner (1860-1917) was Professor of Analy
tical Pharmaceutical Chemistry at the University of Tubingen at the
time of the paper translated here. His names are frequently misspelt.
His family name was Buchner, not Buchner (both are common in
Germany) and his personal name was as spelled above, neither Edward
nor Edouard. He died on active service, in Rumania, of wounds received
during the course of his military duties. A biographical sketch appears
inD.S.B.

Buchner's work was fully recognized in his lifetime, and he received
a Nobel Prize in 1907. Nevertheless, the jealousy of fellow-chemists has
led to some recent devaluation of his contribution; one writer describes
him as an organic chemist of modest talents, which must be rated as
pure "sour grapes" when referring to a man who changed the course of
history in a rather different field. His memory is retained also in the
nanle of a type of filter-funnel and a type of press.

THE PAPER: At a first reading there were several points of difficulty,
but these are attributable in part to the remarkable compression of the
text and in part to the difficulty of breaking free from contemporary
conventional modes of thought. Berthelot and Fischer had clearly seen
that their catalysts were chemical substances like any other, why could
not Buchner also make an intellectual leap and see that the chemical
complexity of alcoholic fermentation must be paralleled by the
complications of the system of catalysts which carried it through? We
fInd instead that he invents the name "zymase" for his active extract 
as if a single enzyme were responsible and indeed continues to treat
the whole process in just this light. He calls attention to the differences
between the behaviour of simple, extracellular hydrolytic enzymes on
the one hand and zymase on the other. These differences appear first as
a matter of concern: should zymase be classified as an enzyme? and
secondly as a matter of self-congratulation - zymase is a "true
protein" , closer in nature to the living protoplasm than invertin.

We should consider also the nature of his audience. Probably he
offended his mechanist contemporaries by pointing out the differences
between fermentation and any chemical reactions then understood,
quite as much as he offended the vitalists by daring to prove that this
archetypal life process did not in fact depend on living cells. Suppose
Buchner had made a good guess at the intlicacy of the process - that at
least 12 chemically distinct steps are involved, catalysed by atleast 12
enzymes plus numerous cofactors, and that the concentrations of many
of these cofactors are clitical. Would that have helped? It seems more
likely that he would have been accused of vapid and over-clever
theorising and would have jeopardised the acceptance of his work. In
any case, he had rather little to go on. Conscious that there were
difficulties over convincing the sceptical about some aspects (why so
temperature-sensitive, etc.), whether by guile or because tempera
mentally disinclined to speculate, he contented himself with esta
blishing one main point and in that succeeded to admiration.

Because of the intense interest aroused by this paper, there were
many sequels. As in other cases above, the paper translated does not
constitute a complete statement of the case; rather, an introduction,
but fuller and more convincing than most.

BUCHNER'S CONTRIBUTION scarcely needs restatement; the title and
the first sentence of the paper are sufficient. He did what had been
dreamed of for centuries, and specifically predicted for 40 years: what
had been impossible suddenly became easy and the way was open for
the first phase of true metabolic research.

AlcoholIC fermentation without yeast cells
Eduard Buchner
(preliminary communication: received 11 January)
Berichte de,. deutschen chemischen Gesellschaft 30 (1897) 117-24

A separation between fermentative activity and living yeast cells has not
been achieved previously, in what follows a procedure is described
which solves this problem.

1000 g of brewer's yeast, 1 purified for the production of pressed
[118] yeast, but not yet mixed with potato starch, is carefully mixed with the

sanle weight of quartz sand2 and 250 g of kieselguhr, and then ground



until the mass is moist and plastic. The paste is now mixed with 100 g
water, wrapped in a mter·cloth and gradually subjected to a pressure
of 4-500 atmospheres: it yields 300 cm3 of expressate. The residual
filter-cake is again ground, sieved and mixed with 100 g of water, again
subjected to the hydraulic press and at the same pressure, when it yields
another 150 cm3 of expressate. 1 kg of yeast yields in this way
500 cm3 of expressate which includes about 300 cm3 of the internal
material of the cells. To eliminate a trace of turbidity, the expressate is
finally shaken with 4 g of kieselguhr and filtered through filter-paper,
repassing the first portions of mtrate repeatedly.

The expressate thus obtained is a clear, only somewhat opalescent
yellow liquid, smelling agreeably of yeast. Its specific gravity was found
on one occasion to be 1.0416 (l7°C). On boiling, coagulation occurs
such that the fluid becomes almost completely solid. The formatiOll of
insoluble flakes begins already at 35 -40°, and before even that the
evolution is observed of gas bubbles, shown to be carbon dioxide, with
which, therefore, the fluid is saturated.3 The expressate contains over
10% dry substance. An expressate prepared by an earlier, inferior
procedure contained 6.7% dry substance, 1.15% ash, and, based on its
nitrogen content, 3.7% protein.

The most interesting property of the expressate lies in that it is able
to ferment carbohydrates. On mixing with an equal volume of a
concentrated solution of cane sugar, evolution of carbon dioxide
regularly began after 1/4-1 hour, and continued for several days. It
behaved similarly with glucose, fructose and maltose; on the other
hand, no fermentation appeared on mixing the expressate with a
saturated solution of lactose, or mannitol; these substances, however,
are not fermented by living brewer's yeast cells either. After several
days of fermentation, mixtures of expressate and sugar solution, kept in
the ice-box, gradually became turbid although no microscopic
organisms could be detected. However, under 700-fold magnification
they showed numerous coagula of protein, probably caused by
precipitation due to acids arising from the fermentation. Saturation of
the mixture of expressate and sugar solution with cWorofOlm did not
hinder the fermentation, but it led to an early, slight precipitation of
protein. Likewise, filtering the expressate through a sterilized
Berkefeldt kieselguhr filter, which certainly retains all yeast cells, has
no effect on the fermentative power; the mixture of completely clear
mtrate with sterilized cane sugar solution began to ferment, even
though after a delay of about one day, even at the temperature of the

ice-box. On suspending a parchment paper tube, filled with expressate,
in 37% cane sugar solution, the surface of the tube was covered with
numerous little gas bubbles after a few hours; naturally, in the interior,
brisk evolution of gas was to be observed, because of diffusion of the
sugar solution. Further experiments must decide whether in fact the
vehicle of the fermentative activity is able to diffuse through the
parchment paper, as it appears to. The fermentative capacity of the
expressate is gradually lost with time; expressate preserved for five days
in a half-full flask in ice-water appeared to be inactive against sucrose.
But on the other hand it is noteworthy that expressate mixed with cane
sugar, and thus fermenting, retains its fermentative activity in the
ice-box for at least two weeks. Probably one must consider first a
favourable action of the carbon dioxide evolved during fermentation in
excluding atmospheric oxygen; but the readily assimilable sugar might
also contribute to the preservation of the agent.

Only a few experiments have so far been carried out to obtain
information on the nature of the active substance in the expressate. On
warming the expressate to 40-50°, carbon dioxide evolution occurred
first, then, gradually, precipitation of coagulated protein which was
filtered off after one hour, with repeated passages. In one experiment,
the clear filtrate still showed weak fermentative power towards cane
sugar, in a second, none. Thus the active substance appears either to
lose its activity at this astonishingly low temperature or to be
coagulated and precipitated. Further, 20 cm3 of expressate was
transferred into 3 times the volume of absolute alcohol, the deposit
filtered off and dried in a vacuum over sulphuric acid: there resulted 2 g
of dry substance and on incubation with 10 cm3 water only a very
small portion of this redissolved. The filtrate from this showed no
fermentative activity with cane sugar solution. These experiments must
be repeated, and especially the isolation of the active substance by
means of ammonium sulphate must be investigated.

The following conclusions appear, to date, for the theory of
fermentation. First, it has been proved that to start the fermentation
process no such complicated apparatus is required as is represented by
the yeast cell. The vehicle of the fermentative activity of the expressate
is rather a soluble substance, doubtless a protein, which will be referred
to as zymase.

The idea that a special protein originating from yeast cells gives rise
to fermentation was already expressed as early as in 1858 by M. Traube
as the Enzyme or Ferment Theory, and later championed by
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be not a stable water-soluble enzyme, but a constituent part of the
living protoplasm.

The fermentation of sugar by zymase can, then, take place within
the yeast cells: 9 but more probably the yeast cells release this protein
into the sugar solution, where it undertakes the felmentation. 1

0 The
process of alcoholic fermentation can then probably only be inter·
preted as a physiological act in so far as it is living yeast cells which
release the zymase. Niigeli ll and O. Low showed that substantial
amounts of proteins, coagulated by boiling, diffuse I2 out from yeast
cells into a nutrient medium which was initially weakly alkaline
(K3 P04 ), later becoming neutral, within 15 hours at 30°. In fact, it
seems also, as the experiment mentioned above shows, that zymase
passes through parchment paper.

FERMENTATION EXPERIMENTS

Obserl!ations

Ice-box Definite evolution of
gas after 1 hour, still
continuing after 14 days.
Layer of foam finally
reached 1 em thick.

Ice-box Vigorous eVOlution of
gas and formation of
foam layer. The solu
tion, clear at first,
became opalescent after
3 days without forming
a precipitate.

Ice-box 3/4 em foam layer after
3 days.

Ice-box Evolution of gas visible
after 2 hours and still
continued after 14
days. The initially clear
liquid showed only
minimal turbidity at
the end of the experi
ment; foam layer
1% em thick.

Experimental
temperature

37

37

37

37

Total
sugar

content
(%)

Sucrose 150

Sucrose 20

Sucrose 50

Sucrose 30

Carbohydrate
solution

em'

20

30

50

Vol.

150

4

3

2

Expt.
expressate

No. em'

[122]

Hoppe-Seyler in particular. But, until now, the separation of an enzyme
of this kind from yeast cells has not been successful.

It remains at present, therefore, still questionable whether zymase
can be counted with the long well-known enzymes. C.v. Niigeli4 has
already emphasized that there are important differences between
fermentative activity and the actions of the usual enzymes. The latter
are merely hydrolyses, which can be imitated by the simplest chemical
agents. Even if A.v. BaeyerS has improved our understanding of the
chemical process of alcoholic fermentation in that he has reduced it to
relatively simple principles, the decomposition of sugar into alcohol and
carbon dioxide still seems one of the most complex of reactions. In its
course, carbon linkages are broken in a manner which cannot yet be
achieved to this degree of completeness by any other means. In the
effects of temperature, also, there remains a very important distinctive
feature. 6

Invertin can be extracted with water from yeast cells killed by dly
heat (heated for 1 hour at 150°), and isolated as a readily water-soluble
powder by precipitation with alcohol. The substance active in fermen
tation cannot be obtained in this manner. In yeast cells heated to so
high a temperature it probably is no longer present; if the experiments
set out above permit a conclusion, it is converted by alcohol
precipitation into a water-insoluble modification. One can thus scarcely
go wrong in the assumption that zymase belongs to the true proteins,
and is closer in nature to the living protoplasm of yeast cells than is
invertin.

The French bacteriologist Miguel has expressed similar opinions in
respect of urease, the enzyme secreted by the so-called urea-fermenting
bacteria; he designates this directly as protoplasm, which lacks the
protection of the cell wall, outside which it acts, and in the main differs
only in this respect from the same substance when contained within the [121]

cell. 7 Also relevant here is the experience of E. Fischer and P. Lindner 8

in respect of the action on cane sugar of the yeast-like fungus Monilia
candida. This bud-forming fungus ferments sucrose, but neither Ch.E.
Hansen nor the above-named authors succeeded in extracting with
water, from either fresh or dried fungus, an invertin-like enzyme which
could effect the preliminary cleavage into glucose and fructose. It was
quite otherwise with another experiment by Fischer and Lindner on
fresh Monilia-yeast, in which they first carefully ground it with glass
powder so as to open a proportion of the cells. The inverting action was
now unmistakable. The inverting agent seems, however, in this case to
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Vol.
Expt.

expressate
No. cm 3

Carbohydrate
solution

cm 3

Total
sugar

content
(%)

Experimental
temperature

Observations
Exp.
No.

Vol.
expressate

cm 3

Carbohydrate
solution

cm 3

Total
sugar

content
(%)

Experimental
temperature Observations

Sucrose 20

Mannitol 10 Saturated Room As for lactose
solution temperature

Very vigorous gas evo
lution already evident
after 1/4 hour and still
continuing briskly after
3 days; the solution
then remained clear.

lee-box

Ice-box

25

37Fructose 10

Fructose 10 A foam layer was al
ready evident after 15
minutes, and after 3
days measured 1 em.

Lactose 10 Saturated Room No gas evolution, even
solution temperature after 6 days.

10

10

10

10

13

14

16

15

Gas evolution began
after 1 day and still
continued after 1 week,
when the liquid was
still completely clear.

Brisk evolution of gas
after 1 hour: after 2
weeks still slight bubble
formation with minimal
turbidity.

Foam layer 10 em thick
already after 2 hours:
marked coagulum forma
tion after 1 day and gas
evolution had ceased.

Ice-box

Room
temperature

37

37

3720

30

Sucrose

Sucrose

20

20

30

7

6

5

8

9

10

11

12

30

5

10

10

10

Sucrose 30

Maltose 5

Maltose 5

Glucose 10

Glucose 10

12

33

26

33

26

lee-box After 6 days, still vigor
ous gas evolution, and
turbidity, which consist
ed of minute coagula.

Ice-box Gas evolution began
after 1 hour and still con
tinued after 12 days.

Ice-box Exceptionally vigorous
evolution of gas already
at 3 hours.

Ice-box Gas evolution first ap
peared after 20 hours
but still continued after
12 days. Foam layer
3/4 em thick.

Ice-box Fairly vigorous gas evo
lution already after 1/2
hour which persisted
for 12 days; the solu
tion then became turbid
and there was some
deposit (see below).

(123] Remarks. In experiment (1), 4 hours after the beginning of its
evolution, the gas escaping was passed into lime-water and identified as
carbon dioxide. In (2) and (3), the alcohol formed by fermentation was
estimated at the expily of 3 days: in (2) there was present 1.5 g, and in
(3) 3.3 g of ethyl alcohol; from these should be subtracted the amounts
present in the yeast beforehand, arising from its use in beer manu
facture. In (2) the yeast used for preparation of the expressate was
washed 4 times with 5 I of water each time and then the alcohol
content was measured in 2/3 of the whole, the remainder being used for
making the expressate; from the results there was at most 0.3 g alcohol
present in the yeast employed. In (3) the yeast used was commercial
brewer's yeast purified for the production of expressed yeast, but not
yet mixed with starch; the alcohol content of the yeast used to prepare
150 cm3 of expressate is calculated as 1.2 g. Thus the alcohol formed
by fermentation was, in (2) 1.2 g and in (3) 2.1 g. In all cases, the
alcohol was identified by the iodoform reaction and finally salted out
of its aqueous solution with potash. 13 The separated material obtained
in the case of (3) distilled over completely between 79-81 0 (734 mm)a.

a i.e. ambient pressure was 734 mm Hg.
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The distillate was colourless, inflammable and possessed the smell of

ethyl alcohol.

Microscopic investigations were carried out on experiments (2) and
(3) after running for 3 days and also on (8) after 6 days duration and of
the slight deposit observed in (12) after 12 days of fermentation. In
every case no organisms were found, only a slight protein coagulation as
the origin of the more or less marked turbidity. Besides, 6 plate cultures
were made from experiment (3) after its complete 3-day duration:
1 cm 3 of the fluid was seeded in each of 3 tubes with liquified
beerwort-gelatine b and 1 cm3 in each of 3 tubes with broth
peptone-gelatine. 14 After 6 days, one wort-gelatine plate showed 11
colonies, the 2 others remained sterile: the 3 peptone-gelatine plates
each showed 50-100 colonies and had become fluid. Consideration of
these experiments, in which large anlOunts of fluid were seeded, shows
that the fermentation was not due to microorganisms, which, however,
was already almost certain because of the rapid appearance of
fermentation.

Finally, in experiments (4) and (5), the expressate was passed
(sucked) through a sterilized Berkefeldt kieselguhr fIlter. In experiment
(5), the cane sugar solution was also sterilized in an autoclave and the
mixing of the two liqUids was carried out with full antiseptic
precautions.

It appears that the expression method described above is also [124]
suitable for obtaining bacterial cell contents, and experiments are in
progress on this, especially also with pathogenic bacteria, at the
Institute of Hygiene, Munich.

Tiibingen, 9 January 1897

b "wort" is the aqueous malt extract used for brewing beer.

NOTES
1 So far freed of superficially adherent water that no more came out under a

pressure of 25 atmospheres. (Author's note)
2 Glass powder is less suitable because of its activity as a weak alkali. (Author's

note)
3 Plant physiologists may decide whether this carbon dioxide originates from

respiration-linked oxidation processes. (Author's note)
4 "Theorie der Gahrung" (Theory ofFermentation), Munich 1879, p. 15.
5 Berichte 3 (1870) 63-75 (Original omits year and gives page number as 73).
6 A. Bouffard has again briefly determined the temperature effect in the case

of alcoholic fermentation by yeast ("Sprosshefe"). Comptes Rendus
121 (1895) 357. (Original omits year)

7 It must be remarked here, however, that the so-called urea fermentation, the
decomposition of urea into ammonia and carbon dioxide, is chemically quite
different from the true fermentation process, and therefore many do not
consider this to be fermentation at all. It is sinlp1e hydrolysis, \~hich can be
achieved by water at 120°. (Author's note)

8 Berichte 28 (1895) 3034-3039 (Original omits year and gives page number
as 3037).

9 The osmotic properties ("diosmotischen Verhaltnisse") make this seem
possible. Compare v. Nageli, lac. cit., p. 39. (Author's note)

10 Thus, probably, the experiments of J. de Pailhade (Comptes Rendus 118,
201) can be understood. He prepared a weakly alcoholic (22%) extract from
fresh brewer's yeast, with the addition of some glucose. After freeing this
from microorganisms by filtering through a sterile Arsonval candle, and
excluding oxygen, the sugar-containing extract spontaneouslY evolved
carbon dioxide (Author's note). The paper cited is by J.C.F. de Rey
Pailhade, Comptes Rendus 118 (1894) 201-203.

11 Lac. cit., p. 94. The experiments were repeated with the same results; only it
appeared that it took place in lactose solutions just as in sucrose solutions.
The diffusion process is therefore not linked to the execution of the
fermentative capacity, as the above-named authors assume. (Author's note)

12 "herausdiosmiren".
13 Potassium carbonate. Presumably used to take up water as water of

hydration.
14 "Fleischwasserpeptongelatine".



102 Fembach & Hubert 103

6 Fernbach & Hubert (1900)

Phosphates act as a "buffer", resisting changes of acidity
which might damage enzymes

TIle paper is of no fundamental importance, and is translated here only
because it seemed to be of interest to know how the term buffer
(tampon in French) came into use in chemistry. The analogy intended
was close buffer salts were thought to protect enzymes against sharp
changes in acidity or alkalinity just as the buffers of a railway train or
the bumpers of a car protect against mechanical damage.

The modern view is somewhat different. Simple chemical buffers are
more important in experimental work than physiologically, and even in
the former context their value has greatly declined now that pH is
readily measured and rather easily controlled by other means. In the
living organism there are mechanisms of pH control more subtle and of
far larger capacity than the buffers which happen to be present and
whose effects are passive, temporary and limited in extent.

On the influence of phosphates and some other mineral
substances on the proteolytic enzyme of malt
Note by Messrs. A. Fernbach and L. Hubert, introduced by
M. Duclaux
Comptes Rendus 131 (1900) 293-5

Phosphoric acid occupies a key place among the minerals essential to
the development of all living beings. Knowledge of this fact has led,
notably in agriculture, to considerable practical applications, but the
mechanism of the action of phosphate, like that of all other mineral
substances, remains unknown at present. As all phenomena of cellular
life are to be reduced to the actions of enzymes it is natural to enquire
whether phosphates play a more general role in enzymic actions than
has been fomlerly described, allOWing us to systematize observations
which until now have been scattered and often contradictory.

In an earlier publication (see Comptes Rendus 25 June 1900) one of

us has shown that among alkaline metal phosphates, primary phos
phates accelerate the action of malt amylase while secondary phos
phates, under the same conditions, slow it down. Exactly the same is
true of the proteolytic enzyme as we have been able to show in
studying auto-digestion, at a temperature of 500, of a malt extract
prepared in the cold. The reaction of the malt extract, acid to phthalein
and alkaline to methyl orange,l is the same as that of a mixture of
primary and secondary phosphates of an alkali metal. Addition of acid
to the extract is favourable so long as it does not go as far as neutrality
to methyl orange. We have thus been able to increase the activity of the
proteolytic enzyme 5-fold by comparison with the native medium.
But, as for amylase, the least quantity of free acid added above the
amount necessary to decompose salts alkaline to methyl orange becomes
retarding.2 Alkali metal secondary phosphates produce their retarding
effect because of their phosphate content and not at all because of the
nature of the metal. Dibasic phosphates of sodium and of potassium at
the same molar concentration have exactly the same effect.

The observations just described may have considerable importance in
the procedures for isolation and purification of enzymes. Thus, the

[294] alcohol precipitate from an extract of malt incorporates salts alkaline to
methyl orange in greater proportion than the salts acid to phthalein,
whence results a diminution of the activity of the proteolytic enzyme.3

This fact allows interpretation of observations of long standing in
attempts at purification of amylase - changes in the quality of the
(residual) ash influence the activity of the enzyme more than the
diminution of its quantity. Phenomena of this kind explain how certain
precipitants lead to results more favourable than others.

We have shown that the favourable actions of acids on the
proteolytic enzyme in an extract of malt are due to the decomposition
of salts alkaline to methyl orange. One may enquire if other substances
capable of decomposing secondary phosphates do not also give rise to
the same favourable effect to the extent of increasing or masking their
own proper effect. Salts of calcium, magnesium and aluminium are like
this. Whether in the cold or in the warm they give rise to double
decomposition of secondary phosphates which removes a portion of
these phosphates from the solution.4 In order to distinguish between
their own proper effect and that due to the double decomposition just
mentioned it is necessary to compare their action on the proteolytic
enzyme on the one hand in a native malt extract which contains
secondary phosphates and on the other hand in the same medium from
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which secondary phosphates had been removed by a suitable addition
of acids. Experiments of this kind have shown us, for example, that
calcium chloride, an accelerator of proteolysis in a native malt extract,
is on the contrary a net retarder in the same extract which has been
rendered acid to methyl orange. The most likely explanation is that
calcium chloride has an intrinsic retarding effect and that its favourable
effect is due only to double decomposition of the dibasic phosphate in

the malt extract.
The preceding observations seem to us to be not limited to malt

extract and its enzymes: they have a more general importance. A large
number of solutions from natural sources share with malt extract the
property of reacting with indicators in the same way as a mixture of
monobasic and dibasic phosphates - acid to phenolphthalein, alkaline
to methyl orange. Such are, for example, milk, blood serum, urine,
Buchner's yeast juice, etc. If one accepts further that all these liquids
are regularly the site of reactions due to enzymes, and sometimes to [295]

toxins, one can no longer refuse to admit that the concomitance which
exists between these enzymes and these phosphates is not purely

fortuitous.
The presence of these phosphates, some favourable, the others

unfavourable, has as a consequence that in their native milieux enzymes
never meet their optimal acidity. But, in these milieux, their action is
benefitted by a protection against abrupt changes of acidity or
alkalinity. The phosphates serve them somewhat like a buffer.

NOTES
1 Assuming that the particular phthalein intended is phenolphthalein, and also

that "methylorange" is the same as our present methyl orange, the pH values
concerned are about 9.1 and 3.7 respectively. Neutral to methylorange
(" ... neutralite it l'orange ... ") may thus be taken to mean, roughly, pH 4.

2 That is, for optimum activity, no more acid should be added than just
sufficient to bring the pH to about 4.

3 Perhaps best interpreted sinlply by saying that the alcohol precipitate on
redissolving gives a pH on the alkaline side of the optimum for the enzyme,
that is, the mixture of acids and bases present gives this result, by chance.

4 3Ca2 ++ 2HPO~ - ----'> Ca3 (PO4)2 { + 2H+

De l'influence des phosphates et de quelques autres matieres
minerales sur la diastase proteolytique du malt
Note de MM. A. Fernbach et L. Hubert, presentee par M.
Duclaux

Parmi les matieres minerales indispensables au developpement de tous
les etres vivants, l'acide phosphorique occupe une place capitale: la
connaissance de ce fait a conduit, notamment en agriculture, a des
applications pratiques considerables. Mais Ie mecanisme de son action,
comme celui de toutes les autres matieres minerales, d'ailleurs, reste
mysterieux. Comme les phenomenes de la vie cellulaire tendent a etre
ramenes a des actions de diastases, i1 est naturel de rechercher si les
phosphates ne joueraient pas dans ces actions diastasiques un role plus
general que celui qui a ete parfois signale, et permettant de relier
systematiquement des faits jusqu'ici disperses et souvent contra
dictoires.

L'un de nous a montre, dans un travail publie anterieurement (VOir
Comptes Rendus, 25 juin 1900), que, parmi les phosphates des metaux
alcalins, les phosphates primaires accelerent I'action de l'amylase du
malt, tandis que les phosphates secondaires, dans les memes conditions,
la retardent. Les memes faits s'appliquent exactement a la diastase
proteolytique, ainsi que nous avons pu Ie constater en etudiant
l'autodigestion, a la temperature de 50°, d'un extrait de malt prepare a
froid. Or, la reaction de l'extrait de malt, acide ala phtaleine, alcaline
au methylorange, est celle qu'aurait un melange de phosphates primaire
et secondaire d'un metal alcalin. L'addition d'acide a l'extrait de malt
est favorable tant que la neutralite 11 I'orange n'est pas atteinte: nous
avons pu ainsi quintupler l'activite de la diastase proteolytique par
rapport au milieu naturel. Mais, comme pour l'amylase, la moindre
quantite d'acide libre ajoutee au dela de la dose necessaire pour
decomposer les sels alcalins a l'orange devient retardatrice. Les
phosphates secondaires des metaux alcalins exercent leur effet retarda
teur en vertu de cette qualite, et non point en vertu de la nature du
metal: les phosphates bibasiques de soude et de potasse, a molecules
egales, ont exactement Ie meme effet.

Les faits que nous venons de signaler peuvent prendre une
importance considerable dans les operations d'isolement et de purifi
cation des diastases. Ainsi, Ie precipite produit par l'alcool dans un

[294J extrait de malt entraine les sels aIcalins a I'orange en plus forte



proportion que les sels acides a la phtaleine, d'oD resulte une
diminution de l'activite de la diastase proteolytique. Ce fait pennet
d'interpreter les resultats observes depuis longtemps dans les essais de
purification de l'amylase: la variation dans la qualite des cendres
influence plus l'activite de la diastase que la diminution de leur
quantite. Des phenom€mes de ce genre expliqueraient pourquoi certains
precipitants conduisent ades n\sultats plus favorables que d'autres.

Nous avons montre que l'action favorable des acides sur la diastase
proteolytique, dans un extrait de malt, provient de la decomposition
des sels alcalins al'orange. On peut se demander si d'autres substances
capables de decomposer les phosphates secondaires n'emprunteraient
pas, eUes aussi, a cette reaction un effet favorable, de nature aexalter
ou it masquer leur effet propre. Les sels de chaux, de magnesie,
d'alumine sont dans ce cas: ils donnent lieu, soit a froid, soit it chaud,
avec les phosphates secondaires, a lme double decomposition qui
elimine de la liqueur une portion de ces phosphates. Pour separer leur
effet propre de celui qu'ils peuvent emprunter it la double decom
position signalee, il est necessaire de comparer leur action sur la diastase
proteolytique d'une part dans l'extrait de malt naturel, qui renferme
des phosphates secondaires, d'autre part dans ce meme milieu prive de
phosphates secondaires par une addition convenable d'acide. Vex
perience, conduite de cette maniere, nous a montre, par exemple, que le
cWorure de calcium, accelerateur de la proteolyse dans un extrait de
malt naturel, devient au contraire nettement retardateur dans le meme
extrait rendu acide a l'orange. L'interpretation qui nous semble la plus
plausible est que Ie chlorure de calcium a un effet propre retardateur, et
qu'il n'emprunte son action favorisante qu'a une double decom
position avec les phosphates bibasiques de l'extrait de malt.

Les observations qui precedent ne nous semblent pas limitees it
l'extrait de malt et it ses diastases: e1les ont une portee plus generale. Un
tres grand nombre de liquides organiques naturels partagent avec
l'extrait de malt la propriete de se comporter vis-a.-vis des reactifs
colon\s comme un melange de phosphates monobasiques et bibasiques,
acide Ii la phenolphtaleine, alcalin au methylorange. Tels sont, par
exemple, Ie lait, Ie serum sanguin, l'urine, Ie suc de levure de Buchner,
etc. Si l'on songe en outre que tous ces liquides sont constamment Ie
siege de reactions dues a. des diastases et parfois ades toxines, on ne [295]

peut pas se refuser a admettre que la concomitance qui existe entre ces
diastases et ces phosphates n'est pas purement fortuite.

I1 resulte encore de la presence de ces phosphates, les uns favorisants,

les autres ~enantes, que les diastases, dans leurs milieux naturels ne
recontrent Jamais 1 't' . ,a reac IOn optima Leur action par contre be' 'fi .
Par l' d" " ne lCle

, a ..u~e protectIOn contre des changements brusques d'acidite ou
d alcalll1lte: les phosphates leur servent en quelque sorte de tampon.
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7 Henri (1901)

Accurate desctiption and a sound mathematical theory of the
kinetics of simple enzymes

THE AUTHOR: Victor Hemi (1872-1940) was a man of extraor
dinarily diverse genius, with a career to match. A memoire by Duchesne
may be found inLiberMemorialis, Universi!ede Liege, de 1936 a 1966
(Tome II, Notes biographiques, Robert Demoulin, ed., Liege, Rectorat
de l'Universite, 1967, pp. 471-8) and a brief summary of his earlier
career in the corresponding earlier volume. These and also a letter from
Emeritus Professor Gerold Schwarzenbach of Zurich, show him to have
been also a brilliant and charming companion, and as a scientist alert,
critical, impatient of mediocrity and always searching for the new idea.

Born in Marseilles, he went to school in St. Petersburg and later
studied at the Universities of Paris, Gottingen and Leipzig, taking the
degrees of Ph.D. at Gottingen and later the Docteur es Sciences at Paris.
During his early studies in Paris, he certainly attended lectures by
Berthelot at the College de France. 1 There cannot be many men who
have published research work both in psychology and molecular
physics, but he did - and took in physiology, biochemistry, petroleum
chemistry and physical chemistry on the way! His first book was
Introduction ala psychologie experimentale (with Binet, among others)
and his last was Chimie generale (with Noyes and London); he published
over 500 papers: wherever I am competent to give an opinion his
contributions were always in the first rank. If his name is not better
remembered it can only be because having solved a problem he went on
to the next - in perhaps a quite different field - and did not take the
care over self-advertisement which many a lesser man has done.

His parents were Russian. He returned to Russia in 1915 with a
French government mission and during this visit acted as a professor at
the Cheniavsky University in Moscow (1917-18). After the war he
went to the UniverSity of Zurich as Professor of Physical Chemistry
(1920-30) and was called to the University of Liege in 1931 following
an episode when he moved to the south of France in the expectation of
taking up a post as director of research in an institute of petroleum
chemistry - a project which never materialized. At the outbreak of war

in 1939, just as he had done in 1914, he placed himself at the
disposal of the government of France and was again taken up into
war-related scientific work, but died of natural causes at La Rochelle
after his unit had been evacuated from Paris ahead of the advancing
German forces.

Interesting times!

When the work described here was done, Hemi was Preparateur
(later Assistant) in the physiology laboratory of the Sorbonne, in
Paris. But he spent the months of August-October 1902 in Leipzig,2
at the laboratory of the illustrious physical chemist, Wilhelm Ostwald,
and there conducted the experiments on emulsin and salicin. His
experimental work on invertin was apparently completed before this
visit.2

THE PAPERS: Henri's thesis for the degree of Docteur-es-Sciences
was submitted in 1902 and published in 1903 (Lois generales de
['action des diastases, Paris, A. Hermann). Michaelis & Menten, and
Haldane, refer to this book and can thus be supposed to fully
understand the author's thinking. Most biochemical authors, however,
refer only to one or other of the three papers translated here. Since
no one of them considered alone can be appreciated as a contribution
to modem enzyme kinetics, we may find in this fact an explanation
for the persistent undervaluing of his contribution.

The first of these papers is by way of a preliminary announcement
of findings described in more detail in the second, and is given here
because it is very brief and yet succeeds in setting forth two clear
facts not given elsewhere. The second paper, in the original, is largely
occupied with detailed tabular presentations of experimental results.
These are mostly omitted here. A few are given by way of examples.
In these two papers we see no sign of the insight which characterized
Henri's later work on the subject. He endeavoured to give a mathema
tical analysis, but this was based on the very general approach of
Ostwald to the case where a catalysed reaction was further accelera
ted by the reaction products. The basic theory is non-committal as to
molecular mechanism, but then the scientific world had not yet
accepted the inevitable consequence of Fischer's work - had still not
realized that to understand catalysis one must reject Berzelius and
think in telms of precise intermolecular interactions. One thing
appears clearly from this paper: there is no possible way to reconcile
Henri's findings with the theory of a "monomolecular" rate law. Any
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one experiment, perhaps, but in sum they are overwhelming.
The third paper is again brief, but introduces no less than three

new theories of the kinetic behaviour of enzymes. The first is quickly
rejected. This was due to Bodenstein, a fellow-worker at Ostwald's
laboratory who later made very important contributions to general
chemical kinetics and with whom Henri clearly had intense dis
cussions over his new discoveries. The latter two theories lead to rate
equations of the same form and both involve the formation of an
enzyme-substrate complex. It must seem strange to a modem reader
to propose that an enzyme-substrate complex is formed and then to
deny it any catalytic role, but Henri was steeped in the tradition of
catalysis by presence alone, stemming in the first place from Berzelius
and received by Henri from his revered master, Berthelot. It was
natural for him to think in this way, but although he makes no final
commitment to one or other version of his successful rate law, a
reading of the 1903 book leaves no doubt of Henri's leaning towards
what is the accepted modern theory.

Besides this profusion of theories, the third paper is difficult to
follow because of lumping together of constants without making any
change of symbol. Clarification is possible by comparison with the
corresponding parts of the 1903 book: details are given in Notes 15

and 17, below.

HENRI'S CONTRIBUTIONS: Victor Henri proved that the mono
molecular rate law was invalid for enzyme hydrolysis and advanced a
successful, rational alternative explanation of enzyme kinetic beha
viour which has stood the test of time but is almost universally
attributed to other workers. We should examine his two contributions
separately to see how far he was original and to try and understand
the comparative neglect he has suffered. The work was sufficiently
recognized at the time in French scientific circles that it secured him
election as a 'laureat' of the Institut de France, and two prestigious
prizes, the Monython and the Phillipaux.

The monomolecular law: At the time, apparently, and notwith
standing clear evidence which should have led to another conclusion,
most chemists accepted that the behaviour of hydrolytic enzymes was
closely comparable to that of simple catalysts. H.T. Brown &
Glendinninga were deterred from publishing their discrepant results,

a See extracts below.

Adrian Browna had not yet screwed himself up to this pitch. This
was the atmosphere when Henri suddenly produced his ovelwhelming
evidence, which obviously caused intense interest in that it im
mediately stimulated the concordant publications of the Browns and,
very soon after, the critical publications of Hudson. b This pattern of
reactions strongly suggests that Henri was totally original and that his
work was totally unheralded.

The relative neglect of Henri must in part also be attributed to
Hudson's criticisms, which are such as would appeal to traditional
chemists. He claimed to have shown that the pattern of Henri's
results was attributable to neglect of the disturbing effects of
mutarotation and lack of attention to the acidity of his solutions.
But these claims are based on only two relevant published experi
ments of his own - a consequence, no doubt, of the extra labour
involved in using his elaborate procedure! S0rensen later showed that
even the approximate concurrence with the monomolecular rate law
appearing in these two experiments was due to acid destruction of
the enzyme progressing at the same time as the enzyme reaction
itself. Henri did not control the acidity of his solutions, but probably
the pH was always the same and always close to optimal, because
determined by the invertin solutions used. A considerable part of
S0rensen's paper is concerned with re-establishing Henri's experi
mental work in the face of Hudson's criticisms, and the Michaelis and
Menten paper is concerned to re-establish both his experimental work
and his theory.

TheOlY of enzyme catalysis: The theory of enzyme action which
Henri first advocated is now conventionally attributed to Michaelis
and Menten, and yet these latter authors clearly and generously
accorded him pride of place as the originator. Is Henri's originality
perhaps in question? Some have suggested that Bodenstein put the
key ideas into Henri's mind. The possibility cannot be excluded, but
the evidence available is rather that Bodenstein acted as the devil's
advocate - advancing a theory which Henri was forced to disprove
and in so doing examine his own experimental results from a new
viewpoint. The case of Adrian Brown's contribution is rather
different. We know from Brown's own words c that he was aware of
a See extracts below.
b Quoted by S0rensen in the paper translated below, references 42 and 43, and

in both papers by Michaelis.
c See extract below.
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Henri's first publications before finalizing the paper in which is set
forth his theory of enzyme action. Similarly, Henri was aware of
Brown's key paper before his thesis was published (1903) and in all
probability before the 1902 paper translated here. He does not state

that he made use of Brown's ideas. He may have done, or he may
have already reached his conclusions, or Brown's work may have
triggered him by bringing into the foreground ideas already sub
consciously present. Every practising scientist will know how
tentative and stumbling is the approach to a new intellectual insight 
Archimedes had been fumbling with ideas on the density of gold and
silver for many days or weeks, Watson and Crick had already built
incorrect helical models of DNA before they hit upon the solution!

Thus we cannot know what role, if any, Brown's paper played in the
construction of Henri's theory. From the known sequence of events,
some kind of intellectual contribution seems probable, but as Henri
himself justly states, the theory of Brown is not capable of mathema
tical formulation, and it is also not open to experimental test. Even if
Brown helped Henri to accept the notion of an enzyme-substrate
complex actually breaking down to yield products and free enzyme, we
must surely agree that full credit for a workable theory must go to the
latter.

Researches on the law of action of sucrase
Note by M. Victor Henri, introduced by M. Duclaux
Comptes Rendus 133 (1901) 891-4

The velocity of the inversion of sucrose by an acid is at every moment
proportional to the quantity of sucrose present in the solution. If a
represents the quantity of sucrose at the outset, x the quantity inverted
after time t, and dx the quantily inverted during the interval dt we have [8921
the following relationship:

In studying the law of action of sucrase upon sucrose, several authors
(above all, O'Sullivan and Tompson) have accounted for this action
entirely according to the law governing the action of acids (equation I).

M. Duclaux showed that the concordance was not exact, in that, in the
case of acids, the value of k is independent of the initial concentration
of sucrose whereas in the case of sucrase, on the contrary, expression I
vades with the sugar concentration. d

On reinvestigating the action of various factors in the inversion of
sucrose by sucrase, I have found that the values of k from equation I
not only varied with the initial concentration a, but that even during
the course of a single reaction the value of k increases continuously
from beginning to end. Thus for example, in various experiments k
increased from 25 to 35, from 29 to 39, from 65 to 95, from 134 to
193, etc. The following table shows the results of two experiments;
dUring the first k varied from 29 to 39 and during the second from 65
to 95.

Sucrose 0.5 mo!l! Sucrose 0.2 mo!l!

Time
Proportion

k 2k,
Proportion

k 2k,inverted inverted

100 min 6.5% 29 57 13.8% 65 121
215 14.1 31 57 30.1 72 125
300 19.9 32 58 40.7 76 125
585 37.2 34 58 70.0 89 128

1200 65.9 39 57 92.7 95 118

This result shows that the inversion of sucrose by sucrase proceeds
more rapidly than is expressed by the logarithmic law (I). In the rate

law, one may then replace k by k 1 (I + € ~) and thus obtain3

a '

dx x
- = k l (I + € -)(a - x)
dt a

dx- = k(a -x)
dt

where k is a constant independent of the initial concentration a.
Integration gives

I a
k = -log-

t a-x
. . . (I)

and consequently, upon integration

I a x
k 1 (1 + €) = - [log -- + 10g(1 + € - )]

t a - x a

d i.e. gives values of k which vary with sugar concentration.



If the correction factor € is calculated for various experiments, the
values obtained are very close to unity. One may thus set € = 1 which
gives the following expression:

This value 2k J remains constant throughout the duration of
inversion. The preceding table shows the values for two experiments.
Consequently, if we wish to study the influence of various conditions
upon sucrase it is necessary to calculate the values of 2k 1 , and it is the
variations of these values which represent the influence of the factors
studied. Before being able to discuss the form of the curve (II), which
represents the rate of inversion of sucrose by sucrase, it is necessary to
determine whether the activity of the diastase is not modified during
the reaction; in other words whether the diastase remains comparable
with itself. Two kinds of argument permit me to respond to these
questions in the affirmative.

(1) If one adds the same quantity of a solution of sucrase on the
one hand to a solution containing a moles of sucrose and on the
other hand to a solution containing a mixture of a - b moles of sucrose
and b moles of invert sugar, the first solution will attain, at the end of a
time t, the initial composition of the second solution. If in the first case
the diastase possesses, after time t, the same activity as in the second
caSe at the outset, one should be able to say that the diastase remained
comparable to itself.

To show that the activity has not changed it will suffice to
compare the values of 2k1 in the two series. The following table
contains the results of three experiments in which the same quantity of
sucrase was present 1st; in a solution of 0.5 moles per litre sucrose; 2nd,
in a solution of 0.3 moles/litre sucrose + 0.2 moles/litre invert sugar;
3rd, in a solution of 0.2 moles/litre sucrose + 0.3 moles/litre invert
sugar. The values of2k J are very close in the three cases.
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1 a +x
2k 1 = -log--

t a-x
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[893]

Sucrose 0.5 mol!l Sucrose 0.3 mol!l Sucrose 0.2 mol!l
+ invert sugar + invert sugar
0.2 mol!l 0.3 mol!l

Time Proportion
2k, Proportion Proportion

(min.) inverted inverted 2k,
inverted 2k,

73 4.2% 53 5.4% 44 5.7% 44
183 11.2 53 13.7 47 15.7 50
395 24.0 53 31.1 54 35.5 52
505 30.5 54 38.3 54 42.8 57

1130 63.0 56 67.8 54 71.9 55

Mean 53.8 50.6 51.6

[894] (2) Suppose we place the sanle quantity of a solution of sucrase in
four identical flasks, each containing a solution of 0.5 moles/litre
sucrose. Let us after 100 min add to flask No.2 an additional quantity
of sucrose, after 180 min the same quantity to flask 3 and finally after
about 430 min let us make the same addition to flask No.4. If
throughout the duration of the inversion process the diastase remains
unchanged, the velocity of inversion, that is to say the values of 2k1,

will be equal between themselves in the three flasks 2, 3 and 4 (after
the addition of sucrose). The follOWing table shows that in fact, in each
of these flasks, after the addition of sucrose, 2k 1 is equal to about 154.



On the law of action of invertin
By Victor Henri - Assistant in the Physiological Laboratory
of the Sorbonne, Paris
Zeitschrift fur physikalische Chemie 39 (1902) 194-2165

The laws governing the reactions of unorganized ferments have been
treated by many authors (Duc1aux, Tammann, O'Sullivan and Tomp
son), but these researches have been based upon too small a number of
experiments and it ilierefore seemed desirable to reinvestigate this
problem, which is so important for physiology. This first communi
cation concerns only experiments on the velocity of the reaction where
invertin acts on cane sugar.

The enzyme was prepared by maceration of yeast with chloroform
water, filtration, precipitation with alcohol and drying under vacuum.
It was stored as a powder under vacuum. For the experiments a
precisely measured quantity (about one tenili of a gram) of lliis powder
was mixed to a paste with a little water, diluted with water to about
50 cm3 and this solution filtered 8 to 10 times tluough hardened filter
paper so that a homogeneous opalescent solution was obtained. The
preparation of this solution always took place in the morning and llien
it was placed in a thermostat at 25° and used for experiments in the
afternoon. These precautionary measures were necessaty for repro
ducible results because of ilie slow equilibration of colloidal solutions.

The sugars used - sucrose, glucose, fructose - (purchased from
Kahlbaum and Schuchardt) were tested for purity; the solutions were
prepared usually 24 hours before the experiments and stored in a
thetmostat at 25°: tlle solutions of glucose were, moreover, heated
preViously to 100° to exclude mutarotation.

To inhibit the growth of microbes, all these solutions were prepared
in a solution of sodium fluoride in water (5 gil). In addition a number
of control experiments were carried out willi solutions prepared in pure
water; the results in all cases were the same, so long as the duration of
the experiments was less than 24 hours.

[195] Several experiments were carried out wiili the same solution on
evelY experimental day, thus one need only compare experiments from
one and the same day.

The temperature was 25° for all experiments (except those from
July). Measurements were made with the polarimeter; tlle accuracy of
measurements of angle was two to three minutes of arc; times were
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II III IV

Sucrose Sucrose 0.5 moll!. After time stated,
0.5 molll sucrose added to increase the

concentration by 0.13 molll

(100 min) (180 min) (430 min)

Time Proportion
2k, 2k, 2k, 2k,

(min.) inverted

26 5.6% 187 188 178 179

88 19.9 199 201 193 192
addition
of sucrose

166 37.3 204 155 194 195

~! }
addition
of sucrose

258 53.9 203 154 152 196

321 63.7 204 154 156 196

416 74.9 202 154 155 196
addition
of sucrose

493 81.1 199 154 154 149

560 85.1 196 153 154 154

Conclusions. (1) Throughout the duration of inversion of sucrose by

1 a +x. f· b' . 0sucrase the value 2k =- log --- remams constant 10m egmnm",
, 1 t a - x

to end of the reaction. Thus in this case the curve representing the rate
of inversion is different from the logarithmic curve given by acids.

(2) Throughout the duration of 4inversion, sucras~ remains ~n.

changed, that is, comparable to itself. The fact of havmg.be~n ac.t1ve
for several hours, and of having remained throughout tlus tlI~~ 111 a
sucrose solution at 25° , has no appreciable influence on tlle actlVlty of

this enzyme.

Henri 117
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This is equation (2), in which the constant k is replaced by the ratio~.
a

measured with an accuracy of 1 minute.
It is assumed by most authors that the course of enzyme reactions

can be represented by a logaritlmlic curve; the velocity then maintains
the form:

But experimental testing of this law has only been undertaken by
O'Sullivan and Tompson, and by these authors themselves only
following the graphical method in which the progress curves were
compared with the theoretical logarithmic curves, showing an approxi-

cl.x x
crt=m-m a,

where m is a constant independent of a Integration of this equation
gives

mate coincidence. The constants were not calculated, tlle authors
remarking only that the deviation between the theoretical and the
experimental curves was always in the same direction, namely that the
experimental curve rose somewhat faster than the theoretical.?

I have therefore undertaken a closer testing of the law by
determining the reaction velocity at various concentrations of sucrose, in
solutions containing sucrose and invert sugar in various proportions,
and by adding at various times during the reaction additional quantities
of sucrose or invert sugar and then following the reaction further. The
results of these experiments will now be reported.

Even the first experiments which I undertook gave no satisfactory
constants. More accurate repetition with all possible precautions
showed that there was a consistent trend in k, calculated from the
logarithmic formula (2), in that values increased progressively from the
outset of the reaction up to the decomposition of about 90-95% of the
sucrose. That is, the reaction runs faster than the logarithmic curve. The
regular increase of k appears clearly in the following Tables.

The next question to ask was whether this first result was not due to
some accidental experimental errors; I believe this supposition can be
rejected on the follOWing grounds:

1. Experiments with 3 different preparations of enzyme gave just
the same results.

2. Experiments upon inversion by hydrochloric acid, carded out
under the same conditions, gave satisfactory constants; an example is
given here of inversion by 0.4 mol/l He!.

Time Proportion inverted k = ~lo" _a_
t "'a-x

91 min 22.0% 0.00118
226 48.9 0.00129
288 57.1 0.00128

[197] 385 67.5 0.00127
506 77.4 0.00128

[1961 556 80.6 0.00128
866 92.3 0.00129

1545 98.6 0.00120

... (1)

... (2)

k(a - x)

1 a
-In-
t a-x

m
a

cl.x
crt

where a is the initial concentration, x the amount of cane sugar
transformed at time t and cl.x the amount inverted in the interval dt.

But the constant k, expressed by 6

1 a
k = -In-

t a - x

is not, in enzyme reactions, independent of a as it is in monomolecular
reactions; if we follow Dudaux k should be inversely proportional to
the concentration a

Duclaux has also sought to derive this law theoretically. He assumes
firstly that the effect of the enzyme on cane sugar is proportional to
elapsed time and independent of the concentration of the solution, so
that the time course is a straight line. He also assumes that the reaction
products (invert sugar e) exert an inhibitory influence on the reaction
and that this inhibitory effect is proportional to the ratio of the
amount of invert sugar formed to the initial quantity of cane sugar. One
thus obtains for the velocity of the reaction the expression:

e Invert sugar is the equimolar mixture of glucose and fructose.
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3. Values of k calculated from the experimental results published
by Tammann and by O'Sullivan and Tompson showed the same regular
trend as in our experiments. Here are given results of two series (the
significance of the value 2k I will be further clarified below).

EXPERIMENTS OF TAMMANN (This journa/16 (1892) 312)

Integration of this equation gives:

1 (1 + € ~)a
In a t'k-

I
"(1-:+-€') a - x

Thus,

· .. (4)

· .. (5)

· .. (7)

... (6)

1 a +x
2k l = -In-

t a - x

1 a x
k l (1+ €) = - [In -- + In(l + € -)]

t a -x a

The expression thus contains two constants, k l and €, whose
quantitative estimation will be undertaken.

Calculation of € for several series of experiments gave values standing
very close to unity, such as: 1.02; 0.98; 1.05, etc. It was thus natural to
replace € by unity in the above equation, giving for the velocity:

dx x
dt = k l (1 + a)(a -x)

and the new constant k l is given by the formula

1 a x
2k l = -[In--+ln(1+-)]

t a-x a

or wri tten in another way:

This formula represents the course of inversion of Sucrose by the
enzyme in a very satisfactory manner; in all those cases in which a pure
sucrose solution was used at the outset formula (7) is employed for the
calculation of the constant 2k l . But in those experiments in which the
enzyme was added to a mixture of a moles of sucrose + Xl moles of
invert sugar (i.e. Xl moles of glucose + XI moles of fructose),
calculation was carried out in the following manner. Let al =a + x I'

The reaction can be viewed as if, at the moment of addition of the
enzyme, XI moles of sucrose out of an initial al moles have already
been inverted. Thus we have:

1 a
2k,

1 a + x
Time Proportion inverted k = t log a - x = t log a - x

14 min 5.4% 0.00172 0.00335
35 17.0 0.00231 0.00424
58 29.0 0.00247 0.00437
83 40.5 0.00271 0.00449

100 48.1 0.00285 0.00455
129 59.0 0.00300 0.00456
160 68.0 0.00309 0.00450
202 76.7 0.00313 0.00435

;~

EXPERIMENTS OF O'SULLIVAN AND TOMPSON (J Chern. Soc. (1890)
844) (c.! note 7)

1 a
2k,

1 a + x
Time Proportion inverted k = -Iog-- = -log-~

t a-x t a-x

5 min 3.1% 0.00274 0.00539
15 9.8 0.00299 0.00569
30 19.2 0.00309 0.00563
57 33.6 0.00312 0.00533
90 45.8 0.00296 0.00477

120 58.5 0.00318 0.00485
150 67.4 0.00324 0.00474
182 74.5 0.00326 0.00460
210 79.8 0.00331 0.00452
240 84.4 0.00336 0.00447

Since this increase of k appears to be general, it becomes necessary
to seek such a law as best represents the course of the reaction velocity.
For this purpose I have made use of a method given by Professor

Ostwald.8 If in equation (1) we replace k by k l (1 + € ~ ), we obtain

the following expression:

dx x- = k (1 + €-)(a-x)dt I a
... (3) [198] "I where t represents the time from the moment of mixing the solution

with enzyme to the decomposition of x moles of sucrose. If one then
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replaces a1 by a +Xl one arrives at the expression for 2k1 :

Henri Henri 123

f Only the first few examples given.

11 JANUARY 1901 (2 cm 3 enzyme solu tion mixed with 50 cm 3 of
sugar solution)

x
k 1 1 a 2k l

!- 100- a + x
a t og a x t °a-x

I. 0.5 mol/l cane sugar

32 min 0.012 0.000164 0.00032
75 0.037 0.000218 0.00043

186 0.103 0.000254 0.00048
399 (Note 10) 0.228 0.000281 0.00050
505 0.292 0.000297 0.00051
557 0.322 0.000303 0.00051

1120 0.589 0.000345 0.00052
1172 0.611 0.000350 0.00052

Values of 2k1 calculated in this manner must then be compared with
those obtained in experiments with an initial concentration a1 of
sucrose. The question is whether the diastase is not changed during the
experiments. Consider a solution of enzyme of which half is mixed with
a solution of a 1 moles of sucrose and the other half with a solution of a

moles of sucrose plus X 1 moles of invert sugar. In the first case, is it
equally active after X 1 moles of cane sugar have been inverted as in the
second case from the outset? To begin with, one cannot answer this
question either affirmatively or negatively. It is assumed by most
authors that enzymes are easily destroyed, that one can always expect
an enzyme to lose much of its activity within a few hours, etc. The
answer to this question seems to me to be of importance in that if the
answer were affirmative, one could be more sure that the law given
above represents only the action of the enzyme on sucrose and the
influence of the medium upon the reaction.

I give now a number of numerical results. The Tables! show the

time t, the inverted proportion, ~, the value of k = 1 log _a_~,
a t a - x

1 a + x
and 2k1 log --, (see Note 9).

t a x

2k = 1 [In a + +X
1 t a - X

In a + 2X1 ]
a ... (8) [199]

x
k = 1 a 2k1

1 a+x
- -log -- = -log--a t a-x t a-x

II. 0.5 molll cane sugar (as I)

69 min 0.042 0.000270 0.00053
183 0.112 0.000281 0.00053
392 0.240 0.000340 0.00053
504 0.305 0.000314 0.00054

1136 0.630 0.000380 0.00056

[200] III. 0.3 molll cane sugar + 0.2 mol/l invert sugar

77 min 0.054 0.000313 0.00044
187 0.137 0.000342 0.00047
498 0.311 0.000406 0.00054
566 0.383 0.000412 0.00054

1128 0.678 0.000450 0.00054

[210] Close consideration of the above Tables shows that the value of2k 1

displays a satisfactory constancy. This same constancy we see also in
the values of2k 1 from the experiments of Tammann (table above). The
rule seems to be best fulfilled in the cases in which 2k 1 lies between
0.00400 and 0.00030; for faster or slower reactions one obtains
fluctuating results. The values of 2k1 usually sink somewhat towards
the end of the reaction.

If one now compares the results for experiments in which the
enzyme acted upon the mixture of a moles of sucrose + x 1 moles of

[211] invert sugar with those in which it was mixed with a solution of a +Xl

moles of sucrose, it may be seen that the values of 2k 1 lie very close to
one another. In a few cases 2k1 is smaller for action upon the mixture
than for action on sucrose alone, but in the most carefully carried out
series of experiments (of 25 February, 1901) the difference lies within
the range of experimental error. We can thus accept as a first
approximation that the action of the enzyme on sucrose depends only
on the concentrations of sucrose and of invert sugar. It appears to be
without noticeable effect if the enzyme had previously been in action
for many hours. This result shows that the enzyme solution is much
more stable than has usually been .assumed. We hold this result as
certain only for the temperature of 25° and for an experimental
duration not over 24 hours; it must also be tested for other
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IlL 0.5 molll sucrose. After 170 minutes, addition of sucrose

experimental conditions.
We have found confirmation of this result in experiments in which,

at various moments during the reaction, additional quantities of sucrose
or invert sugar were added. Only the experiments of 8 February 1901
will be described here. After 100, 170 or 420 minutes,g 5 cm3 of a
concentrated sucrose solution was added, whereby the concentration of
the solution in respect of cane sugar was raised by 0.13 mol/I. The
reaction was then followed further. Calculation of the constants was
following a formula similar to (8). These Tables show that, within each
series, the values of 2k 1 after the addition of cane sugar are equal; this
shows very clearly that the duration of action of the enzyme has no
detectable influence on its activity.

26 min
87

167
addition of sucrose
258
322
420
493
558

x
a

0.052
0.191
0.358

0.416
0.510
0.627
0.698
0.752

1 a
k = -log-

t a-x

0.000892
0.001058
0.001152

0.000905
0.000962
0.001020
0.001055
0.001085

0.00178
0.00193
0.00194

0.00152
0.00156
0.00155
0.00154
0.00154

II. 0.5 molll sucrose. After 420 minutes, addition of 0.13 molll sucrose

8 FEBRUARY 1901 (4 cm3 enzyme solution mixed with 50 cm 3 sugar
solution)

26 min 0.056 0.000963 0.00187
88 0.199 0.001095 0.00199

166 0.373 0.001215 0.00204
258 0.539 0.001303 0.00203
321 0.637 0.001371 0.00204
416 0.749 0.001443 0.00202
493 0.811 0.001468 0.00199
559 0.851 0.001479 0.00196

IV. 0.5 molll sucrose. After 90 minutes, addition of sucrose

0.00454
0.00484
0.00475
0.00473
0.00451
0.00477

0.00155
0.00154
0.00154
0.00154
0.00154
0.00153

0.00183
0.00201

0.002488
0.002970
0.003335
0.003672
0.003605
0.003069

0.000816
0.000923
0.000962
0.001022
0.001057
0.001085

0.000928
0.001108

0.191
0.437
0.714
0.889
0.916
0.946

0.286
0.421
0.510
0.627
0.698
0.752

0.052
0.197

37 min
84

163
260
315
413

V. 0.2 mol/I sucrose

25 min
86

addition of sucrose
170
257
322
419
492
558

1 a + x
2k 1 = t log a _ x

1 a
k = t log a _ x

x
a

I. 0.5 molll sucrose

26 min 0.052 0.000892 0.00179
87 0.190 0.001052 0.00192

166 0.357 0.001155 0.00195 [212}
257 0.522 0.001247 0.00196
321 0.620 0.001309 0.00196
416 0.734 0.001382 0.00196
addition of sucrose
493 0.656 0.000940 0.00149
558 0.718 0.000985 0.00154

VI. 0.2 molll sucrose. After 168 minutes, addition of 0.13 mol/I sucrose

37 min 0.195 0.002546 0.00464

84 0.437 0.002970 0.00484

164 0.735 0.003517 0.00498

addition of sucrose
262 0.674 0.001858 0.00320

315 0.770 0.002026 0.00323

413 0.882 0.002247 0.00319

g See below. Times varied, in one instance down to 33 min.
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x
a

1 a
k = t log ax = 1:. log a + x

2k1 t a - x [213]

1 a
if the reaction goes by the logarithmic curve t = I log --, secondly

1 a+x ~ a-x
if it follows the law t = - log--- and thirdly if it follows a

2k} a - x

VIl. 0.2 mol/l sucrose. After 88 minutes, addition of sucrose straight line.

VIII. 0.1 molll sucrose. After 181 minutes, addition of 0.13 molll sucrose

29 min 0.268 0.004672 0.00823
105 0.810 0.006869 0.00932
176 0.975 0.009103 0.01074
addition of sucrose
223 0.575 0.001666 0.00444
292 0.770 0.002186 0.00454

36 min
83

addition of sucrose
168
261
314
412

0.197
0.443

0.507
0.721
0.807
0.897

0.002644
0.003062

0.001828
0.002124
0.002275
0.002395

0.00476
0.00498

0.00303
0.00317
0.00322
0.00317

x
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

a

1 a
46 97 155 222 301 398 523 639 1000 mint = k log a _ x

1 a + x
44 88 134 184 238 301 377 477 639 mint = 'fk log--

I a-x

for a straight line 44 88 132 176 220 264 308 352 396 min

(In these calculations it is assumed that k = k} = 0.001)

X. 0.1 molll sucrose. After 33 minutes, addition of 0.13 mol/l sucrose

It is affirmed by many authors that the course of an enzyme
reaction can be represented by a straight line at least until the inversion
of 20% of the initial amount of sucrose. It thus appears to be of interest
to compare the law demonstrated above with the straight line. We give
the time in minutes after which various proportions were inverted, first

These numbers show clearly the difference between the logarithmic
curve and the above law. They also show that until 20% inversion the

1 1 a + x "d . h h 'gh l'curve t = 2k og-- comCI es WIt t estral t me to an accuracy
} a-x

of one minute, fully justifying the observations of other authors.
Consideration of all the above Tables shows very clearly that the

values of 2k} alter with the sucrose concentration of the solution,
being greater the less is the concentration. This is a result which
demonstrates the chief difference between the monomolecular reaction
and the enzyme reaction. Duclaux first directed attention to this result.
He affirmed that, in the action of enzymes in various concentrated
solutions, equal absolute quantities of substance were transformed in
equal time intervals. On the other hand, in a monomolecular reaction,
equal proportions, that is to say equal relative amounts, were consumed
in equal time intervals. It thus seems that a given quantity of enzyme
exerts always the same action independent of whether more or less of
the substrate is present.

Let us now examine closely whether the constant 2k} is effectively
inversely proportional to the concentration a. The results compiled
below certainly do not suggest constancy of the product ak}.

For lower concentrations, under 0.15 mol/I, this product increases
with increasing a, at middling concentrations, between 0.15 and

[214]

0.00421
0.00432
0.00450

0.00884

0.00457
0.00430
0.00458
0.00459

0.002303
0.002589
0.003001

0.005066

0.002771
0.003178
0.003335
0.003569

0.617
0.737
0.867

0.287

0.498
0.736
0.821
0.910

IX. 0.1 molll sucrose. After 108 minutes, addition of 0.13 molll sucrose

29 min 0.270 0.004713 0.00829
105 0.811 0.006891 0.00935
addition of sucrose
181
224
292

29 min
addition of sucrose
108
182
224
293
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0.5 mol/I, it really is constant, and at higher concentrations it declines
with increasing a. The relationship of the product ak 1 is thus
complicated, and the quantitative relationship of k to a is unclear.
Probably k1 is at least a second-degree function of a, but I have not yet
found a satisfactory formula.

I will not try to give a theoretical explanation of the law stated
above governing the action of invertin on sucrose, since I wish first to
report upon results of measurements of the reaction velocity of invertin
in the presence of acids, alkalies, salts and various kinds of sugars. I
communicate only as a preliminalY result that the osmotic pressure of
the solution seems to be a factor which influences the reaction velocity:
this result can be brought into relation with the colloidal state of the
enzyme, that is to say of a biphasic system (solid + fluid) .

Summary
1. The law accepted by most authors, according to which the

velocity of enzyme reactions follows a logarithmic curve k = lIn _a_ ,
t a-x

[216] is not applicable to the action of invertin on sucrose. The reaction
proceeds faster than the logarithmic curve.

2. A great number of experiments show that the inversion of cane
sugar by invertin follows the law

dx x 1 a+x
-d = k1(l + -)(a-x) or 2k1 = -In--.
tat a-x

3. By experiments in which enzyme was added to a mixture of
sucrose and invert sugar, or in which at various times during the reaction
additional quantities of sucrose or invert sugar were added, it has been
shown that the duration of action of the enzyme exerts no detectable
influence upon its activity, so that at each moment of the reaction the
velocity depends only upon the concentrations of sucrose and invert
sugar.

4. The constant k I changes with the initial concentration a, being
greater the smaller is a. But the product 2k1a does not remain constant
as it should according to the assumptions of Duclaux. It increases with
increasing a at lower concentrations (under 0.15 mol/l sucrose), then
remains constant for middling concentrations (between 0.15 and
0.5 mol/I) and finally it falls as the concentration a increases further.

Paris, September 1901
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General theory of the action of certain enzymes
By M. Victor Henri, introduced by M. Roux
Comptes Rendus 135 (1902) 916-19

The actions of enzymes differ in many ways from those of acids; many
authors, Messrs. Duclaux, Tammann, Brown, etc. have shown that the
laws of general Chemistry and above all the Law of Mass Action of
Berthollet, Guldberg and Waage are not applicable to enzyme reactions.
I have reopened the study of this question for invertin, emulsin11 and
amylase.

First, here are the principal experimental results which serve as a
starting point.

1. When one studies the veloci ty of inversion of sucrose (i. e. the
number of grams inverted per minute) produced by a fixed quantity of
invertin in solutions of increasing concentrations of sucrose, it is found
that the velocity at first increases with concentration for dilute [917]

solutions (below 0.1 mol/I), but that above a certain concentration
(about 0.1 mol/I), the velocity of inversion is almost independent of the
concentration of sugar.

2. The same result is obtained for the action of emulsin on
salicin l ! and for the action of amylase on starch or dextrin.

3. For invertin, emulsin and amylase the velocity of reaction is
proportional to the quantity of enzyme.

4. Addition of invert sugar to a mixture of sucrose and invertin
slows the reaction. For the addition of a fixed quantity of invert sugar,
the slowing is less marked as the concentration of sucrose is increased.
This slowing is due almost solely to the fructose contained in the invert
sugar; this result is to be correlated with the fact that invertin acts upon
sugars which give fructose on hydrolysis.

5. When one adds a fixed quantity of saligenin!! plus glucose to a
mixture of salicin and emulsin, the velocity of reaction is diminished,
and this diminution is more marked the less is the quantity of Salicin.! I

The same occurs if one adds the products of hydrolysis of starch to
a mixture of starch plus an1ylase.

6. If one follows the progress of inversion of a fixed quantity of
sucrose by invertin from start to finish, one finds that the reaction
follows a rate law more rapid than in the case of acids.

7. Hydrolysis of salicin by emulsin proceeds more slowly than
following the rate law of acids.

8. The velocity of hydrolysis of starch by malt l2 amylase and
pancreatic juice amylase follows a law very close to the logarithmic
law of acids.

After studying the results of my experiments on invertin,13 M.
Bodenstein, to whom I am indebted for much valuable advice, proposed
a preliminary interpretation of the action of invertin. According to him,
the activity of the enzyme is influenced by sucrose and by invert sugar;
the inhibitory action of sucrose is stronger than that due to invert
sugar. If, at a given moment, there is in the solution an amount a - x of
sucrose and an amount x of invert sugar, the enzyme activity, F, is
diminished in the proportion m (a - x) + nx, 14 where m and n are
constants.

The velocity of reaction being proportional to the amount of
sucrose, that is to say to the expression a - x, and to the activity of the
enzyme, which in tum is equal to l5

F
m(a-x)+nx '

one obtains the following expression for the velocity,

dx F
crt = K! m(a-x)+nx (a-x),

[918] whence one can deduce the following expression for the constant K!

a m - n a
K! = t [-a- x + n log (a _ x)]

In the case of invertin, setting m =2, and n = 1,!6 one finds values
for K2 which remain constant from start to finish of the reaction and
which remain constant for solutions of different sucrose concentrations
between 0.1 and 0.5 moll!.

But in the case of dilute solutions, for which in general the laws of
Physical Chemistry apply best, M. Bodenstein's formula fails.

The01Y. Suppose we have a mixture of a quantity a - x of the
compound to be transformed (sucrose or salicin) with a quantity x of
the products of hydrolysis; to this mixture we add the quantity <I> of
enzyme. Suppose that a portion z of the enzyme combines with a
portion of the compound to be hydrolysed; that another portion y of
the enzyme combines with a portion of the products of hydrolysis; and
finally that there remains a portion X of the enzyme which remains
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NOTES

1 See preface to Structure des Molecules, V. Henri, Paris, A. Hermann, 1925.
2 See Lois generales de l'action des diastases, V. Henri, Paris, A. Hermann,

1903, p. 102.
3. c.f Notes 8 and 9 below and page 120.
4. c.! original.

5 The date is quoted variously in the literature as 1901 or 1902: the latter is
the date appearing on the title page of the volume, but the individual issue
concerned was dated 15 December 1901.

6 In means logarithm to the base e (otherwise written loge), which is what
emerges naturally upon integration.

7 O'Sullivan and Tompson, 1. Chem. Soc. 57 (1890) 834-931 (p. 846).
8 W. Ostwald, Lehrbuch del' allgemeinem Ch emie, vol. 2, part 2, 2nd.edition,

W. Engelmann, Leipzig, p. 265 (author's note). The method used is not in
fact given by Ostwald in tlus form, but it is based on a general approach set
out by him for dealing with the case where there is rate acceleration by
products in a catalysed reaction.

9 Henri here suddenly substitutes "log" for "In" and he has in fact used
logarithms to the base 10 for calculations. The conversion factor (logl oa =
logea X 0.4343) is thus now incorporated in the constant 2k 1 which no
longer has precisely the same significance as in equation 7. The argument is
unaffected.

10 Original here has 499 minutes, but this seems inherently unlikely and gives a
result for 2k 1 far from that tabulated, whereas 399 minutes gives the correct
result. (Recalculation of 2k 1 has been done in a few cases - to check
procedure. In some other cases the value found for 2k 1 differs from that
tabulated, but only in the second significant figure.)

11 See Notes 12 or 14 to the article by Fischer, translated above.
12 Malt is germinated barley, c.! paper by Payen and Persoz, translated above.
13 V. Henri, "Ueber das Gesetz der Wirkung des Invertins" (Zeit. physik.

Chemie, 1901) (author's note). Paper translated above, c.f Note 5.
14 A proposition irreconcilable with modern theory of how such a diminution

of enzyme activity might occur.
15 Henri's use of symbols is inconsistent, probably because of errors or

attempted simplifications in the course of transcribing equations from one
text to another, and he employs a different system of symbols in his book,
Lois gh7erales de l'action des diastases, Paris, A. Hermann, 1903. It is
possible to reconstruct precisely what symbols should have been used here
by a detailed comparison of equivalent algebraic expressions and of
experimental results presented both in the book and in this paper. The
systems may be compared thus:

dx- = k(a - x)
dt

Recherches sur la loi de l'action de la sucrase
Note de M. Victor Henri, presentee par M. Duclaux
Comptes Rendus 133 (1901) 891-4

(Henri,op. cit. p. 90, eq. I),

K¢(a - x)

1 + m (a - x) + nx

1 + m (a - x) + nx

KmCl>(a - x)

dx
dt

dx
CIt

Of course, K has different significance and different dimensions in these two
equations, but since K, m and ¢ are all constant, these equations may each
be replaced by

dx K 3 (a - x)
dt = 1 + m (a - x) + nx

(1)

(2)

or by the forms given in the text above (if we allow K to stand either for K
or for K.m), and the two hypotheses are therefore indistinguishable
experimentally, by purely kinetic experiments.

As with the errors discussed in Note 15, the obscure and confusing form of
statement used here doubtless arose in the course of compression of an
existing draft for publication as a "Note" in Comptes Rendus.

La vitesse d'inversion du saccharose par un acide quelconque est it
chaque instant proportionnelle it 1a quantite de saccharose presente
dans la solution; si a represente la quantite de saccharose au debut, x la
quantite intervertie apres un temps egal it t et dx la quantite intervertie
pendant l'intervalle dt, on aura la relation suivante:

consistency, Kl F or a multiple thereof, but in the printed text Kl or K2

appears instead. Similarly, K stands in for K¢ or a multiple, and in one case
forKm.

Further, in one paragraph the symbol z was used to stand for "enzyme
substrate complex" as well as for the defined meaning which we may write
as "concentration of the enzyme-substrate complex". (This is eliminated in
translation.)

16 The values m = 2, n = 1 were obtained by trial and error, see the 1903 book
(c,f Note 15, above) p. 79.

17 The two hypotheses actually lead to different equations, as set out by Henri
in his book (c.! Note 15, above) p. 89.

[892]1902 paper

Kq)

K1

For¢

1903 book

K
3

(= KeI) or Km¢)
K2
¢

In this paper in several places the symbol used should have been, for ou k est une constante qui est independante de la concentration initiale a.
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L'integration donne par consequent, en integrant,

... (1)

En calculant pour differentes series les valeurs du facteur de
correction E, on trouve des nombres tres voisins de l'unite; on peut
done poser E = I, et I'on obtient alors l'expression suivante:

... (II)

1 a x
k) (I + E) = - [log -- + log(l + E -)]

t a -x a

I a + x
2k) = -log-

t a-x

Cette valeur 2k) reste constante pendant toute la duree d'une
inversion; Ie Tableau precedent contient ces valeurs pour deux
experiences. Par consequent, lorsqu'it s'agira d'etudier l'influence de
differentes conditions sur la sucrase, it faudra calculer les valeurs de
2k), et ce sont les variations de ces valeurs qui representent les
influences des facteurs etudies.

Afin de pouvoir discuter la forme de la courbe (II), qui represente la
vitesse d'inversion du saccharose par la sucrase, il fallaH avant tout
etudier si I'activite de la diastase n'est pas modifiee pendant la reaction;
en d'autres termes, i1 fallait voir si la diastase reste comparable a
elle-meme. Deux sortes d'arguments me permettent de repondre
affirmativement it ces questions.

(I) Si l'on fait agir la meme quantite d'une solution de sucrase
d'une part sur une solution contenant a mol. de saccharose, et d'autre
part sur une solution contenant un melange de a - b mol. saccharose et
de b mol. de sucre interverti, la premiere solution atteindra, au bout
d'un temps t, la composition initiale de la deuxieme solution; si la
diastase possede, dans Ie premier cas, apres Ie temps t, la meme activite
que dans Ie deuxieme cas des Ie debut, on pouna dire que la diastase est
restee comparable it elle-meme.

Pour s'assurer que l'activite n'a pas change, it suffira de compareI' les
valeurs de 2k) dans les deux series. Le Tableau suivant contient les
resultats de trois experiences dans lesquelles une meme quantite de
sucrase etait mise en presence: l' d'une solution de saccharose 0.5
norm.; i d'une solution de saccharose 0.3 norm. + sucre interverti 0.2
norm.; 3" d'une solution de saccharose 0.2 n. + sucre into 0.3 norm. On
voit que les valeurs de 2k) sont tres voisines dans les trois cas.

(893]

Sol. de saccharose 0.5 norm Sol. de saccharose 0.2 norm

Duree
Proportion

k 2k,
Proportion

k 2k,
in tervertie intervertie

100 minutes 6.5% 29 57 13.8% 65 121
215 14.1 31 57 30.1 72 125
300 19.9 32 58 40.7 76 125
585 37.2 34 58 70.0 89 128

1200 65.9 39 57 92.7 85 118

Ce resultat montre que l'inversion du saccharose par la sucrase se
produit plus rapidement que ne l'exprime la loi logaritlunique (I); on

x
peut done remplacer, dans l'expression de la vitesse, k par k) (l + Ea);
on obtient alors

I a
k =-Iog-

t a-x

En etudiant la loi de l'action de la sucrase sur Ie saccharose, quelques
auteurs (surtout O'Sullivan et Tompson) avaient compleiement assimile
cette action a la loi des acides (1). M. Duclaux a montn\ que cette
assimilation etait inexacte: tandis que, dans Ie cas des acides, la valeur
de k est independante de la concentration initiale en sucre, dans Ie cas
de la sucrase, au contraire, l'expression (I) varie avec la concentration
en sucre.

Ayant repris l'Hude de l'action de differents facteurs sur l'inversion
du saccharose par la sucrase, j'ai trouve que non seulement I'expression
I varie avec la concentration initiale a, mais que meme dans Ie couran t
d'une reaction la valeur de k augmente d'une maniere continue depuis
Ie debut jusqu'a la fin; ainsi, par exemple, k augmente dans differentes
experiences de 25 a 35, de 29 a39, de 65 a95, de 134 a 193, etc. Le
Tableau suivant contient les resultats de deux series; on voit que dans la
premiere k varie de 29 it 39, et dans la deuxieme de 65 a 95.

dx x
- = k) (1 + E - )(a - x)
dt a
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Saccharose Saccharose Saccharose
0.5 norm 0.3 norm + 0.2 norm +

Sucre into 0.2 n Sucre into 0.3 n

Duree Proportion 2k,
Proportion 2k,

Proportion 2k,
(min) in tervertie intervertie intervertie

73 4.2% 53 5.4% 44 5.7% 44
183 11.2 53 13.7 47 15.7 50
395 24.0 53 31.1 54 35.5 52
505 30.5 54 38.3 54 42.8 57

1130 63.0 56 67.8 54 71.9 55
Moyenne -

53.8 50.6 51.6

(2) Supposons que nous mettions une meme quantite d'une
solution de sucrase dans quatre flacons identiques, contenant chacun
une solution a 0.5 norm. de saccharose. Ajoutons, apres 100 minutes,
une nouvelle quantite de saccharose dans Ie flacon II; apres 180
minutes, ajoutons la meme quantite dans Ie flacon III, et enfin, apres
430 minutes, faisons la meme addition au flacon IV. Si, pendant
toute la duree de !'inversion, la diastase est restee identique a el1e
meme, les vitesses d'inversion, c'est-a-dire les valeurs de 2k1 , seront
egales entre eUes dans les trois flacons II, III et IV apres l'addition du
saccharose. Le Tableau suivant montre que, en effet, dans chacun de
ces flacons, apres l'addition du sucre, 2k 1 est egal environ a 154.

Henri 139

I II III IV
Saccharose Saccharose Saccharose Saccharose
0.5 norm as norm. 0.5 norm. 0.5 nOrm.

Apres 100 min. Apres 180 min. Apres 430 min.
addition addition addition
de 0.13 norm de 0.13 norm de 0.13 norm
saccharose saccharose saccharose

Duree Proportion
2k, 2k, 2k, 2k,(min.) in tervertie

26 5.6% 187 188 178 179
88 19.9 199 201 193 192

addition
de saccharose

166 37.3 204 155 194 195

[894] addition
de saccharose

258 53.9 203 154 152 196
321 63.7 204 154 156 196
416 74.9 202 154 155 196

addition
de saccharose

493 81.1 199 154 154 149
560 85.1 196 153 154 154

Conclusions. (1) Pendant la duree d'une inversion de saccharose par
1 a + x

la sucrase, l'expression 2k I = - log--- reste constante depuis Ie
t a - x

debut jusqu'a la fin de la reaction; la courbe qui represente la vitesse
d'inversion est done, dans ce cas, differente de la logarithmique des
acides.

(2) Pendant toute la duree de !'inversion, la sucrase reste com
parable a eUe-meme; Ie fait d'avoir agi pendant plusieurs heures et
d'etre restee pendant ce temps en solution sucree (a 25·) n'a aucune
influence appreciable Sur l'activite de ce ferment.
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Theone generale de l'action de quelques diastases
Note de M. Victor Henri, presentee par M. Raux
Comptes Rendus 135 (1902) 916-19

Les actions diastasiques different par beaucoup de points des actions
produites par les acides; plusieurs auteurs, MM. Duclaux, Tammann,
Brown, etc., en ont deduit que les lois de la Chimie generale et avant
tout la loi de l'action des masses de Berthollet, Guldberg et Waage
n'etaient pas applicables aux reactions diastasiques. J'ai repris l'etude
de cette question pour l'invertine, l'emulsine et l'amylase.

Voici d' abord les principaux resultats experimentaux qui doivent
servir de point de depart:

1. Lorsque l'on etudie la vitesse d'inversion du saccharose (c'est-
a-dire Ie nombre de grammes intervertis par minute), produite par une
meme quantite d'invertine dans des solutions de concentrations
croissantes en saccharose, on trouve que cette vitesse augmente [917]

d'abord avec la concentration pour les solutions diluees (audessous de
0.1 normale), mais qu'a partir d'une certaine concentration moyenne
(environ 0.1 nonnale) la vitesse d'inversion est presque independante
de la concentration en sucre:

2. Le H~su1tat est exactement Ie meme pour l'action de l'emulsine
sur la salicine et pour l'action de l'amylase sur l'amidon ou sur la
dextrine:

3. La vitesse de la reaction est, pour l'invertine, l'emulsine et
l'amylase, proportionnelle a la quantite de ferment:

4. L' addition de sucre interverti a un melange de saccharose et
d'invertine ralentit la reaction. Pour l'addition d'une meme quantite
de sucre interverti, Ie ralentissement est d'autant plus faible que la
concentration en saccharose est plus grande. Ce ralentissement est
produit presque uniquement par le levulose contenu dans Ie sucre
interverti; ce resultat est a rapprocher du fait que l'invertine agit sur
les sucres qui donnent par hydrolyse Ie levulose.

5. Lorsqu'on ajoute une certaine quantite de saligenine + glucose
a un melange de salicine et d'emulsine, la vitesse de la reaction est
diminuee, et cette diminution est d'autant plus forte que la quantite
de salicine est plus faible.

Le resultat est Ie meme si, a un melange d'amidon + amylase, on
ajoute les produits de l'hydrolyse de l'amidon.

6. Si ron etudie la marche de l'inversion d'une certaine quantite
de saccharose par l'invertine depuis Ie debut jusqu'a la fin, on trouve
que la reaction se produit suivant une loi plus rapide que dans Ie cas
des acides.

7. La vitesse d'hydrolyse de la salicine par l'emulsine se produit
plus lentement que d'apres la loi des acides.

8. La vitesse d'hydrolyse de l'amidon par l'amylase du malt et
par l'amylase du sue pancreatique se produit suivant une loi tres
voisine de la loi logarithmique des acides.

En etudiant les resultats de mes experiences sur l'invertine, (1) M.
Bodenstein, auquel je dois un grand nombre de conseils precieux,
proposa une premiere interpretation de l'action de l'invertine. D'apres
lui, l'activite du ferment est influencee par Ie saccharose et par Ie
sucre interverti; l'action inhibitrice produite par Ie saccharose est plus
forte que celIe du sucre interverti. Si, a un moment donne, on a dans
la solution a - x saccharose et x sucre interverti, l'activite du ferment
Fest diminuee dans la proportion m (a - x) + nx, ou m et n sont
deux constantes.

La vitesse de la reaction etant proportionnelle a la quantite de
saccharose,. c'est-a-dire a la valeur a x, et a l'activite du ferment,

F
laquelle est egale a mea _ x) +nx ,on obtient, pour l'expression de la

vitesse

dx F
dt = K 1 m(a-x)+nx (a-x),

[918] d'ou 1'0n deduit pour la constante K1 l'expression

a m - n a
K 1 = -[ --x+nlog--]

t a a-x

Dans Ie cas de l'invertine, en posant m = 2 et n = 1, on trouve
pour K2 des valeurs qui restent constantes, d'une part, depuis Ie

debut jusqu'a la fin d'une reaction et, d'autre part, lorsque ron
compare les reactions pour des solutions de differentes concentrations
en saccharose, qui sont comprises entre 0.1 normale et 0.5 norma/e.

Mais, pour les solutions diluees, pour lesquelles les lois de la
Chimie physique s'appliquent Ie mieux, la formule de M. Bodenstein
fait defaut.

(1) V. Henri, Ueber das Gesetz der Wirkung des Invertins (Zeit. physik. Chemie
1901). '
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Theorie. Supposons que nous ayons un melange d'une quantite a - x
tr:I
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masses. On obtient ainsi les trois equations suivantes: ~ eo, ~ £ ~eo,
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L'expression (1) contient deux constantes met n caracteristiques du [919]

ferment et des conditions de temperature et de milieu; une fois les
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L'etude des resultats experimentaux de plusieurs centaines de series
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donne des resultats tres satisfaisants pour l'invertine et l'emulsine.
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V1 U. IV .j:>. ::s0 \0 V1

::s



144

8 A.J. Brown (1902)
H.T. Brown & T.A. Glendinning (1902)

Brown

Extracts from Enzyme action
by Adrian J. Brown
Journal of the Chemical Society (Transactions) 81 (1902) 373-88

145

Primordial theories of enzyme kinetics

This chapter contains brief extracts only of two papers. The originals
are relatively easily accessible and are already in English so that the
prime reasons for a full presentation do not apply. They are,
moreover, rambling and diffuse. Apart from the regrettably disjointed
effect they are sufficiently well represented in this manner.

A few typographical changes have been made. Literature references
are recast in the standard format of this book. In the first of these
papers, Table II is given twice - once presenting k values, once again
(in a footnote) giving Henri's 2k 1 • Here the two are combined. Also,
Table I is omitted.

Both papers reveal clearly the inhibitory effect of received dogma
on the publication of new theories and even of experimental results
which happen to be in conflict with it. Both show the impact of
Henri's work disproving the monomolecular rate law for enzymes and
each contains the germ of a theory capable of explaining some of the
observed facts. Adrian Brown is sometimes credited with formulating
the essential ideas of the Henri-Michaelis theory. In reality the
differences are considerable and the later theory most closely related
to his is that advanced by Van Slyke and Cullen (Journal of
Biological Chemistry 19 (1914) 141). H.T. Brown's paper has not
received due notice. He seems to have been very close to the
"steady-state" theory associated with the names of Haldane and
Briggs in respect of enzyme kinetics and with Bodenstein in general
chemical catalysis.

[374] "The generally accepted view regarding the velocity of enzyme action is
based on the researches of Cornelius O'Sullivan and F.W. Tompson on
the action of invertase on cane sugar (Trans. 57 (1890) 865). These
authors demonstrated the velocity of the action of invertase in the
following manner.

Invertase was caused to act in solutions of cane sugar, and during the
progress of the actions the quantities of sugar inverted during a
succession of time intervals were determined. By this means, obser
vations were obtained from which time curves were constructed which
represented graphically the velocity of the action of inversion. When
these curves were compared with the curve representing simple mass
action, a very close agreement in shape was observed, which appeared
to indicate that they were of the same order, and from this close
agreement in shape, C. O'Sullivan and Tompson concluded that the
action of invertase instanced the operation of the law of mass action."

[376] "The author's experiments, li1<e those of C. O'Sullivan and
Tompson, consisted in the addition of a suitable amount of invertase
solution to a solution of cane sugar, and in determining, by means of a
polarimeter, the fractions of the sugar inverted during successive
intervals of time.

Instead, however, of expressing the velocity of the inversion change
by means of a curve, the author preferred to make use of the value k,

derived from the expression llog _1_. This well-recognized meanso I-x
of expression, usually adopted now to demonstrate such changes as
those of a mass action, has the advantage of avoiding certain difficulties
which attend the comparison of calculated and experimental curves."

"During the course of a change proceeding as a simple mass action, it
is well known that the value k, determined for any point of the action,
is a constant. But in the experiments described in the above tables it
will be noticed that the value k increases in both experiments as
inversion proceeds, until the value at the termination of the experi
ments is about 70 per cent higher than at the beginning.
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Now, these results do not support the view that the action of
inversion instances a mass action, as C. O'Sullivan and Tompson
believed, for they differ very materially from the results these authors
obtained.... "

" ... At present, the author has not attempted to determine any [378)

expression for the order of progression of inversion under the
conditions of his experiment, because, for the immediate purpose of his
investigation, it is only necessary to show that inversion does not
proceed as a mass action.

Since writing the above, a communication from Victor Henri has
been published (Compt. rend. 133 (1901) 891) on the velocity of
inversion change. This author arrives at the conclusion that the action

proceeds in accordance with the expression 2k j = -8
1

log ~."I-x

TABLE II Velocity of inversion change in 19.28 per cent solution of cane sugar.
500 cm 3 of sugar solution and 25 cm 3 of invertase solution used. Temp. 30°.

Duration of time Fraction of sugar
1 I 1 + x 1 1

interval in minutes inverted in e 2k , e og 1 - x k = e log 1 _ x
e x

30 0.130 0.00376 0.00201
64 0.256 0.00355 0.00201

120 0.454 0.00356 0.00219
180 0.619 0.00346 0.00232
240 0.738 0.00343 0.00242
300 0.831 0.00353 0.00257
360 0.890 0.00343 0.00265
420 0.935 0.00351 0.00283
480 0.961 0.00354 0.00293
540 0.983 0.00383 0.00327
581 0.990 0.00395 0.00344

"It will be observed from the remarkably close agreement of the
numbers in the third column, representing the values 2k j , that the
author's experiments indicate a very similar velocity for inversion
change to that which is represented by Henri's expression. This is of
interest as further assisting to establish the fact that the progress of an
inversion change is not ordered in conformity with the law of mass
action."

[380] (The author then describes experiments indicating inhibition by
reaction products but not by lactose.)

[385] "It appears impossible to believe that enzyme change, however
produced, is independent of mass action. According to our present
conception of matter and its mechanics, such an idea appears to be
inconceivable. Therefore, in looking for some explanation of the
exceptional character of the actions of inversion and fermentation, the
author concludes that the influence of mass in these actions, as they
have been studied so far, must be limited or concealed by some other
influence.

If such an influence is looked for, consideration shows that it may
be due to the existence of a time factor in certain forms of complex
molecular change.

When the law of mass action regulating simple chemical changes has
been confirmed by direct experiment, the reactions investigated have
been changes such as the hydrolysis of methyl acetate by hydrochloric
acid (Ostwald, lac. cit.) and the inversion of cane sugar by acids. In
such experiments, the molecular change follOWing collision of the
reacting molecules takes place with extreme rapidity and the existence
of a time factor is not in evidence in experimental determinations of

the velocity of change. But it is quite conceivable, with regard to such a
change as that of enzyme action, that the time elapsing during
molecular union and transformation may be sufficiently prolonged to
influence the general course of the action.

There is reason to believe that during inversion of cane sugar by
invertase the sugar combines with the enzyme previous to inversion. C.
O'Sullivan and Tompson (lac. cit.) have shown that the activity of
invertase in the presence of cane sugar survives a temperature which
completely destroys it if cane sugar is not present, and regard this as
indicating the existence of a combination of the enzyme and sugar
molecules. Wurtz (Compt. rend. 91 (1880) 787) has also shown that
papain appears to form an insoluble compound with fibrin previous to
its hydrolysis. Moreover, the more recent conception of E. Fischer with
regard to enzyme configuration and action, also implies some form of
combination of enzyme and reacting substance.

Let it be assumed, therefore, that one molecule of an enzyme
combines with one molecule of a reacting substance, and that the
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compound molecule exists for a brief interval of time during the further
actions which end in disruption and change. Let it be assumed also that
the interval of time during which the compound molecule of enzyme
and reacting substance exists is 1/100 of a tin1e unit. Then it follows
that a molecule of the enzyme may assist in effecting 100 completed
molecular changes in unit time, but that this is the limit to its power of
change.

Again, let it be assumed that the number of molecular collisions
between the active and reacting molecules which lead to their
combination bears some proportion to the number of possible
completed molecular changes in unit time. Let the number of collisions
be 20, then there may be 20 complete molecular changes; if 40, there
may be 40 changes. In fact, the action of the mass law is observed, for
other conditions being equal, the average number of molecular
collisions must depend on the number of molecules, or mass, of the
matter present.

But now assume that the mass of reacting substance is increased, so
that the number of molecular collisions in unit time exceeds 100; let it
be 150, 1000, or any other number larger than 100. Then, although the
number of molecular collisions may exceed 100 by a number follOWing
the law of mass action, 100 molecular changes cannot be exceeded, for
the compound enzyme and sugar molecule is only capable of effecting
100 complete changes in unit time.

It follows, therefore, that if, in a series of changes like the imaginary
ones described, a constant amount of enzyme is in the presence of
varying quantities of a reacting substance, and in all cases the quantity
of reacting substance present ensures a greater number of molecular
collisions in unit time than the possible number of molecular changes,
then a constant weight of substance may be changed in unit time in all
the actions.

When invertase acts in solutions of cane sugar of varying concen
trations, an approxin1ately 'constant weight of sugar is inverted in unit
time, and the yeast cell, under similar conditions, ferments an
approximately constant weight of sugar; it appears, therefore, that the
exceptional character of these changes may be satisfactorily accounted
for by the theory advanced."

" . .. It must, however, be possible to make solutions of varying
quantities of cane sugar so dilute that the number of molecular
collisions taking place in unit time between the sugar molecules and a

[386]

[387]

i

I

I
!

[388J

constant number of invertase molecules will fall below the possible
number of changes. Then, if the author's theory be correct, the progress
of inVersion in a series of these dilute solutions of cane sugar of
different concentrations will exhibit an action in accordance with the
law of mass action, for the time interval of change no longer restricts its
effect."

TABLE VIII Velocity of action of invertase in very dilute solutions of cane
sugar, 100 cm' of cane sugar solution and 1 cm' of diluted invertase solution
employed for each experiment. Time ofchange, 60 minutes. Temp. 31°.

No. of Grams cane sugar Grams cane sugar inverted 1 1
Experiment per 100 cm' in 60 minutes k = (jlog 1 _ x

1 2.0 0.308 0.00132
2 1.0 0.249 0.00219
3 0.5 0.129 0.00239
4 0.25 0.060 0.00228

The results given in the above table furnish very strong evidence in
support of the view that in the dilute solutions of cane sugar employed
the number of contacts of the sugar molecules with the invertase
molecules in unit time have been reduced to a less number than the
possible number of molecular changes.... "

"Moreover, the value k in these experiments is a constant number.
These observations indicate a change in accordance with mass action,

which, according to the author's theory, should be evidenced in
solutions of sufficient dilution.... "

Extracts from The velocity of hydrolysis of starch by
diastase, with some remarks on enzyme action
by Horace T. Brown, LL.D., F.R.S.
and T.A. Glendinning, F.r.C.
J. Chem. Soc. (Trans.) 81 (1902) 388-400

"The experimental work here described, on the rate of change during
the hydrolysis of starch by malt diastase, was completed more than
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four years ago, but the results were temporarily put on one side, owing
to the impossibility of reconciling them with the views then current
with regard to the analogous changes induced by the action of invertase
on cane sugar.

The investigations of C. O'Sullivan and Tompson (Trans.
57 (1890) 834) and of J. O'Sullivan (Trans. 61 (1892) 926) had led
these observers to conclude that the time rate of change during the
inversion of cane sugar by the enzyme is the same as that observed in
acid hydrolysis; that it conforms, in fact, to the logarithmic formula
characteristic of a unimolecular reaction.

Our own observations on the hydrolysis of starch by diastase had
convinced us that the rate of change certainly does not conform to this
simple law of mass action, but that there is a progressive increase in the
value of the "velocity coefficient" which appears at first sight to
differentiate the mode of action of diastase from that of invertase. The
recent work of Adrian Brown and of V. Henri has shown, however, that
in cane sugar hydrolysis, both as regards the time elements of change
and the influence of varying concentration, the action of the enzyme
differs materially from that of dilute acids."

"The ordinary conditions of feeble acidity necessary for the [396]

complete development of these enzyme actions are not sufficient to
produce any appreciable direct hydrolytic action on the cane sugar
within the time ordinarily occupied by such an experiment and within
the limits of temperature necessarily imposed. In such cases, however,
there can be little doubt that hydrolysis is preceded by a combination
of the hydrolyte with the enzyme, and that this combination is much
more unstable and less able to withstand the action of the active ions or
dissociated molecules of the electrolyte than the original cane-sugar. a

According to this view these active ions are the true hydrolysts, not
the enzyme itself, which has only an intermediate function, and it is
now necessary to consider how this way of looking at the facts will
affect our conception of the rate of change of the hydrolyte.

a There is a considerable amount of experimental evidence in favour of there
being a real combination of hydrolyte and enzyme prior to hydrolysis. The
recent work of Emil Fischer, showing that there is some sort of
stereochemical relationship between hydrolyte and enzyme, seems to point
to the possibility of the enzyme itself holding the combined hydrolyte with
some definite orientation, which facilitates the action of the active water
ions upon it. The enzyme may be regarded therefore as the vice which holds
the sugar molecule in a position favourable for the splitting agent to act.

A solution of cane sugar undergoing hydrolysis by invertase must
contain the following substances:

A - the unaltered cane sugar.
a - the cane sugar in combination with the enzyme.
b - the added enzyme, a portion of which, b', is at anyone

moment in combination with a.
(a +b') - the combination of cane sugar and enzyme.
al - the products of hydrolysis of a.
x - the free water ions, or dissociated water molecules, which

act as the true hydrolysts.
It is assumed that, owing to favourable conditions, the number of

active ions, x, is very large indeed compared with that of the other
reacting molecules, and further that there is no difference in the
respective velocities of the other reactions except those conditioned by
the varying masses of the reacting substances in unit volume.

If we wish to follow an inversion experimentally, it is always
[397] necessary to restrict its velocity, and in order to do this the

concentration of b, the added enzyme, must be very small in relation to
the initial concentration A of the cane sugar. In the earlier stages of the
hydrolysis therefore, A in unit volume will be very large compared with
(a + b'), the combination of cane-sugar and enzyme present at any
moment. But (a + b') must strictly speaking be considered the starting
point from which the hydrolysis commences, the true hydrolyte, in
fact, and the velocity of the inversion will depend on the concentration
of (a + b'). So long as the concentration of the unaltered cane sugar A
remains very large compared with (a + b'), this latter will remain almost
constant, and equal amounts of inversion will take place in equal times:
the time 'curve' will in fact be approximately a straight line. When,
however, the concentration of A is materially reduced and begins to
approach that of (a + b') in the order of magnitude, then, by the
ordinary laws of mass action, (a + b') will gradually get smaller, and the
rate of inversion will more nearly approach the logarithmic expression."
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9 Sorensen (1909)

Invention of the pH nomenclature and of practical means
of measuring pH with reasonable accuracy in most bio
logical solutions. Standard buffers. pH-activity relationship
of enzymes defined

THE AUTHOR: S.P.L. S0rensen (1868-1939) (in German, Sorensen)
was originally an inorganic chemist but in 1901 was appointed as
Director of the Chemical Department of the Carlsberg Laboratory 
an institution founded in 1876, funded out of the profits of
beer-manufacture, which has contributed enormously to both funda
mental and applied science. Certainly in the early years, the selection
of subjects for study was related to potential application in the
brewing industry, but the manner of investigation was always funda
mental and thorough, setting a standard difficult to match anywhere

in the world.
An obituary by his successor, Linderstr0m-Lang, was published in

Comptes Rendus du Laboratoire de Carlsberg and reprinted in "The
Carlsberg Laboratory 1876/1976", H. Holter and K. Max M0ller, eds.,

Copenhagen, The Carlsberg Foundation, 1976.
S0rensen's personal laboratory is maintained as he left it. The

indicators he used are preserved elsewhere in the building, and the
Woulff bottles he employed to store stock solutions have been moved

down to the laboratory just mentioned.

THE PAPER: This is an exceptionally long paper, peppered with
footnotes, passages in smaller or larger typeface, or in parenthesis, and
unnumbered Tables. Furthermore there are three versions which do not
agree exactly between themselves as to references, titles of journals, or
numeration of figures. More serious for the reader is that the paper is
inflated by duplication of experimental data in Tables and Figures and
a vast array of tabulated comparative data on the performance of the
colorimetric and electrometric methods which shows only one thing
clearly - that the colorimetric method, even at its best, cannot be
considered a sensible choice now that we have simple and robust pH

meters based on the glass electrode. The errors of the colorimetric
method are large and uncontrolled: only gross abuse of a pH meter can
yield worse results. But it is just worth recalling that such gross abuse
does occur quite frequently.

All in all, in preparing a translation, it seemed justified to treat the
paper much more freely than usual. Tables 9-15, concerning the
colorimetric method, are omitted, as also Tables 16-23 (results given in
Figs. 3, 3B and 4) and Table 32 (results given in Fig. 6). There has been
substantial reconstruction, too. Most footnotes are incorporated in the
text and the device of reduced typeface is retained, but in a broader
fashion to indicate large parts of the text which may safely be omitted
at a first reading or by the general reader at all times. One new figure
has been inserted (Fig. 3B). This was necessary to avoid undue licence
with the text in which reference is made to Tables 16-19 in such a
manner that these results must be presented or the whole passage
excised. (This same device was used, independently, in the centenary
volume mentioned above in respect of the same group of experimental
results.) For shorter or clearer exposition new unnumbered Tables or
other devices of layout or wording have been freely employed, and a
general policy adopted of shortening the text wherever possible - but I
hope without sacrificing sense in any material particular. Overall, the
paper is one third shorter than the original German version, which was,
however, the longest of the three.

Literature references are so numerouS that they are grouped
separately and are indicated by figures in brackets, thus (101), in
contrast to other notes, shown in the manner used elsewhere 101 in this
book. An attempt has been made to verify all references, and inclusive
pagination is given.

Marginal numbers are page numbers of the original French version:
cross-references within the text refer to these. A reader wishing to
compare with the German version may add 131 to the appropriate
number here and fmd the corresponding place by working forward not
more than 6 pages. These marginal numbers are out of sequence in one
or two places, because of incorporation of footnotes in the text.

THE CONTRIBUTION: S0rensen set out to study the effects of varying
hydrogen ion concentration upon enzyme action. He was acutely aware
of the distinction between amount of added acid and amount of
hydrogen ion actually present in the solution, but in no other respect
does he seem to have had any advantage over his contemporaries.
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Determination of "hydrogen ion concentration" by electrometric
measurements with the hydrogen electrode was apparently already a
well-accepted procedure, and by S0rensen's own account the colori
metric method with indicators was at an advanced stage of develop
ment. The other possible methods he rightly rejected. Leaving aside for
the moment the introduction of pH symbolism and tenninology, what
did he achieve? The answer may best be approached by listing the novel
features of his paper:

(a) Standardization of the colorimetric method (easy, if only
moderately accurate) against the electrometric (fundamental, but
difficult and not universally applicable).

(b) Proposing a series of readily prepared standard solutions whose
[H+] was pre-defined with sufficient accuracy.

(c) Giving clear directions for obtaining the chemicals required and
for preparing from them the stock solutions to be used for making
standards.

(d) Devising a simple colorimetric method, which for all its many
failings was the only practical means of finding [H+] in at least 99 cases
out of 100, until the invention of the glass electrode and efficient
means of using it.

(e) Testing a range of indicators with a view to possible sources of
error, and proposing a set for general use.

What this amounts to is that he made available for others, for the
first time, an easy and reliable method for measuring "hydrogen ion
concentration" with moderate accuracy. And that surely is enough. His
enzyme work is disappointing, even though full of interest to the
modern sophisticated biochemical reader, in that he failed to identify
the chief factor determining the variation of enzyme activity with [H +]
(this was left for Michaelis and Davidsohn) and failed also to appreciate
the more important aspects of Hemi's work on enzyme kinetics. In
respect of the latter, he was content to work with Henri's "empirical"
rate law (perhaps was not aware of the later paper or of the book
published in 1903) and to clear Henri's work of the doubts cast upon it
by Hudson.

The pH symbol and nomenclature was arresting and impressive.
Probably it was sin1ply this which has ensured the "survival" of the
work in the mind of the scientific community: after all we can see from
the paper of Michaelis and Davidsohn that they (and probably others)
were already groping towards the same kind of approach to the use of
buffers and measurement of hydrogen ions. But a large mythology has

grown up around pH; this seems a suitable place to set out some of the
facts.

(a) The form of symbol proposed by S0rensen was not as now used,
and actually varies between versions of the paper, PH. in German, PH
in French, PH. in Danish.

(b) The prime reason for introdUcing the nomenclature was
convenience, nothing more subtle or fundamental. The "anti-pH"
school in Medicine must be given this much comfort; but it does not
follow that "pH" survives in use for this reason.

(c) S0rensen was mistaken in supposing that the concentration of
hydrogen ions is accessible to determination by means of elect romet ric
measurements, or, come to that, by any other means whatever. It is
thus incorrect to define pH = -log [H+J, or, as is now popular in
certain circles, to define [H +J as antilog (-pH).

(d) S0rensen himself later recognized the necessity to change the
definition of pH to link it to activity rather than to concentration
(which does not mean that pH can be defined as -log aw).

(e) S0rensen himself later recommended a change in the pH
numbers assigned to his standard solutions. In the terminology of the
1909 paper, the major step is a change in the value of 7To. This arose
from new theoretical considerations. There was also a practical source
of error, discussed in a supplementary note which appeared later the
same year (1909), in which it was admitted that the Na2 HP04

preparations used had been seriously impure and giving new directions
for preparing and testing this salt and new values for the standard buffers
prepared from it. Inevitably, this very significant supplementary
information is ignored by almost every subsequent author.

In respect of (c)-(e) above, the interested reader may consult
Bates, R.G. "Determination of pH. Theory and Practice", Wiley, New
York, 1964, (or 2nd ed. 1973) and, for example, S0rensen, S.P.L. and
Linderstmm-Lang, K., Compt. Rend. Lab. Carlsberg 15 (1924) No.6. A
brief discussion of the modern definition and conception of pH is given
in Part 1, Chapter 3.
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Enzyme Studies na

Measurement and significance of hydrogen ion concentration
in enzyme processes
by S.P.L. S0rensen
Carlsberg Laboratory, Copenhagen (Denmark)
Meddelelser Jra Carlsberg Laboratoriet 8 (1909-10) 1-153
also originally published in French and German translations as:
Comptes Rendus des Travaux du Laboratoire de Carlsberg 8 (1909-10)
1-168
Biochemische ZeitschriJt 21 (1909) 131-304

CONTENTS: (page numbers as in original French text - here, marginal
numbers)
INTRODUCTION

1. Degree of acidity. Hydrogen Ion Concentration, p. 1
2. Magnitude. Hydrogen Ion Exponent. p. 3
3. Influence on enzymes. p. 4
4. Methods of measurement. p. 8

PART A. ELECTROMETRIC MEASUREMENTS
Section a) Methods. p. 20
Section b) Determination of 110 • p. 22
Section c) Determination of the dissociation constant of water. p. 29
Section d) Standard solutions and their electrometric measurement.

p.35
Chart of ptincipal curves (see note 9)

Section e) Special cases of difficulty in electrometric measurements.
p. 57
1) solutions containing carbon dioxide
2) where [H+J is not stable
3) influence of chloroform or toluene
4) solution affected by H2 plus Pt

PART B. COLORIMETRIC Mh'ASUREMENTS
Section a) Procedure. p. 67
Section b) Sources of error. p. 72

1) colour oftest solution
2) effect of neutral salts
3) influence of toluene or chloroform

a See ref. 88 for "Enzyme Studies I".

4) changes in indicator colour
5) effect of proteins and their cleavage products

Section c) The indicators investigated. p. 88
1) Methyl violet group
2) Azo group
3) Phosphate group
4) Phthalein group
5) Alkaline group

PART C SIGNIFICANCE OF [H+J IN ENZYME REACTIONS
Section a) Invertin. p. 120

1) preparation and procedure
2) experiments with added sulphuric acid
3) experiments with phosphate and citrate mixtures
4) kinetic experiments

Section b) Catalase. p. 148
Section c) Pepsin and pancreatin. p. 151

SUMMARY. p.165

INTRODUCTION

1. Degree of acidity. Hydrogen Ion Concentration
As is well known, the velocity of an enzymic cleavage depends on

the degree of acidity or alkalinity of the medium, which is usually
reckoned by the amount of acid or base added, neglecting its degree of
dissociation and neglecting also the acid and base-binding properties of

[2] the solutes. Yet present views on the nature of solutions, founded on
Arrhenius' theory of electrolyte dissociation, doubtless apply here also.
For example, when a pepsin digestion takes place in 0.1 mol/l
hydrochloric acid, one must consider that the acid is not completely
dissociated so that the effective acidity, reckoned rationally as the
concentration of hydrogen ions, is somewhat less than 0.1 mol/I. One
must also take account of salts present in the solution, such as
phosphate, which may react with hydrogen ions and in this particular
case, also the substrate. Since the concentration of hydrogen ions does
not depend solely on the amount of undissociated acid originally added
and since the amount of acid bound by protein depends upon the
amount and type present, it is immediately clear that two solutions
containing respectively 1 g and 5 g of protein in 100 cm3 of 0.1 mol/l
hydrochlOlic acid will have very different effective degrees of acidity
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and very different hydrogen ion concentrations, although of the same
acid content as now usually reckoned.

The same applies to all enzyme reactions. Pepsin cleavage was taken
as an example because this reaction works best in such a high
concentration of hydrogen ions that the principles are more readily
understood, though they are fairly well known in general. The same
considerations apply for reactions which take place in weakly acidic,
neutral, or alkaline solutions, as will be shown by examples given in the
last part of the paper (p.120). The difference lies only in the order of
magnitude of the hydrogen ion concentrations concerned. [3]

2. The magnitude of the hydrogen ion concentration. The hydrogen
ion exponent
Representing the concentrations of hydrogen and hydroxyl ions,

and of water, as CH +, COH - and CHzO ' we may write for an aqueous
solution, from the Law of Mass Action,

CH + X Cow
:= constant.

CH 0z

Since for a dilute solution CH 0 may be regarded as constant, so
also CH + X Cow = constant. Tl{is product, the dissociation product
of water, is commonly attributed the value of 0.68 X 10-14 at 18°
We have here found it to be 0.72 X 10-14 (p. 29), or expressed as a
power of ten, 10-14.14 . Knowing this value,1 it is easy to calculate
hydrogen ion concentration from hydroxyl ion concentration, and
vice versa. But since the value of this dissociation product is itself liable
to error, and since it is usually easier and more accurate to determine
hydrogen ion concentration, we follow Friedenthal (26, p. 114) and
employ hydrogen ion concentration even when the solution is alkaline,
in the following manner. If a solution contains hydrogen ions at a
concentration of 0.01 molll this is written 10-2. Similarly the hydrogen
ion concentration of a solution which contains 0.01 mol/l hydroxyl ions [4]
is written 10-12.14 , since 10-12.14 X 10-2 = 10-14.14 . Pure water and
neutral solutions have a hydrogen ion concentration of 10-7

.
07

, since
10-7.07 X 10-7.07 = 10-14.14

The magnitude of the hydrogen ion concentration will accordingly
be represented as molarity of hydrogen ions and this factor will be
written in the form of a negative power of base 10. Since I refer to this
again below (p.28), I will here only mention that I use for this the name
hydrogen ion exponent, and the notation pH for the numerical value of

this power. In the three examples given above, the pH is 2, 12.14 and
7.07 respectively.2

3. Influence of hydrogen ion c011centration3 (011 enzymes) compared
with that of temperature. Hydrogen ion concentration curves

The role of [H+] in enzyme processes is analogous with that of
temperature. By the temperature curve of an enzyme we mean the
graph which has as ordinate the amount of substrate cleaved in unit
time (the reaction velocity) under specified conditions, while the
experimental temperature is shown as abscissa. It thus gives information
on the reaction velocity at various temperatures and shows a particular
optimum temperature, at which the reaction is fastest. In the
neighbourhood of this optimum, in the optimal zone, which can vary a
great deal in extent, the reaction proceeds at a rate almost equal to the
optimum, but a little further away the velocity falls off, usually more
sharply at the higher temperatures, so that the substrate is not cleaved
at all if the temperature is too low or too high. The sharp fall at hi"gher

[5] temperatures is undoubtedly due to destruction of the enzyme, but this
is not the case at low temperatures. The temperature curve is thus
interpreted as the difference of two curves, the true temperature
velocity curve, which probably rises progressively with temperature
both below and above the optimal zone, and the destruction curve
which at temperatures below the optimum has an ordinate less than
that of the true temperature curve, rising much more steeply at higher
temperatures to become almost parallel to the ordinate axis (17, 59).
(Obviously, the two curves must be in the same units, and the ordinate
of the destruction curve must therefore represent the difference in
reaction velocity observed and what would have been observed if the
enzyme had not lost its activity.) Plainly, the difference of two such
curves would indeed be analogous to the usual enzyme temperature
curves.

By the [H+] curve of an enzyme we understand a graph having as
ordinate the quantity of substrate cleaved per unit time (the reaction
velocity) under the conditions used, and as abscissa the pH of the
experimental solution. Such a curve, like the temperature curve, has its

[6] optimal point and zone, and a decline at both increasing and decreasing
[H +].4 But whether the analogy goes further so that the falling off of
activity on one side of the optimum is due to slower operation of the
enzyme, and on the other side to destruction of the enzyme, or
whether both are due to the latter phenomenon, has not yet been
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proved experimentally.s The question is at present under study in this
laboratory, and the results may be presented in a later report.

This comparison of the influences of temperature and [H +], which

springs naturally from the form of the [H+] curve, emphasizes that the
[H+] of the medium is as important as any other factor, such as
temperature, which may influence the velocity of an enzyme reaction.

Before proceeding to describe methods for measuring [H+], it may
be useful to explain why pH is used in constructing [H+] curves and
not molarity of hydrogen ions. Consider, first, how small is the
effective [H +] in all enzyme reactions, with the exception of pepsin
digestion. Invertase for example, cleaves sucrose most rapidly in weakly
acidic conditions (p.13l), such that 100 cm3 of a solution of substrate
and enzyme at the optimal [H+] contains a less quantity of hydrogen [7]

ions than a single drop of 0.1 molll HCl. This means, put another way,
that adding 1 drop of 0.1 molll NaOH to 100 cm 3 of such a solution,
prepared from pure cane sugar and an invertase solution freed as far as
possible of acid and base-binding substances, by dialysis or some other
means, would make it weakly alkaline and stop the reaction. Although
complete freedom from acid and base-binding substances is unattaina-
ble, it is easy to prepare an invertase solution so pure that the effect,
for example, of alkali released from glass is clearly detectable (8). Since
the absolute [H+] involved is so small, it is natural to conclude that
only changes in [H +] sufficient to produce a significant change in pH
would appreciably affect reaction velocity. (Doubling or halving [H+]
yields a fall or increase in pH of about 0.3. Thus a solution of pH 4.6
has [H+] double that of a solution of pH 4.9, which in turn has [H+]
double that of a solution of pH 5.2, and so on.) The same applies to
pepsin digestion, where doubling [H +] produces no radical change in
reaction velocity, even though we are here dealing with strongly acid
solutions, in that the optimal [H+] lies between 10- 1 and JO-2.

Briefly, for the enzyme processes so far investigated, the change of [8]

velocity depends on the relative magnitude of the change in [H+] and
not upon the absolute magnitude of the change. Consequently, it is
appropriate to calculate with logarithms, that is with pH and not with
[H+]. In this way a change of [H+] from 10-5 1'0 10-4 is represented
as equal to a change from 10- 2 to 10- 1

. Also, it is possible by tl1is.
device to represent the effect of hydrogen ions graphically, as already
indicated, through [H+] curves. This would scarcely be possible if one
used any particular ordinary concentration unit as the unit for the
abscissa axis. For example, if one chose 10- 7 molll as the unit,

concentrations of 10-6 and 10- 5 would be represented by 10 and 100
units, while concentrations of 10-8 and 10-9 would be represented by
0.1 and 0.01 units respectively, and the difficulties would be frankly
insurmountable if a wider range of [H +] were to be represented
graphically.

But one may ask whether these arguments of convenience coincide
with a fundamental consideration, that is whether in the mathematical
equation representing reaction rate, [H+] will be found to enter as its
logarithm rather than as its absolute value. To resolve this question will
require fUlther experiments.

4. Methods for the Estimation of Hydrogen Ion Concentration
Enzyme reactions almost always take place in solutions containing

various amounts of dissociable substances,6 for example, weak acids,
[9] phosphates, proteins or their cleavage products. The sum total of all

these substances determines the concentrations of hydrogen and
hydroxyl ions, and the product of these is constant (p.3, above). If the
equilibrium is disturbed .by adding hydroxyl ions in the form of an
alkali, some must be consumed to restore the equilibrium, through
hydroxyl ions combining with hydrogen ions to form water. This in
turn induces formation of fresh hydrogen ions from the dissociable
species present. In general, the addition of bases or acids to such a
solution causes not simply neutralization of an equivalent amount of
acid or base originally present, but dissociation-association processes,
the extent of which depends upon the nature and amount of dissociable
species present, but is normally beyond any calculation.

Suppose one is dealing with a mixture of a protein, pepsin and
hydrochloric acid. By titration with a suitable indicator one can
ascertain how much acid the solution contains over and above the
quantity necessary to give the [H +] at which the indicator changes
colour. But one cannot deduce from this what was the [H +] of the
solution before the titration, because the acid titrated was only partly
free; part was bound to protein from which it was released gradually
during the titration.

Thus it is.clear, that [H+] cannot be measured by any method which
involves a change in [H+] during the operation of measurement, and
that tl1is applies to numerous methods based upon titration of acids or
alkalies.

[10] The method of Dreser (16) is not free of this source of error. He
treated gastric jUice with solid barium oxalate or chromate and then
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estimated the barium liberated into solution. At the same time he
prepared a dilution of hydrochloric acid so that when titrated against
alkali with Congo Red it gave the same "free acid" content as the
sample of gastric juice, and measured the barium liberated by this
solution when treated in the same way as the gastric juice. From the
barium concentrations in solution he calculated the "avidity" of the
gastric juice. He himself remarked that the usual kind of titrimetric
method is useless for determining [H +] , but he did not see that his own
method preserved the same sources of error in that the gastric juice
cannot be compared with pure hydrochloric acid. The first contains a
proportion of bound acid, depending,. among other things, on the
nature and amount of nitrogenous substances present, and this bound
acid is partially liberated during the shaking with insoluble barium salts.
Besides, the oxalate and chromate gave different values for the
"avidity" .

There are many methods which depend on the catalytic activity of
hydrogen or hydroxyl ions. The rate is measured of a reaction where
the velocity is proportional to the concentration of one or the other.

The oldest of these, using the inversion of sucrose, was suggested by
Ostwald (71) and perfected by Hoffmann (39). Proof that the velocity
of inversion is proportional to [H +] was later given by Palmaer (75), so
that one can detennine [H +] by comparing the velocity given by the
unknown solution with that given by a dilute solution of HCI, whose [11]

[H+] is readily calculated.? Controls are required to eliminate the
effect of side reactions and of optically active substances which may be
present in the unknown solution, and whose degree of rotation may
change on warming.

Shortly afterwards, Hoffmann published another method of the
same sort (40), also based on Ostwald's work (70; 95, p.322),
depending on the velocity of hydrolysis of methyl acetate, which is
likewise proportional to [H+]. Hydroxyl ions also have the power to
accelerate the hydrolysis of esters, and Shields (85) has used this to
measure [OH-] in solutions of salts of weak acids tlu"ough the effect on
hydrolysis of ethyl acetate. Of the same general kind is the method of
Koelichen (49, see also 99), who found that the rate of decomposition
of diacetone alcohol is proportional to [OH -] .

CH 3 CO· CH 2 C(OH) (CH 3 )2 ---;. 2CH3 COCH3

The reaction proceeds readily and with a marked increase in volume so
that it is easily followed dilatometrically. Lastly, Bredig and Fraenkel

(13, 25, see also 41) have recently developed a beautiful method for
[12] estimation of [H+], based on the evolution of nitrogen from ethyl

diazo acetate in the presence of dilute acid, as described by Curtius

(15),

N2 : CH· COO C2 Hs + H2 0 ---;. N2 + CH2 0H. COO C2 Hs

Since the quantity of N2 liberated is easily measured, the reaction
essentially monomolecular, its rate proportional to [H +] and the
catalytic effect velY large (pennitting the measurement of [H+] as low
as 0.2 mmol/I), the method is, in many cases, obviously preferable to its
related predecessors.

Apart from the methyl acetate method and the very similar
procedure of Shields, all these methods fulfil the essential requirement
(p.9 above) that the [H +] is not altered as a consequence of the
measurement, and even in these two the amount of hydrogen ion
contributed by the acetic acid formed during hydrolysis is very small,
since the acid is only slightly dissociated. Nevertheless, these methods
are of little practical value for the present purpose, mainly because they
can only be used at relatively high [OH-] or [H+], which essentially
confines them to studies with pepsin. For example, if one were to
attempt to measure [H +] in the vicinity of the optimal point of
invertase (p.131), using the sucrose inversion method, then one would
be obliged to use a relatively high temperature to get a reasonable

[13] extent of reaction. This might lead to serious errors. Obviously [H+]
should be measured at a temperature close to that of the enzyme
reaction being studied.

Moreover, with several of these methods the so-called neutral salt
effect interferes (3; 4, p.237; 6), so that even if the method is useful
with simple solutions, it cannot be applied to the complex solutions
typical of enzyme processes. Thus Bredig and Ripley (14, see also 25)
showed that the best of them, that using ethyl diazo acetate,-was quite
useless as soon as a small anlOunt of chloride or sulphate was present
because side reactions then occurred to obscure changes in rate due to
changes in [H+]. For example,

N2 : CH ·COO C2 Hs + HCI ---;. N2 +CH2 CI· COOC 2 Hs

Further, the determinations of blood [W] by Laitinen (55), using the
diacetone alcohol method of Koelichen, described above, gave quite
different results from what is usually accepted.

I am therefore of the opinion that this second group of methods is
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likewise not generally applicable to the measurement of [H+] for the [14]

purpose of enzyme studies, and that in the rare cases where one of
them can be used, it must be with critical attention to controls.

We are thus left with two possible methods for determining [H+],
that with the hydrogen electrode and that with indicators, otherwise
known as the electrometric and colorimetric methods respectively.
They are complementary, in that the electrometric is the more accurate
but is far the most troublesome, whereas the colorimetric method is
rather less accurate but is extraordinarily simple. Thus the latter is
especially valuable for the preliminary and orienting experiments
necessalY in planning a full and detailed investigation of the depen
dence of the activity of an enzyme on [H+] .

Not only in enzymology, but in related sciences to an equally high
degree, the need is felt for a simple method of estimating [H +] . Hence,
the principal objective of this work is to describe fully the colorimetric
method which we have studied and practised in this laboratory for a
fair number of years, and a secondary objective is to critically review
the applicability of both electrometric and colorimetric methods, under
various experimental conditions.

The electrometric method. If a plate of platinum, coated with
platinum black, is immersed in an aqueous solution (acid, neutral or
alkaline) and the solution is saturated with hydrogen, there develops a
difference of potential between the platinum electrode and the
solution, the magnitude of which is a function of the [H+] of the [15]

solution (65) and thus offers a means of determining [H+]. The
procedure has been widely applied in recent years and its main features
will not be described here. But Part A, p. 20, contains some details of our
particular procedure, a full discussion of the accuracy to be expected in
various kinds of solutions (pp. 25, 44, 67), and a description of several
cases where particular difficulty was experienced.

The colorimetric method. The endpoint of a typical titration
signifies whether the [H"'] of the experimental solution has reached or
surpassed a value varying with different indicators - the [H+]
corresponding to the transition point of the indicator considered. It is
clear that from the shade of colour one can judge whether the [H +] of
the solution is greater or less than the transition point.

Tllis very simple principle forms the basis of the indicator or
colorimetric method·. The principle has been known for a long time, but
the scattered materials were first firmly established in the beautiful
work of Friedenthal & Salm (26,79-82, see also 19,78), so that they

were able to collect a complete range of indicators with transition
points at very varied hydrogen ion concentrations. To them belongs the
honour of developing the first colorimetric method for measuring

[16] [H+] , but their objectives were very different from mine. If their
procedure, and especially their range of indicators, were used uncri
tically in enzyme work this would result in very grave errors, as is
shown by several examples below (see pp. 84-5). An indicator which
gives perfectly satisfactory results in simple solutions may be quite
useless in solutions of proteins and their cleavage products. Each must
be tested for use in such solutions, to reject the unsatisfactory and to
determine for the others what degree of accuracy can be attained.

This work has proceeded intermittently for several years. We have
investigated over 100 indicators, several of which have been synthesized
by ourselves, and have now reached at least provisional conclusions,
though improvements are certainly still possible. Gaps in the range of
indicators require to be filled and some of the present ones should be
replaced by new indicators with a more distinct colour transition (e.g.
p. 112). The method has not been published before, apart from two
brief notes in an earlier paper (88a, pp. 7 and 50; 88b, pp. 8 and 53;
88c, pp. 52 and 97-8), because I thought it best to wait until the
method had been thoroughly established by practical application, and
sufficient data accumulated for a sound judgement on its accuracy.

[17] The details are given in Part B, p. 67, so I will here confine myself to
broad outlines. As soon as we go beyond a purely qualitative
assessment, it is impossible to judge of colours except by direct
compalison with standards of similar shade and intensity. Our first
objective, then, must be to prepare stock8 solutions from which, by
mixing them in suitable proportions, we may obtain standards8 whose
[H+] is accurately established in advance in every particular case. These
stock solutions should be easy to prepare, and should also be such that
the [H +] of standards prepared from them is virtually unchanged even
after months of storage, say, in alkaline-reacting glass vessels. This
problem has been solved completely. Use is made of simple substances,
which may be purchased in a state of guaranteed purity from the film
of C.A.F. Kahlbaum, Berlin. Tests of their purity are described below.
After dissolving them in boiled water, they are stored in Woulff flasks
fitted with a burette and the conventional arrangement for withdrawing
liquid without allowing atmospheric carbon dioxide to enter. Mixtures
of these solutions in suitable proportions give hydrogen ion concen
trations from about 10- 1 to 10-13

, conveniently read off from the



chart of principal curves (part A).9
It is much more difficult to decide which are the most suitable

indicators. Most are apt to combine with proteins, and some also with
cleavage products in such a way that even if no visible precipitate is [18]

formed the indicator nevertheless changes colour and is therefore
unserviceable. This is why it is essential to check the utility of every
single indicator in a wide range of solutions, particularly of proteins and
their cleavage products, whose true [H+] has already been measured by
the electrometric method, which thus serves as a reference method.
Some indicators, such as p-nitrophenol and phenolphthalein are of wide
applicability, but others, like Congo Red so beloved of physiologists, 10

are quite useless in the presence of protein cleavage products, even if
the degradation is well advanced.

In the last part of this paper (part C, p. 120) is described a series of
experiments with enzymes, in which [H+] was determined by the
colorimetric method just mentioned, with the objectives of showing
details of this application of the method, demonstrating the important
role played by [H+] in enzyme processes, and advocating the use of
"buffers" in enzyme studies. It is difficult to hold [H+] constant in [19]

cases where neither the substrate nor the cleavage products bind acids
or bases. For example, in the hydrolysis of sucrose by invertase it may
often be difficult to hold [H +] constant because alkaline constituents
of the glass, or sometimes carbon dioxide from the atmosphere, may
have a significant effect. In this case it is expedient to stabilize [H +] by
addition of a buffer, that is an appropriate mixture of salts which does
not appreciably affect the reaction velocityl! but of such a nature that
the addition of small amounts of acids or bases can produce only
insignificant changes in [H+] . Nature herself makes use of such buffers,
phosphate mixtures, carbonates, proteins and their cleavage products
(p. 54). Obviously, appropriate mixtures of the stock solutions
mentioned above make excellent buffers.

The importance of [H +] in enzyme processes extends beyond
enzymology proper; it is undol!btedly a factor to be reckoned with in
all biological processes. If conditions are to be held constant through
out an experiment, this must extend to [H+] also, and it is not difficult
to find cases where the addition of an appropriate buffer would be of
the greatest value, for example culture media for micro-organisms
which often give rise to a change of [H+] during growth unless the [20]

medium contains an appropriate amount of acid or base-binding
substances - that is, buffers.

A. ELECTROMETRIC MEASUREMENTS

Mr. S. Palitzsch has gIven me excellent help in developing the
experimental foundation of this work, and carried out the greater part
of the electrometric measurements with unfailing skill and interest. It is
thus a great pleasure! 0 for me to thank him heartily here again.

167S@rensen

A. a) Methods of Measurement
In all such measurements we always used the same experimental

procedure. The cell whose electrometric force was measured consisted
of a mercury/calomel electrode in 0.1 mol/l potassium chloride solution,
and a platinum/hydrogen electrode in the experimental solution. The
diffusion potential between the two electrode solutions was eliminated
by the method of Bjerrum (9). Here potassium chloride solutions of
1.75 and 3.5 mol/l are successively interposed between the two
electrolyte solutions and extrapolation performed by adding the
difference between the two measured potentials.

R. Abegg and A.C. Cumming (1) proposed the use of ammonium nitrate in
place of potassium chloride. This salt is more soluble in water than potassium
chloride and its ions also move with almost the same ve10city.12 There is little
doubt that in researches with acid solutions one can usually make use of strong
ammonium nitrate solutions with advantage, since then the junction potential
completely disappears and the otherwise somewhat uncertain extrapolation is
thereby avoided, but ammonium nitrate cannot be used in researches with
alkaline solu tions and since I hold it preferable to always use the same

[21] experimental arrangement I have preferred the procedure of Bjerrum, which
works equally well in acid and in alkaline solutions.

The experimental method and the theoretical foundation of electro
metric measurements with hydrogen electrodes have been so well and
thoroughly described that I will content myself with a few remarks on
details of the methods. (I refer my readers to work, chiefly aimed at
physiological objectives, by Bugarsky and Liebermann, Haber, von
Rhorer, Fraenckel, Farkas, Tangl, Szili, Benedict and others, chiefly to
be found in "Pfliigers Archiv" of the last ten years. See also the paper
by Foa (23). Very detailed descriptions of the principle and the
practical manipulations have been given by Hamburger (30) and Haber
(37), and finally we must mention the description by Bjerrum (10,
p. 13).) The experimental arrangement was of exactly the same kind as
described in the paper of Bjerrum, cited above. In general, I have
followed his procedure, and it is a great pleasure to thank him here for

S@rensen166
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A. b) Determination of 7T O

Consider an electric cell consisting of a mercury/calomel electrode immersed
in 0.1 mol/I potassium chloride and a platinum/hydrogen electrode in an electrode
solution having a [H+] equal to Cp (= 10 -P). Let the EMF of this cell be 7T and
the EMF of another similar cell, in which the [H+] is Cq ( = 10 -q), be 7Tq . then,

0.0577 + 0.0002(To - 18°) (ref. 65; ref. 67, p. 630).

Since all measurements described here were carried out at 18°, it follows that

K = 0.0577.
Suppose we determine by experiment the 7Tp of a solution of known [H +],

hydrochloric acid, for example, where the [H +] can be calculated from molarity
and the degree of dissociation (0<) of the acid. I 4 Let us now substitute 7Tp and Cp
in equation 1. Then this contains only two unknowns, 7Tq and Cq, so that it is

allowing usto profit by his rich experience with this method.
The platinized-platinum electrode and the mercury calomel elec

trode were prepared as given in Ostwald-Luther, "Physiko-chemische
Messungen" (1902). The measurements were carried out using the
compensation method of Poggendorff, using a Lippmann capillary
electrometer with an oval, rather wide, capillary as "null indicator".
The metre wire potentiometer was divided into mm and meticulously
corrected, thanks to the goodwill of Prof. K. Prytz, by a series of
measurements which were carried out in the physical laboratory of our
Polytechnic here by Mr. Thorkelsson and Mr. Hansen. I ask these
gentlemen to accept my heartfelt thanks. As reference cell a Weston cell
was used, giving an electromotive force of 1.0191 Volt at 18°.

The hydrogen was prepared by electrolysis of a 10% potassium
hydroxide solution with iron electrodes. It was first washed twice with
alkaline pyrogallol solution, next with pure water and then led through
a glass cylinder packed with pure cotton whence it passed into the
electrode vessel, after being! 3 washed with some of the solution under

investigation (see also p. 27).
The measurements were carried out in a room where the tempera

ture was kept as nearly as possible at 18°, the standard temperature for
all experiments; only extremely rarely was a variation of ).20 observed.
Throughout the long period over which these experiments were spread,
barometric pressure varied considerably (from 722 to 794 mm) and
measurements were therefore reduced to a pressure of 760 mm of
water-saturated hydrogen (72; 86, p. 582).

SL
7Tp - 7Tq = K log C '

p

where, with sufficient accuracy, K may be taken as

... (1)

[22]

[23]

[25J

[26]

possible to calculate 7Tq for any given value of Cq and vice versa. Take 7T O as the
EMF of a cell where [H +] = 1 mol/I, that is Co = 1. Then, .

7To = 7T p - 0.0577 log ~o = 1T
p

- 0.0577 log cl
... (2)

q p

Table I shows the results of experiments with various concentrations of
hYdrochl~ricacid to determine the value of 1To' In all experiments except one, the
total [Cl ] was held constant at 0.1 mol/I. The degree of dissociation (0<) of
hydrochloric acid is taken as invariant throughout this series (Arrhenius, ref. 6,
p.204). Kohlrausch (51) gives 351 for the equivalent conductance of 0.1 mo1/1
hydrochloric acid. Taking the equivalent conductance at infinite dilution as 383
this yields 0< = 0.9165. In the same manner, for the single experiment Withou~
sodium chloride, 0< = 0.9661. The table shows composition of electrode solution
[H +] (calc~lated ~rom [HCl] and 0<), the value of the term 0.0577 10g(I/[W]), ;
as determmed WIth 1.75 and 3.5 mol/I potassium chloride bridge solutions
respectively, the extrapolated value of 7T from these two, and finally, in the last
column, 1T 0 calculated from equation 2.

The mean value of 1TO is 0.3377 and the deviation from this is only in one case
greater than 1 mY. This variability is similar to Bjerrum's (9, p.432; 10,
p. 15; 11), but my mean value is about 1 mV higher than his (0.3367), agreeing
better with that calculated by Bjerrum by the use of Planck's formula for
elimination of the diffusion potential (0.3376). Everyone who has worked with
the hydrogen electrode knows how reproducible are the results obtained for
solutions such as these, repeat measurements differing usually by only some
tenths of a millivolt. To explain the somewhat greater discrepancies shown in the
Table, I have given all our results and will now comment on the factors which may
have affected the~r ~ccuracy. These remarks apply not only to the results given
above, but to all snnilar measurements on simple solutions (e.g. p. 44).

The solutions were all prepared with such care that their composition certainly
never showed any electrometrically detectable difference.

.We generally used more than one calomel electrode, and rejected anyone
whIch gave results more than 0.2 to 0.3 mV different from other such electrodes
under the same conditions. Thus the calomel electrodes, also, cannot have given
rise to significant errors.

It is not the same with hydrogen electrodes. It is well known that one
hydrogen electrode does not always behave exactly like another and that
occasionally a hitherto faultless electrode suddenly gives faulty resuits. Special
care ~ust be taken to check that the electrode responds correctly. We did this by
carrymg out measurements at intervals, or when it appeared necessary, on certain
mixtures described below, such as 8 volumes of glycine solution plus 2 volumes
0.1 mol/I hydrochloric acid. The mixtures were chosen so that their composition
precl~lded any effect on measurements by small amounts of such impurities as
alkah from the glass, and, further, because the extrapolation became trivial
obviating errors arising from that. This procedure made it possible to reject fault;
electrodes, but there remains the possibility of an error which may be over
0.5 mY.

The method of eliminating the diffusion potential, by extrapolation intro
duces an additional possible source of error. But the table shows no si~n of a
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TABLE I" The EMF of a cell consisting of a mercury/calomel electrode in 0.1 mol/l potassium chloride and a platinum/hydrogen electrode in a solution

'Having [H+] = 1 mol/I, at 18°

Experimental solution

Composition

Hydrochloric Sodium Hydrogen ion 1
1r with 1.75 mol/l 1r with 3.5 mol/l 1r0 =1rextrap.

acid chloride concentration 0.0577 X log [W]
potassium chloride potassium chloride 1r 1 IS

(mol/I) (mol/I) = [Hel] X O!
bridge bridge Extrapolated - (0.0577 X log [W])

0.1 0.0916, 0.0599 0.4066 0.4020 0.3974 0.3375

0.1 0.0916, 0.0599 0.4082 0.4029 0.3976 0.3377

0.05 + 0.05 0.04583
0.0773 0.4219 0.4184 0.4149 0.3376

0.02 + 0.08 0.0183 3
0.1002 0.4415 0.4401 0.4387 0.3385

0.01 + 0.09 0.00916, 0.1176 0.4569 0.4560 0.4551 0.3375

0.005 + 0.095 0.004583
0.1350 0.4733 0.4733 0.4733 0.3383

0.01 (none) 0.00966, 0.1163 0.4599 0.4571 0.4543 0.3380

0.02 + 0.08 0.0183 3
0.1002 0.4402 0.4392 0.4382 0.3380

0.02 + 0.08 0.01833
0.1002 0.4390 0.4382 0.4374 0.3372

0.01 + 0.09 0.00916, 0.1176 0.4576 0.4568 0.4560 0.3384

0.01 + 0.09 0.00916, 0.1176 0.4569 0.4563 0.4557 0.3381

0.005 + 0.095 0.00458 3
0.1350 0.4733 0.4733 0.4733 0.3383

0.005 + 0.095 0.00458 3
0.1350 0.4726 0.4726 0.4726 0.3376

0.1 0.0916 5
0.0599 0.4070 0.4022 0.3974 0.3375

0.1 0.0916 5
0.0599 0.4064 0.4015 0.3966 0.3367

0.1 0.0916 5
0.0599 0.4065 0.4017 0.3969 0.3370

0.1 0.0916 5
0.0599 0.4063 0.4015 0.3967 0.3368

0.06 + 0.04 0.05499
0.0727 0.4167 0.4134 0.4101 0.3374

0.06 + 0.04 0.0549 9
0.0727 0.4170 0.4134 0.4098 0.3371

0.04 + 0.06 0.03666
0.0828 0.4252 0.4227 0.4202 0.3374

0.04 + 0.06 0.0366 6
0.0828 0.4251 0.4225 0.4199 0.3371

0.02 + 0.08 0.0183 3
0.1002 0.4405 0.4390 0.4375 0.3373

0.02 + 0.08 0.0183 3
0.1002 0.4404 0.4389 0.4374 0.3372

0.01 + 0.09 0.00916 5
0.1176 0.4566 0.4555 0.4544 0.3368

0.01 + 0.09 0.00916 5
0.1176 0.4560 0.4553 0.4546 0.3370

0.1 0.0916 5
0.0599 0.4082 0.4032 0.3982 0.3383

0.06 + 0.04 0.0549 9
0.0727 0.4187 0.4148 0.4109 0.3382

0.06 + 0.04 0.0549 9
0.0727 0.4187 0.4146 0.4105 0.3378

0.04 + 0.06 0.0366 6
0.0828 0.4267 0.4241 0.4215 0.3387

0.04 + 0.06 0.03666
0.0828 0.4273 0.4243 0.4213 0.3385

0.02 + 0.08 3.0183 3
0.1002 0.4418 0.4402 0.4386 0.3384

0.02 + 0.08 0.0183, 0.1002 0.4419 0.4403 0.4387 0.3385

0.02 + 0.08 0.0183 3
0.1002 0.4420 0.4406 0.4392 0.3390

0.02 + 0.08 0.0183 3
0.1002 0.4410 0.4393 0.4376 0.3374

Mean 0.3377

The transverse lines in the table show that the measurements f.all into four series of experiments, the first of which was carried out by me personally about
three years ago, the three others at various later times by Mr. S. Palltzsch.
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relationship between the magnitude of the extrapolation ~d the v:uue obtain~d
for 1'1

0
' At constant [CI-] the magnitude of the extrapolatIOn declmes almost m

proportion to the [H +] .

0.02 0.01 0.005 [27]
[29]

Composition of HCI 0.1 0.06 0.05 0.04

solutions (mol/I) NaCI 0.04 0.05 0.06 0,08 0.09 0.095

Extrapolation (m V) 4.9 3.7 3.5 2.7 1.4 0.8 0.0

hydrogen ion exponent, which will generally be a positive number. It
will be negative only in the rather rare cases where we must deal with
solutions stronger than 1 mol/l.)

If we replace Cp in equation 3 by 10-pH, we obtain

1'10 = 0.3377 + 0.0577 X pH ... (4)

H _ 1'1 - 0.3377
p - 0.0577 ... (5)' 5

... (3)

Thus there is no evidence that this could bias the mean of the ~ean values of
1'1

0
' But if we examine how the extrapolations of i~diVidual experun~nts v.an~d

about the above averages, we must evaluate the possIble error from thIS sOlllce II1

an individual experiment as not less than 0.5 mY. ..,
In measurements of this kind, complete electrical isolation IS reqUIred of all

parts of the apparatus. I emphasize this because,. durin~ this work, we
encountered difficulties definitely attributable to faulty msulatIon, and overcame
them through the advice of Prof. Prytz, only by placing each part of the
meas~uing apparatus on a block of paraffin wax and by arranging for the
hydrogen, passing from electrolysis apparatus to the electro.de, to go through two
calcium chloride tubes connected by a piece of glass tubmg. ThIS arrang~m:nt
made quite sure that there could be no conductive film of moisture on the InSIde
of the latter tube, and eliminated the deflections of the capillary electrometer
previously observed on making or breaking circuits. .

Probably, the discrepancies illustrated in Table I are attnbutable to su.ch
largely uncontrollable sources of error. The average values of 1'1 0 in th~ fou~ senes

O~379 03379 03371 03381 and it is the latter two, which dIsagree
were.j " " " , .
most between themselves, which were obtained after introducmg the above
precautions! It seems to me likely that because of similar but unknown sources of
error there may be periods when all measurements are a little low, and vice versa:
even 'jf one is working under exactly the same conditions. We have observed thiS
strange phenomenon not only in these two series of experiments, but throughout

our extensive series of measurements.
Taking into account the above discussion and the fact that the measurements

were done by two persons at widely different times, with different solutIOns and
different electrodes, one can scarcely expect better agreement. In fact, tlle large
number of experimental results permits the conclusion that the mean value of 1'1 0 '

0.3377, is very close to correct, and we have therefore adopted it in what follows.
Substituting this value in equation 2, we obtain,

1'Ip = 0.3377 + 0.0577 log (1/Cp)

C is the concentration of hydrogen ions in mol/l (i.e. [H +]). In all cases dealt
with ~ere it is less than 1 and can be expressed as 10 -P, where p is a number for
which I propose the name hydrogen ion exponent and the s:m~ol pH.' .BY the
hydrogen ion exponent (pH) of a solution, we mean.the BnggSIan loganthm of
the reciprocal of the molar concentration of hydrogen Ions. . .

(As we are usually not concerned with hydrogen lOn solutlOns
stronger than 1 mol/l I have chosen the above definition of the

[28]
[30]

[31]

This allows the calculation of pH from 11' and vice versa.
Furtller, it is easily seen that the relationship of 11' to pH can be expressed

graphically as a straight line. Placing 1'1 values on tlle ordinate and pB on the
abscissa, the line cuts the ordinate axis at the point 0.3377 and the slope is
0.0577. If the value of 11'0 (0.3377) is changed, the line is displaced in the system
of coordinates, but its slope is unchanged. But the slope will change with
temperature, since the value 0.0577 holds only for 18 0 (see p. 22).

In the Chart of Principal Curves, this line is designated the Exponent Line. Its
importance is tllat it allows graphical interconversion of 11' and pH values.

A. c) Determination of the Dissociation Constant of Water
Although, as argued in the Introduction, it is usually best to work with [H +]

rather than [OB -], because it can be determined directly and more reliablY, there
are still occasions when it is desirable to express the [OH -] of an alkaline
solution, and it is thus very important to know the dissociation constant of water.
As will be seen below, this has been measured many times by many different
means, but it seemed to me worthwhile to make a new determination with the
hydrogen electrode. The simple principle is to measure [B +], as described above
(p. 20), in dilute solutions of sodium hydroxide whose [OB -j is known because
the degree of dissociation is known. 7 The dissociation constant is, of course, the
product [H +] X [OB -]. This has given us an opportunity, at the same time, to
check whether the extrapolation procedure gives rise to significant errors, since
the magnitude of the extrapolation varies in the different solutions tested. What
follows will show that there is no evidence of this, and I consider this result as
evidence that the extrapolation procedure of Bjerrum can be recommended even
in strongly alkaline solutions.

The first column of Table II shows the composition of the solutions examined.
Total sodium ion concentration was kept constant, and this is why I have used the
same value of the degree of dissociation (0:) (c.t p. 23) throughout to calculate
[OB -]. Kohlrausch's result (51) for equivalent conductivity of 0.1 molll sodium
hydroxide at 180 was 183. Setting the equivalent conductivity at infinite dilution
equal to 217.6 (the sum of the electrical migration velocities of the two ions,
43.6 + 174 (52» we arrive at 0: = 0.841. Column 2 of the Table shows the
hydroxyl ion concentrationb and the remaining columns show respectively the
electromotive force measured with 1. 75 and 3.5 molll potassium chloride bridge
solution, the value of EMF extrapolated from these, the hydrogen ion exponent
calculated from 1I'extrap., using equation 5, arld the dissociation constant of water

b But actually expressed as the exponent, arlalogous to pH (Ed.).
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TABLE II Dissociation Constant of Water ([H+/ X [OH-;) at 18°

Experimental Solutions P Dissociation

1f with 1.75 molll 1f with 3.5 molll
Hydrogen ion Constant of Water

1f exponent
Composition q potassium chloride potassium chloride extrapolated calculated from Kw(molll) Hydroxyl ion bridge solution bridge solution

Exponent 1fex trap. p+q (multiply figure

NaOH NaCI ([OW] = lO-q) ([W] = lO-p) given by 10-'4)

0.1 0 1.075 1.0849 1.0871 1.0893 13.026 14.101 0.793
0.1 0 1.075 1.0861 1.0880 1.0899 13.036 14.111 0.77.
0.1 0 1.075 1.0873 1.0892 1.0911 13.057 14.132 0.73 8
0.1 0 1.075 1.0876 1.0895 1.0914 13.062 14.137 0.72 9
0.1 0 1.075 1.0852 1.0871 1.0890 13.021 14.096 0.80,
0.1 0 1.075 1.0848 1.0867 1.0886 13.014 14.089 0.81,

0.05 0.05 1.376 1.0700 1.0713 1.0726 12.736 14.112 0.77 3
0.05 0.05 1.376 1.0699 1.0708 1.0717 12.721 14.097 0.800

0.02 0.08 1.775 1.0480 1.0488 1.0496 12.338 14.113 0.77,
0.02 0.08 1.775 1.0478 1.0487 1.0496 12.338 14.113 0.77,

0.01 0.09 2.075 1.0315 1.0315 1.0315 12.024 14.099 0.79 6
0.01 0.09 2.075 1.0316 1.0316 1.0316 12.026 14.101 0.793

0.1 0 1.075 1.0890 1.0910 1.0930 13.090 14.165 0.68.
0.1 0 1.075 1.0885 1.0902 1.0919 13.071 14.146 0.71,
0.1 0 1.075 1.0884 1.0900 1.0916 13.066 14.141 0.72 3

0.06 0.04 1.297 1.0767 1.0780 1.0793 12.853 14.150 0.708
0.06 0.04 1.297 1.0772 1.0786 1.0800 12.865 14.162 0.699

0.04 0.06 1.474 1.0673 1.0683 1.0693 12.679 14.153 0.703
0.04 0.06 1.474 1.0675 1.0685 1.0695 12.683 14.157 0.69 7

0.02 0.08 1. 775 1.0509 1.0514 1.0519 12.378 14.153 0.70
3

0.02 0.08 1.775 1.0508 (sic) 1.0514 1.0520 12.379 14.154 0.70,

0.01 0.09 2.075 1.0345 1.0345 1.0345 12.076 14.151 0.706

0.01 0.09 2.075 1.0343 1.0343 1.0343 12.073 14.148 0.71,

0.1 0 1.075 1.0887 1.0902 1.0917 13.067 14.142 0.72,
0.1 0 1.075 1.0880 1.0901 1.0922 13.076 14.151 0.706
0.1 0 1.075 1.0873 1.0889 1.0905 13.047 14.122 0.75,
0.1 0 1.075 1.0872 1.0895 1.0918 13.069 14.144 0.71 8
0.1 0 1.075 1.0877 1.0902 1.0927 13.085 14.160 0.69,

0.06 0.04 1.297 1.0759 1.0771 1.0783 12.835 14.132 0.73 8
0.06 0.04 1.297 1.0763 1.0778 1.0793 12.853 14.150 0.70 8
0.06 0.04 1.297 1.0762 1.0778 1.0794 12.854 14.151 0.706

0.04 0.06 1.474 1.0668 1.0679 1.0690 12.674 14.148 0.71,
0.04 0.06 1.474 1.0673 1.0683 1.0693 12.679 14.153 0.70 3

0.02 0.08 1.775 1.0507 1.0512 1.0517 12.374 14.149 0.71 0

0.02 0.08 1. 775 1.0507 1.0514 1.0521 12.381 14.156 0.69 8
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expressed first in pure exponent form and second as a number multiplied by
10 -, 4.

The transverse lines in the Table show that the measurements fall into 3
distinct series, which were carried out at different times, with different materials,
and with solutions prepared afresh each time. The fust series (subject of an earlier
comment; 88a, p.7; 88b, p. 8)' 6 was carried out before introducing the
precautions mentioned above (p. 27) and the value found for the dissociation
constant of water is consistently higher than in the latter two series, the mean
figures being 0.780, 0.704 and 0.714 respectively. The first series is published
here, as it is not altogether negligible, but as it seems appropriate to attach greater
significance to the two later series I have, in calculating an overall mean, given
them double weight. Calculated thus, the dissociation constant of water is,

0.72 X 10-" = 10-"'"

Consequently, in pure water or truly neutralc solutions the concentration of [33]
hydrogen and hydroxyl ions is 0.85 X 10-7 = 10-7.07.

The Table shows more variability than in Table I, in fact the deviation of
individual results from the mean may even exceed 2 mY. Particular mention is
made of this because such a degree of variability is ordinarily so unusual. It
cannot be due to the extrapolation, since the calculated value of Kw scarcely
varies with the magnitude of the extrapolation. Furthermore, as compared with
the 0 bservations on hydrochloric acid, the extrapolation is smaller and of
opposite sign, decreasing with sodium hydroxide concentration.

Composition ofsolution NaOH 0.1 0.06 0.05 0.04 0.02 0.01
(mol/I) NaCl 0.04 0.05 0.06 0.08 0.09

Mean value of
1.9 1.4 1.1 1.0 0.7 0.0extrapolation (m V)

A comparison will now be attempted between the above and previously
determined values of Kw , but the temperature coefficient is so great that values of
[H +] and [OH -J determined at 25° must be corrected by subtracting about 24%
for comparison with values valid for 18° (50, p. 234).

1) In measurements with a hydrogen electrode and molar acid and alkali,
Ostwald (73) found a potential difference of about 0.7 V, whence Nernst (66) [34]
calculated Kw at 18° as 0.64 X 10-'4.

2) From Shields' observations on the 'hydrolysis' of sodium acetate,
Arrhenius (5, p. 827) calculated Kw as about 1.27 X 10 -, 4 at 25°, giving about
0.73 X 10-'4 at 18°.

3) At the suggestion of Van't Hoff, Wijs (97, 98, see also 54) studied the
hydrolysis of methyl acetate in pure water and found Kw = 1.44 X 10 -14 at
24.8°, giving about 0.83 X 10 -, 4 at 18°.

4) From determinations of the conductivity of water, purified with the
utmost care, Kohlrausch and Heydweiller (50) found the content of hydrogen
ions to be 0.8 X 10 -7 gil at 18° and 1.05 X 10 -7 gil at 25°, whence Kw can be
calculated as 0.63 X 10 -14 at 18° and 1.09 X 10 -14 at 25°.

c c.! Note 2.

5)" Lowenherz (57) measured the EMF of a cell consisting of two hydrogen
electrodes immersed in hydrochloric acid and sodium hydroxide solution
respectively, with lithium cWoride bridge solution and the diffusion potential
calculated according to Planck (exactly the same principle as ours). The mean

[35] value obtained for Kw was 1.28 X 10 -, 4 at 25-26°, giving about 0.74 X 10 -, 4 at
18u

•

6) More recently, Kanolt (45) studied the hydrolysis of the ammonium salt
of diketotetrahydrothiazole and obtained values for Kw of 0.82 X 10 -, 4 at 25°
and 0.46 X 10 -, 4 at 18°.

7) Similarly, by measurements on the hydrolysis of the trimethylpyridine
salt of p-nitrophenol, Lunden (58) obtained values for Kw of 0.46 X 10-'4 at
15° and 1.05 X 10-14 at 25°, giving about 0.61 X 10-'4 at 18°.

A. d) Standard solutions and their electrometric measurement.
Chart of Principal Curves

The stock solutions for the colorimetric method are:
1) 0.1 molll hydrochloric acid (referred to simply as "Hel" where

no misunderstanding is possible).
2) 0.1 molll sodium hydroxide solution (referred to as "NaOH").
3) 7.505 g glycine (0.1 mol) plus 5.85 g sodium chloride per litre

(referred to simply as "glycine". The sodium chloride is reqUired
because the conductivity of glycine solutions is otherwise so low as to
seriously affect electrometric measurements).

4) IllS molll potassium dihydrogen phosphate, containing there
fore 9.078 g KH2P04 per litre (referred to as "primary phosphate").

5) IllS molll disodium hydrogen phosphate, that is, 11.876 g
Na2HP04 •2H2 0 per litre (referred to as "secondary phosphate").

6) 0.1 molll disodium citrate, prepared by dissolving 21.008 g
citric acid hydrate in 200 cm3 0.1 molll sodium hydroxide and making
up to one litre with water (referred to as "citrate").

[36] 7) An alkaline solution of boric acid, prepared by dissolVing 0.2
moles of boric acid (12.404 g) in 100 cm3 0.1 molll sodium hydroxide
and diluting to one litre with water (referred to as "borate").! 8

The water used in making up these solutions was freed of carbon
dioxide by boiling in tin-plated copper flasks, and both the volumetlic
flasks and the Woulff flasks used for storage (p. 17) were filled before
hand with carbon diOXide-free air. Generally, 4 litres of solution was
prepared at a time in 2 2-litre volumetric flasks. After filling to the mark
and shaking well, each flask was stoppered with a rubber bung fitted
with two glass tubes, one short, and the other reaching almost to the
bottom of the flask, by which simple device the contents of the flask
could be transferred to a Woulff bottle without exposure to the
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atmosphere.
The "HCI" was prepared by dilution of 1 molll hydrochloric acid,

carefully standardized against sodium oxalate as primary standard.
The "NaOH" was prepared by dilution of I molll sodium hydroxide,

free of carbonate, and standardized by titration against the above
mentioned I molll hydrochloric acid.

The procedure for preparing carbonate-free sodium hydroxide is simple, and
since it may not be widely known it seems worth describing it here. I was shown
it by Mr. R.A. Petersen, laboratory director for H. Struer, Copenhagen. 250 g of
sodium hydroxide from sodium' 9 (C.A.F. Kahlbaum) is treated with 300 cm'
water in a glass-stoppered cylinder. At this concentration of sodium hydroxide,
the carbonate is insoluble and sinks to the bottom of the vessel in two or three
days, allowing one to withdraw a solution of sodium hydroxide virtually free of
carbonate. To test this solution, a sample was diluted with carbon dioxide-free
water, phenolphthalein was added, and then hydrochloric acid dropwise until the
colour was pale pink. Then a considerable amount was added of barium chloride
solution which had been boiled and was neutral in reaction. If this caused
decolorization, the preparation was rejected.

For the other stock solutions it was necessary to use substances
which, besides being appropriate for the purpose, were also capable of
being prepared sufficiently pure, were stable on storage, and were [37]

susceptible to simple tests of their purity. Such tests are desclibed
below for each. All these substances are obtainable from the film of
C.A.F. Kahlbaum, Berlin, in a guaranteed state of purity - that is,
meeting the criteria laid down here.

Glycine. a) 2 g dissolved in 20 cm' water gives a clear solution, free of
sulphate, and with no more than a faint trace of chloride. b) Combustion of 5 g
leaves a residue of no more than 2 mg. c) Distillation of 5 g with 300 cm' of 5%
sodium hydroxide in a Kjeldahl distillation apparatus yields no more than 1 mg
nitrogen as ammonia. d) The nitrogen content by the Kjeldahl method is 18.67
± 0.1%. (Several preparations from Kahlbaum met these criteria.)

Potassium dihydrogen phosphate. a) Gives a clear solution free of sulphate
and chloride. b) The loss on drying about 5 g for 24 h at 1000 and a pressure of
20-30 mm' 0 does not exceed 0.1%, and after further careful ignition at red heat
in apia tinum crucible the loss is 13.23 ± 0.1% (a preparation from Kahlbaum lost
0.01% on drying and 13.26% on ignition).

Disodium hydrogen phosphate! INa, HPO•. 2Hz0. Thomsen (93) described
a form of disodium hydrogen phosphate with very nearly the above composition
and showed that in passing from the anhydrous to the hydrated form the heat of
reaction (calculated per mole of water) was greater for the first two molecules of
water of crystallization than for the succeeding ten. The salt has not, as far as I [38J
know, been mentioned in the literature since then. It has the advantage over the
well-known heptahydrate (NazHPO. ·7HzO) and dodecahydrate (NazHPO.·
12Hz0) that it is stable at the temperature and humidity of the ordinary room. It
is easily obtained by efflorescence from the higher hydrates, as a white, granular

powder which does not agglomerate (as the anhydrous salt does). Being stable for
years, it is suitable as a standard material: one need only determine the water
content of a large enough sample, once for all, and for ordinary purposes one can
rely on the theoretical composition of the salt.

The best method of preparation is to spread the dodecahydrate, on paper, in a
fairly thin layer, then leave it at the ordinary room temperature of 18-22°,
protected from dust. With daily stirring and breaking up of lumps, efflorescence is
complete in 8-14 daYs, but the rate obviously depends on humidity. (In wet
summers efflorescence proceeds very slowly and may cease before reaching the
heptahydrate, but proceeds further to the dihydrate as soon as the humidity falls
below 50%, which is usually the case in room air in cooler weather. Neither
Kahlbaum nor myself have experienced real difficulty. If the salt is warmed or the
air dried artificially, efflorescence may proceed too far, but on restoring to a
temperature of 18-220 and a humidity of 30-50% the composition quickly

[39] reverts to NazHPO•• 2H zO.) Completion of the efflorescence is ascertained by
weighing out about 100 g of the product, to an accuracy of 0.1 g, and reweighing
after 2 or 3 days. If one has available a pre-analysed sample of the dihydrate, it is
further recommended to expose about 100 g of this alongside the other portion.
If the conditions are satisfactory, no change in weight will occur in this control
sample.

The criteria for purity are: a) The salt gives a clear solution, free of sulphate
and chloride. b) On drying a sample of about 5 g for 24 h at 1000 and under a
pressure of 20-30 mm, and subsequently heating at dull red heat to constant
weight, the total weight loss is 25.28 ± 0.1%. (My own preparations, at various
dates, have given 25.24, 25.23, 25.30 and 25.23%; a preparation from Kahlbaum
lost 25.36%.)

Citric acid. a) The acid gives a clear solution free of sulphate and chloride
and should give only a trace of ash. (Two samples obtained from Kahlbaum at
different times yielded only 0.01% ash.) b) The water content is measured by
desiccation to constant weight at 70° and 20-30 mm pressure. Treated thus, the
acid should remain colourless, and should lose 8.58 ± 0.1% of its weight. At a
temperature of 1000

, citric acid loses all its water within 24 hours; on prolonged
heating, the weight diminishes further and it becomes brownish. (Citric acid from
next 5 days. Another sample lost 8.59%.) c) On titration with 0.1 mol/I barium

[40J hydroxide," and phenolphthalein, the end-point is a good deep red, and is
sharper with barium hydroxide than with sodium hydroxide, in spite of the
precipitate of barium citrate. Using about 30 cm' of titrant, the titre should be
within 0.1 cm' of theoretical. (Two samples from Kalllbaum satisfied this
criterion.)

Boric acid. 20 g is heated with 100 cm' of water in a small flask in a boiling
water-bath; all must dissolve. On cooling the solution in ice-water, the greater part
of the boric acid crystallizes out: this is filtered off under suction, and the mtrate
tested for impurities. a) The solution must be free of sulphate and chloride. b)
To 5 ml samples in test-tubes is added (to each) 2 drops of methyl orange (0.1 g/I
in water), giving an orange colour. 1 drop of 0.1 mol/I sodium hydroxide should
change this colour to yellow; one drop of 0.1 mol/I hydrochloric acid should
change it to red. This test is based on the principle that pure boric acid solution,
with methyl orange, gives the colour of the transition point (c./. p. 53), so that



180 Sf/}rensen 181

TABLE III Glycine Mixtures

Composition Hydrogen Composition HydrogenofMixture Electro- ofMixture Electro·ion ion(cm 3
) motive (cm 3

) motiveexponent exponentforce force"glycine" HCI pH "glycine" NaOH pH

10 0 ca. 0.6900 ca. 6. 106 10 0 ca.0.6900 ca.6.106
9.9 0.1 0.5922 4.411 9.9 0.1 0.7883 7.809
9.75 0.25 0.5680 3.991 9.75 0.25 0.8130 8.237
9.5 0.5 0.5500 3.679 9.5 0.5 0.8325 8.575
9 1 0.5305 3.341 9 1 0.8529 8.929
8 2 0.5063 2.922 8 2 0.8780 9.364
7 3 0.4881 2.607 7 3 0.8982 9.714
6 4 0.4692 2.279 6 4 0.9228 10.140
5 5 0.4492 1.932 5.5 4.5 0.9425 10.482
4 6 0.4326 1.645 5.1 4.9 0.9763 11.067
3 7 0.4196 1.419 5 5 0.9900 11.305
2 8 0.4099 1.251 4.9 5.1 1.0050 11.565
1 9 0.4038 1.146 4.5 5.5 1.0356 12.095
0 10 0.3976 1.038 4 6 1.0531 12.399

3 7 1.0690 12.674
2 8 1.0795 12.856
1 9 1.0862 12.972
0 10 1.0916 13.066

[44J TABLE IV Phosphate Mixtures

Composition Composition
ofMixture ofMixture

(cm' ) EMF pH (cm' ) EMF pH

Secondary Primaly Secondary Primary
Phosphate Phosphate Phosphate Phosphate

10 0 0.8167 8.302 4 6 0.7210 6.643
9.9 0.1 0.8092 8.171 3 7 0.7109 6.468
9.75 0.25 0.8015 8.038 2 8 0.6977 6.239
9.5 0.5 0.7914 7.863 1 9 0.6787 5.910
9 1 0.7790 7.648 0.5 9.5 0.6608 5.600
8 2 0.7616 7.347 0.25 9.75 0.6438 5.305
7 3 0.7500 7.146 0.1 9.9 0.6248 4.976
6 4 0.7402 6.976 0 10 0.5990 4.529
5 5 0.7308 6.813

any trace of contaminating acid or base is revealed by a colour on the acid or base
side of the transition point. Experiments with recrystallized boric acid have shown
that the test is able to detect as little as the equivalent of 1 drop of 0.1 mo1/1 acid
or alkali per g of boric acid. c) 20 cm3 of the filtrate, corresponding to 4 g boric
acid, is evaporated in a weighed platinum crucible, then about 10 g hydrofluoric
acid and 5 g sulphuric acid is added, the mixture again evaporated, ignited to red [41]
heat, and weighed. After correction for non-volatiles in the hydrofluoric acid, the
residue should not exceed 2 mg. (Two sanlples of boric acid from Kal11baum
satisfied all these criteria.)

Tables III-VI show the hydrogen ion concentration of appropriate
mixtures of the stock solutions, determined electrometrically as
described above. Column 1 shows the composition of 10 cm3 of the
mixture, column 2 the EMF (n) of a cell consisting of a calomel
electrode immersed in 0.1 molll potassium chloride and a hydrogen
electrode with the test mixture as electrolyte, and finally column 3 [43]

shows the pH calculated from equation 5. The values of n quoted are
the mean of two or more determinations at different times and with
different solutions. To give an idea of the reproducibility I quote here
the results on some solutions which we have measured more often than
others because of their use in testing the condition of the hydrogen
electrodes (n; mean ± standard deViation, and number of results
quoted):23

"8 cm3 glycine + 2 cm3 HCl", 0.5063 ± 0.00059 (n = 18)
"3 cm3 secondary phosphate
+ 7 cm 3 primary phosphate", 0.7109 ± 0.00032 (n = 5)

"9 cm3 glycine + 1 cm 3 NaOH", 0.8529 ± 0.00027 (n = 10)
Deviations from the mean of over 1 mV are rare. I believe, therefore,

that the results are as dependable as the determinations of 7To (above)
and that the values of 7T presented in the Tables are within 1 mV of the
correct values (see also p. 45). In the most acid and the most alkaline of
these solutions extrapolations were required of magnitude and sign just
as discussed above (pp. 27 and 33). Obviously, it is the extrapolated
values of 7T which are given in the Tables.
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TABLE V Citrate Mixtures

TABLE VI Borate Mixtures

Composition
olMixtlire

(em 3
)

"borate" HC!

Chart afPrincipal Curves9

This repeats, in graphical form, the results tabulated above. For each
curve, pH is given as the abscissa and composition of the mixture as
ordinate, in terms of cm 3 of the first-named of the two stock solutions
concerned in 10 cm3 of the mixture.! 7 The chart also contains the
Exponential Line which, as already seen, permits the interconversion of
1r and pH values.

From these curves, we can read off 1r and pH for any mixture of the
stock solutions, including those not given in the Tables. Suppose, for
example, we wished to know these two values for the mixture "8.6 cm3

glycine + 1.4 cm3 HCl." We find 8.6 on the ordinate volume scale and
follow this horizontally to its intersection with the curve "glycine
HCl": the abscissa at this point is 3.15 which is therefore the pH of the
mixture. Moving now to the Exponential Line, the EMF-scale ordinate
corresponding to abscissa 3.15 is 0.5195, which is the value of 1r for the
mixture.

Drawing smooth curves through experimental points involves
approximations and interpolations.! 7 A comparison of values predicted
from the curves with experimental determinations is thus of interest,
and we have found the greatest discrepancy to be 0.01 pH units. This is
the best precision which can be expected from the chart, 0.01 pH being
represented by 0.5 mm,9 and corresponds to a discrepancy in EMF
measurements of rather less than 0.6 mV. Further, this excellent
agreement seems to support the view (p. 44) that the 1r values in Tables
III-VI are not in error by more than 1 mV.

Dotted or interrupted parts of the curves are wholly or partly
unusable. These parts run almost parallel to the abscissa axis, which
implies that a very slight change in composition brings about a large
change in [H+). Such a change in composition may result from
prolonged storage of the stock solutions, as will now be shown by
means of a few examples.

A "glycine" stock solution 8 days old ("10 cm 3 glycine", without any added
Hel or NaOH) gave 1T readings which rapidly stabilized and over the next 2.5 h
varied only between 0.6842 and 0.6850. The same solution measured 6 months
later never gave constant readings; 1T values rose from 0.7415 to 0.7515 over a
3-hour period. Similarly another "glycine" stock solution, at 10 days old, gave
stable 1T values of 0.7002 to 0.7006 over a 5-hour period, whereas on measuring
the solution again after 7 1110nths the reading rose from 0.7706 to 0.7795 over 3
hours.

Thus the "glycine" stock solution as such is useless as a standard, because
small amounts of acid or alkaline impurities can produce significant changes in its
[H +], and the same would apply to any very dilute solution of an acid or base.

[46]

[45]

pH

pH

4.958
5.023
5.109
5.314
5.568
5.969
6.331
6.678
9.052-

10.092
12.073
12.364

9.241
9.360
9.503
9.676
9.974

11.076
12.376

EMF

EMF

0.6238
0.6275
0.6325
0.6443
0.6590
0.6821
0.7030
0.7230
0.8600
0.9200
1.0343
1.0511

0.8709
0.8778
0.8860
0.8960
0.9132
0.9768
1.0518

10 0
9 1
8 2
7 3
6 4
5 5
4 6

10 0
9.5 0.5
9 1
8 2
7 3
6 4
5.5 4.5
5.25 4.75
5 5

4.5 5.5
4 6

Composition
olMixture

(em 3
)

"citrate" NaOH

Composition
olMixture

(em 3
)

"borate" NaOH

pH

4.958
4.887
4.830
4.652
4.447
4.158
3.948
3.692
3.529
3.364
2.972
2.274
1.925
1.418
1.173
1.038

pH

9.241
9.168
9.087
9.007
8.908
8.799
8.678
8.506
8.289
8.137
7.939
7.621
6.548
2.371

EMF

0.6238
0.6197
0.6164
0.6061
0.5943
0.5776
0.5655
0.5507
0.5413
0.5318
0.5092
0.4689
0.4488
0.4195
0.4054
0.3976

EMF

0.8709
0.8667
0.8620
0.8574
0.8517
0.8454
0.8384
0.8285
0.8160
0.8072
0.7958
0.7774
0.7155
0.4745

o
0.5
1
2
3
4
4.5
5
5.25
5.5
6
6.67
7
8
9

10

o
0.5
1
1.5
2
2.5
3
3.5
4
4.25
4.5
4.75
5
5.25

3
2
1
o

10
9.5
9
8
7
6
5.5
5
4.75
4.5
4
3.33

10
9.5
9
8.5
8
7.5
7
6.5
6
5.75
5.5
5.25
5
4.75

Composition
olMixture

(em 3
)

"citrate" HC!
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These examples show that use of the interrupted parts of the curve carries a
risk of errors of many millivolts, especially if the standard solutions are not
freshly prepared. But for all ordinary purposes and for colorimetric measure-

But because we are dealing with very small amounts of these impurities, mixtures
of "glYcine" with HCl or NaOH should always give the same value for 'If,

irrespective of the age of the "glycine". Only in mixtures with very small amounts
of HCl or NaOH is the influence of aging of the "glycine" stock solution still
apparent. Thus the mixture "9.9 cm' glycine + 0.1 cm' HCl" made with freshly
prepared "glycine" gave 'If = 0.5922, while after 6 months the same "glycine"
yielded 'If = 0.6036. Similarly the mixture "9.9 cm' glycine + 0.1 cm' NaOH"
gave 'If = 0.7882 when made with freshly prepared "glycine" and 'If = 0.7922 when
made with "glycine" 6 months old.

Even such small amounts of acid or base as this, then, considerably diminish
the uncertainty in 'If measurements, but it is only the mixtures richer in HCl or
NaOH which may be regarded as uninfluenced by the age of the "glycine":
1) "9.75 cm' glycine + 0.25 cm' NaOH"

"glycine" freshly prepared 'If = 0.8130
"glycine" 7 days old 'If = 0.8129
"glycine" 6 months old 'If = 0.8140
"glycine" 6 months old 'If = 0.8166

2) "9.5 cm' glycine + 0.5 cm' NaOH"
"glycine" freshly prepared 'If =0.8325
"glycine" 6 months old 'If = 0.8334
"glycine" 6 months old 'If = 0.8337

3) "9 cm' glycine + 1 cm' NaOH" - the measurements reported above (p. 44)
were actually carried out with "glycine" solutions of ages from 1 day to 6 months,
and the extreme variations in 'If were from 0.8525 to 0.8533.

The curves relating to "glycine" mixtures are therefore given as interrupted
lines where the amount of NaOH added is 0.25 cm' or less, and in the case of
HCl, 0.5 cm' or less. Corresponding parts of other curVeS are represented as
dotted lines on wholly analogous grounds, but for phosphate mixtures the tail of
the curve corresponding to the primary phosphate is given as a full line
througllout its length, because this solution does not appear to be affected
appreciably by age. I 7

[48] Composition ofphosphate mixtures 'If j'alues found for the standard
(em' ) solutions

"primary phosphate" "secondary phosphate" freshly prepared 9 months old

10 0 0.5990 0.5985
0 10 0.8167 0.8087
0.1 9.9 0.8092 0.8035
0.25 9.75 0.8015 0.7970
0.5 9.5 0.7914 0.7895
1.0 9.0 0.7790 0.7778
2.0 8.0 0.7616 0.7613

,I

I I
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Concentration ofacid pH Concentration ofacid pH

0.1 molll 1.038 0.6 mol/I 0.297
0.15 0.869 0.7 0.237
0.2 0.748 0.8 0.187
0.3 0.578 0.9 0.142

[53]0.4 0.460 1.0 0.105)
0.5 0.370

The shape of the curves deserves some comment.24 Note that all the mixtures [49]
with NaOH show an inflexion at composition ordinate 5 and that below this the
curves soon run so close together that only the one for glycine is shown. This is
because the [OH -] is so great that the hydrolysis of these sodium salts is
suppressed and that they behave like non-hydrolysed salts, such as sodium
chloride, the [OH-] being determined almost entirely by the excess sodium

ments, the curves can be relied upon wherever they are drawn with a full line.
Where an accuracy approaching 1 mV is required, the parts of the curves adjacent
to the interrupted portions cannot be recommended, tmless the stock solutions
are fresh. (For pepsin digestion, we must deal with [H +] greater than that in
0.1 molll hydrochloric acid. In this region, we make use of dilutions of standard
hydrochloric acid, the hydrogen ion concentrations being calculated 7,14 from
Kohlrausch's figures for equivalent conductance.

Composition of
Mixture (em 3

) [OW]
[OW]

tr pH (calcula ted
0.05 mol/I 0.1 molll (calculated

from [NaOH]
Na 2 HPO. NaOH from pH)

X 0.841)

(a) 9 1 0.9850 11.218 1.2 X 10-3 8.4 X 10- 3

(b) 6-} 3+ 1.0370 12.119 9.5 X 10-3 28.0 X 10- 3

(c) 6 4 1.0490 12.327 15.4 X 10-3 33.6 X 10- 3

(d) 2 8 1.0820 12.899 57.4 X 10-3 67.3 X 10- 3

hydroxide. To clarify this state of affairs, see Table VII, in which are compared
the experimental pH values of glycine mixtures (p) and the theoretical values (p')
calculated for equivalent mixtures with sodium chloride substituted for "glycine"
and taking the degree of dissociation of sodium hydroxide as 0.841 (see p. 32).
The agreement is generally good, supporting the above view. Hydrolysis is not
completely suppressed, since p is always greater than p' but the difference is very
small except where the excess of sodium hydroxide is slight. 1 1

One might expect to find another, similar inflexion point on the "glycine
HCl" curve, at the point corresponding to "5 cm3 glycine + 5 cm3 HCl". That
such an inflexion is barely perceptible must be because the acidic properties of
glycine are stronger than its basic properties. 2 5 By contrast, the "citrate-HCl"
curve shows a good inflexion at "3.33 cm3 citrate + 6.67 cm3 HCI", corres
ponding to free citric acid and the "borate-HCl" curve shows a point of inflexion
at "5 cm3 borate + 5 cm3 HCI", corresponding to free boric acid.26 In all
"borate-HCl" mixtures containing more than 5 cm3 HCl, the boric acid has no
effect on [H+] which is determined entirely by the excess hydrochloric acid,
allowing for the sodium chloride present. 17

It may be of some interest to know how ordinary salts of other weak acids
behave under analogous conditions, so I will give here examples of measurements
on carbonate and phosphate solutions. 17,27

Anhydrous sodium carbonate was prepared from the hydrated salt
(Kahlbaum) by heat treatment according to G. Lunge; no hydroxide or bicarbonate
could be detected (87, p. 220). An electrometric measurement of a 0.05 molll
solution gave tr = 0.9949, pH = 11.390. If Kw = 10- 1••

,
., [OH-] = 10- 2 •15 ,

corresponding to 3.56% of the concentration of sodium carbonate. The extent of
hydrolysis thus determined agrees with that of Koelichen, measured by the
diacetone alcohol method (49, p. 173), but is a little less than obtained by Shields
(85, p. 175) by the ethyl acetate method. A mixture of 9 cm3 0.05 molll
Na2 C0 3 + 1 cm3 0.1 molll NaOH gave tr = 1.0355, pH = 12.094 - slightly greater
than the corresponding mixture of NaCI and NaOH (Table VII) but showing that
the hydrolysis of Na2 C0 3 has been restricted to little more than 1%.

Shields (85, pp. 181 and 187) states that trisodium phosphate is almost
completely hydrolysed, according to the equation,2'

Na3 PO. + H20 __ Na2 HPO. + NaOH,

which does not agree with our results. In electrometric measurements of four
mixtures we found as follows:

[50]
[51 ]
[52]

c.! Table II, second column (author's note)
c.! Table III, last column (author's note)**

'"

TABLE VIp1 Comparison of mixtures of NaOH with equivalent amounts of
sodium chloride and the glycine salt

Calculated for equivalent
Composition of Equivalent mixture with sodium chloride

glycine mixture to substituted for sodium Experimental
glycinate pH of

glycine
Hydroxyl Hydrogen mixture**

"glycine" NaOH Sodium NaOH [NaOH] ion ion p

(cm 3 ) (cm 3
)

glycinate (cm 3 ) (mol/I) exponent* expo~ent
(cm 3

) q p

0 10 0 10 0.1 1.075 13.065 13.066
1 9 1 8 0.08 1.172 12.968 12.972
2 8 2 6 0.06 1.297 12.843 12.856
3 7 3 4 0.04 1.474 12.668 12.674
4 6 4 2 0.02 1.775 12.365 12.399
4.5 5.5 4.5 1 0.01 2.075 12.065 12.095
4.9 5.1 4.9 0.2 0.002 2.775 11.365 11.565
5 5 5 0 neutral 7.070 7.070 11.305
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By contrast, pure water or 0.1 molll sodium chloride saturated with carbon
dioxide gave substantially lower pH: using methyl orange and citrate standards,
pH =4.08; using glycine standards, pH =4.00.

These results confirm Kuster's results on the titration of solutions containing
alkalies and those containing carbonates (53).)

on the proteolytic enzymes of yeast likewise showed that the amounts
of primary and secondary phosphates profoundly influenced the rate of
proteolysis.

Further, the work of Fernbach (21,22; see also 60,61) has shown
that the dissolution of starch by diastase, in the presence of phosphates,
is favoured by the primary phosphate and slowed by the secondary.
Thus it seemed clear that this was a general effect of the mixture of
these sal ts.

But as it is hardly likely that the primary and secondary salts as such
could accelerate or retard an enzyme reaction, and in order to explain
the effects of the salts, it is at least reasonable to take into account that
the hydrogen and hydroxyl ion concentrations are determined by the
proportion of primaly and secondary phosphates in the mixture. If a
certain amount of an acid or base is added to such a mixture, part of
the secondary salt is converted into the primary, or vice versa, but the
[H +] does not change to as great an extent. Thus a mixture of
phosphates shows a kind of natural defence against too abrupt changes
of [H+] - following the metaphor of Fernbach and Hubert (20,
p. 295), it acts as a buffer.29

Mixtures of carbonates and bicarbonates or of bicarbonates with
excess carbon dioxide (carbonic acid), also act as buffers and frequently
do so in nature. 0.05 mol/l sodium carbonate gives a pH = 11.39 (p. 50)
whereas 0.1 mol/l sodium bicarbonate gives pH = 8.40 and this falls to
6.8 to 6.9 if the solution is saturated with carbon dioxide. It follows
that a solution of sodium carbonate containing carbon dioxide will act
as a buffer in much the same region of [H+] as with mixtures of
phosphates, but somewhat more alkaline.

(Solutions containing a high concentration of carbon dioxide cannot be
measured electrometrically (p. 57), the values quoted here were obtained
colorimetrically. Using borate standards and tropaeolin 000 No.1 as indicator,
two samples of sodium bicarbonate gave pH 8.34 to 8.35, and with phenol
phthalein, 8.39. After saturating with carbon dioxide, using phosphate standards
and indicators as shown, the results were:

If trisodium phosphate were completely hydrolysed, the (OH -I of the above
solutions should be determined by the amount of sodium hydroxide included in
the mixture. All the above solutions contain 0.1 molll sodium so that the [OH-l
should be 0.841 X concentration of sodium hydroxide added, and these figures
are considerably greater than the experimental results (columns 5 and 6 of above
Table).

The extent of hydrolysis can be calculated thus (concentrations in
10 -3 mol/I):

Hence,
[OWl

[OWl
arising

predicted
kas %

[OWl from
from

k as ofmolar
Mixture [OWl arising hydrolysis

complete
%of concentration

experimental from of
Izydrolysis

K of trisodium
excess trisodium

(K)
phosphate

NaOH phosphate
(k)

(a) 1.2 0 1.2 8.4 14 12
(b) 9.5 0 9.5 28.0 34 29
(c) 15.4 8.4 7.0 25.2 28 23
(d) 57.4 58.9 0 8.4 0 0

Thus even where hydrolysis is greatest (mixture b, molar ratio of phosphate to
NaOH = unity) only one third of the phosphate is hydrolysed and this hydrolysis
is suppressed by excess of either of the products of hydrolysis, secondary
phosphate or NaOH. With considerable excess of NaOH, hydrolysis is completely
suppressed.

This is the place to comment on the considerations influencing my
choice of the recommended stock solutions.

Work by Weis, in this laboratOty (96a, p. 21; 96b, p. 216; 96c,
p. 558), published in 1902, showed the important influence of
phosphates on the proteolytic enzymes of malt. In agreement with
Fernbach and Hubert (20), Weis found that the proteolytic power of a
malt extract was increased by addition of acids to the point where all
the secondary phosphate was converted into primary phosphate, but
that it was diminished again on adding more acid. On the other hand,
addition of base inhibited proteolysis progressively, but especially so if
the amount added were in excess of that necessary to convert all the
primary phosphate present into secondary phosphate.

Experiments in our laboratory, in 1902-3, by Petersen and Sollied,

(54J

[55]

Indicator
rosolic acid
neutral red
azolithmine

pH
6.86
6.82 and 6.90
6.85



Time 1T pH [60J

11.08 0.8120 8.22
11.11 0.8218 8.39
11.17 0.8283 8.50

A. e) Special cases of difficulty in electrometric measurements
Even using the experimental arrangement described above and even if it is

checked in advance that the hydrogen electrode is behaving normally in every
respect, there remain cases of difficulty either because the experimental solution
changes spontaneously during the measurement, or because it interferes with the
platinum electrode, or vice versa. Some examples are now given.

A.e.]) Solutions containing carbon dioxide or carbonates
Adequate precision is only attainable in cases where the content of carbon

dioxide is so high that loss of some of it in the stream of hydrogen has little effect
on [H +j, or where the solution is so alkaline that no carbon dioxide is lost at all.
Thus, a solution of 0.05 molll sodium carbonate can be measured electro
metricallY, but not a solution of 0.1 molll sodium bicarbonate (p. 50). For the
latter, colorimetric measurement gave pH = 8.40 (p. 55); electrometric measure
ment proceeded as follows, the stream of hydrogen being started at 11.00 a.m.

There is one enzyme process for which the optimal [H+] lies well
above the range so far considered - pepsin digestion. In this case,
neither phosphates nor carbonates can act as buffers, and in fact the
natural buffers in this process are the substrate protein and its cleavage
products.

Our first choices for buffers were mixtures containing phosphates or
glycine (the simplest and most readily available of protein cleavage [56J

products). The chart of principal curves shows to what extent these
supplement eac~ other; phosphates serving exactly the range where

glycine (and doubtless other protein cleavage products) are totally
useless in that addition of a small anlOunt of acid or base to a neutral
solution would give a large shift in pH. But there remain regions on
either side of the phosphate range where there is a need of additional
standard solutions, especially that around pH 4 which is of particular
importance in enzyme work (see p. 131). We examined several possible
substances, and chose the citrate and borate mixtures, which appear
excellent in every respect. 1

7

It must be mentioned that Friedenthal and Salm in their previously
cited work (p. 15) used phosphate mixtures as standard solutions,
following the suggestion of von Szily. Obviously I do not dispute the
priority of these distinguished workers, but wished only to show the [57]

considerations which guided the choice of stock solutions.
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Time 1T pH

11. 30 0.8341 8.60
[58J 12.30 0.8475 8.84

1.30 0.8543 8.95
2.30 0;8591 9.04
4.30 0.8682 9.19

Any choice of pH value would be arbitrary, whether that at 11 minutes
(corresponding to the colorimetric result) or at 30 minutes (our usual procedure,
allowing for stabilization of 1T readings), and therefore pH determination is
impossible for such a solution by this means. There is evidence of a real change in
pH and not, say, poisoning of the electrode, because a colorimetric determination
on the electrode fluid at the end of the experiment gave pH = 9.13 (glycine
standards, phenolphthalein indicator).

In the investigations, to be described below, on the applicability of various
indicators in colorimetric measurements of solutions such as occur in enzyme
stUdies, we had to consider the above-mentioned source of error. Solutions to be
measured were prepared the day before and hydrogen passed through them all
night so as to expel any carbon dioxide which might be present, and only then did
we carry out comparative electrometric and colorimetric measurements. Thus we
could not take into account any change in [H +J occasioned by the passage of
hydrogen: we assume that the precision of colorimetric measurements is

[59J unaffected by the presence or absence of carbon dioxide, which is at least
reasonable, if not self-evident. (Where the passage of hydrogen so changes [H +]
that the indicator appropriate to the original solution is no longer usable, one
obviously has only to restore the original [H +j by the addition of small amounts
of a suitable buffer or of an acid.)

For enzyme work, it is usually possible to arrange that the solutions are
virtually free of carbon dioxide, so that this source of error in the electrometric
measurements does not exist. But in other kinds of work, especially if dealing
with fluids not of artificial composition, the situation is less favourable. For
example, sea-water cannot be measured by the above electrometric method, even
though its carbon dioxide content is small. But as shown above one can remove
the carbon dioxide, determine the accmacy of the colorimetric method on that
particular sample by comparative electrometric and colorimetric measurements
and then proceed to colorimetric measurements on the original material,
correcting the result as required.

Such a procedure cannot be used to measure [H +] in many "physiological"
fluids which contain carbon dioxide - blood, obviously, but also plasma and
serum because we have not yet found indicators which give correct results in the
presence of large amounts of proteins. Here we are obliged to make use of a
somewhat modified electrometric method (see, for example, 7,18,24,76-7,
89,90,92). The electrode vessel is fIrst filled with test solution, then
hermetically sealed and hydrogen admitted until the fluid level falls to a chosen
point such that part of the electrode is exposed to the gas. 3

0 This ensures that no
appreciable amount of carbon dioxide is lost, but the EMF does not reach
constancy for 6 to 8 hours, or even more. (According to Foa (23, p. 383) this
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delay does not occur with electrodes of platinized or, better, palladized gold.)

A.e.2) When measuring where the [H+] is not stable, obviously one cannot
directly measure the initial [H +], that is the [H +] at the instant of preparing the
solution: it is only after placing the solution in the electrode vessel and passing
hydrogen for about half an hour that one can depend on the results of the
measurements. Thereafter, changes in [H +] can be followed. One may extrapolate
graphically to the initial [H +], or, if this is possible, determine it colorimetrically.
Where one really needs to know [H +] at the instant when the solution is
prepared, the colorimetric method offers many advantages, but here again the
most secure results are those obtained by a combination of the two methods.

By way of example, I will describe measurements on the considerable change
in [H +] which occurs at ordinary temperatures in an appropriate alkaline mixture
of Witte's peptone31 and pancreatin, a phenomenon mentioned in an earlier
paper (88a, p. 50; 88b, p. 53; 88e, p. 97). Our results are given graphically in
Figure I, where the ordinate is time in minutes and the abscissa is pH values
determined at these various times. Electrometric measurements by Mr. S.
Palitzsch are shown as points and colorimetric measurements by points
surrounded by a circle. The latter were done with borate standards and
phenolphthalein indicator.
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The figure shows that the continuous change in EMF is not due to a faulty
electrode nor to inherent unreliability of the method (c.f pp. 26 and 28), but to a
true change in [H +j, because the colorimetric method, based on an entirely
different principle, shows a closely comparable continuous change. It likewise
appears from the figure that the pH at the instant of mixing the solution was
certainly much greater than the maximum figure found electrometrically (9.04),

[61]

[62]

[63]

[64]

and it is easily seen that extrapolation of the electrometric points would give an
initial pH very close to the colorimetric figure (9.3 to 9.4).

Without going beyond the scope of this paper, one may note that the change
in pH is approximately linear, suggesting that the fall in [OH -] essentially obeys
the monomolecular law (12). Finally it should be said that the agreement
between electrometric and colorimetric resul ts is unusually good here.

A. e.3) Influence of toluene or chloroform
In enzyme work it is customary to saturate solutions with these or similar

antiseptics to inhibit the growth of bacteria, and at the outset we saturated with
toluene all our stock solutions. However, difficulties occurred even with
freshly-platinized electrodes; notably it took a long time to reach constant EMF
readings. Investigation revealed that freshly-platinized electrodes were adversely
influenced by toluene or chloroform, and, it appears, more strongly in acid than
in alkaline solutions. The electrodes gradually lost this sensitivity, becoming
"immunized", as it were, with repeated use in solutions saturated with these
antiseptics, and would then give correct results, or nearly so, especially if care was
taken to have only a little toluene in the stock solutions employed, so that it
could be removed rapidly by passing hydrogen.

Some uncertainty remained, however, and as we found that even a good
growth of mould in the stock solutions had no effect on the [H +] of mixtures
corresponding to those parts of the principal curves which are represented by full
lines (see p. 48), we have for the past few years worked exclusively with stock
solutions free of toluene. All measurements used in constructing the chart of
principal curves were done with stock solutions free of toluene.

I have called attention to this strange phenomenon, whose mechanism remains
obscure, because it is apparently not known and could obviously cause serious
disturbance of results, especially in the modified procedure described above (see
p. 59) in which one passes a minimal quantity of hydrogen, so that the whole of
the toluene or chloroform remains in the solution.

Some examples follow, to clarify the point. The measurements were carried
out with our usual apparatus modified only in that we introduced in the hydrogen
supply system, immediately before the electrode vessel, a small wash-bottle
containing chloroform or toluene, connected with a system of T-pieces, and
rubber tubes which could be shut off with clips. The whole system, including the

wash-bottle, could be filled with hydrogen before starting an experiment, and
during the course of the experiment the hydrogen stream could be charged, at
will, with toluene or chloroform.

In an experiment using the mixture "5 cm3 glycine + 5 cm3 Hel", a freshly
platinized electrode and pure hydrogen, the 1T value was almost constant at
0.4489 for l'l2 hours. Upon switching to toluene-saturated hydrogen, the 1T

reading began to fall, by 3 or 4 mV within 4 min, then more slowly to reach a
minimum of 0.4202 after 36 min. The reading thereafter rose again slowly, but
reaching only 0.4306 after 2 hours; upon restoring the stream of pure hydrogen
the reading rose over the course of 2 more hours to 0.4467, close to tlle original
value. The electrode was steeped in pure water overnight and then tested in the
same manner with a fresh portion of the same glycine mixture. Three days'
readings are summarized in the Table, 1 7
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B. COLORIMETRIC MEASUREMENTS33

B. a) Procedure
A few examples will clarify the simple principle mentioned above

(p. 15).
Beginning with a solution whose [H+] is completely unknown, one

must first select a suitable indicator and pH standards: the simplest way
to begin is to test with litmus paper. If the reaction is alkaline, one tests
a few drops of the solution with phenolphthalein, if acid, with methyl
orange (for example) and in this way selects which other indicator to
use to finally determine the [H +] . Suppose, for example, the solution is

which may be expected. 375 cm' of a 4% solution of egg-white was mixed with
50 cm' of 1 mol/l sodium hydroxide, and allowed to stand for 5 days at 3r.
Then 70 cm' of 1 mol/l hydrochloric acid was mixed with this, and 255 cm'
water, and a stream of hydrogen was passed through the solution overnight: this did
not completely dissipate the smell of hydrogen sulphide. The resulting solution
was filtered and measured by both colorimetric and electrometric methods. With
glycine standards and methyl violet, mauveine or gentian violet as indicators
(some of the few indicators which can be used with native or only slightly
degraded protein~, see p. 94), the pH was 2.58. On passing a stream of hydrogen,
the electrometric pH results were: Vz h, 1. 80; 6 h, 1. 25; 25 h, about 0.7. Through
the remainder of the solution was passed, for 3 days, a stream of carbon
diOXide-free air, which completely dissipated the smell of hydrogen sulphide.
Colorimetric measurement gave a result close to that quoted above, whereas
electrometric measurement gave, after passing hydrogen for half an hour, pH =
2.29, a figure which diminished progressively, however, until after 3 h it reached
2.06 - at which time the electrode solution again smelled of hydrogen
sulphide. I ?

Finally, the experiment was tried of passing hydrogen through the remaining
aerated and hydrogen sulphide-free solution of egg-white, and thence through a
solution of lead acetate. But this showed no signs of blackeningd overnight,
whereas if similarly treated with one of the usual platinized electrodes immersed
in the solu tion, the lead acetate was definitely blackened.

Thus the electrometric method is not always reliable when applied to solutions
such as must be used in enzyme studies. Account must be taken of these
interferences if one intends to use the method, and since interference has
generally taken the form of a changing EMF, one may not rely on an
electrometric pH determination unless it is based on measurements repeated at
appropriate intervals. In our measurements on such solutions, we have accepted
measurements as valid when the EMF became constant within about one hour and
thereafter varied by no more than 1 or 2 mV over 2 to 3 hours. But even when an
electrometric measurement is beyond reproach, I do not believe one can depend
on an accuracy better than ± 3 mY, conesponding to an enor of ± 0.05 in pH.

d Due to formation of PbS (Ed.).

Smrensen

[68]

[66]

Smrensen

This experiment, and many others of which details are not given, show clearly
that the sensitivity of the electrode to toluene diminishes during the course of one
measurement and also from day to day, becoming eventually almost insensitive.
Astonishingly, in an alkaline mixture such as "6 cm' glycine + 4 cm' NaOH" the
effect is not found at all.

Chloroform, by contrast, acts in both acid and alkaline solutions. although not
equally on all electrodes. An example is given of particularly strong interference,
the buffer mixture being changed after the first day and night. I ?

A. e.4) If the solution to be examined is susceptible to the effects of hydrogen
in contact with platinum black, the electrometric method becomes uncertain or
wholly useless, and the situation is even more complex if hydrogenation of the
solution produces substances having a detrimental effect on the electrode.

We have usually had little difficulty in obtaining constant EMF readings with
solutions of various proteins at various [H +] (see p. 67). However with
egg-white' z (of hens' eggs) pretreated with sodium hydroxide and then made
slightly acid with hydrochloric acid there was an initial strong effect on the
electrode (the solution smelling slightly of hydrogen sulphide), and even after
stripping the solution by means of a current of air or of hydrogen there was
continued formation of small amounts of hydrogen sulphide (under the combined
effect of hydrogen and the platinized electrode, but not in the absence of the
latter), and a continued interference with the electrode. (There seems to be a
correlation between the formation of hydrogen sulphide and the effect on the
electrode, but we were not able to reproduce this effect by introducing hydrogen
sulphide to an' appropriate acid electrode solution ("8 cm' glycine + 2 cm'
HCI").)

Serious interference of this kind may be unusual, but the possibility cannot be
neglected. An example is given to show the kind of magnitude of interferences

First day
Second day Third day

(e.f above)

7T interval 7T interval 7T interval

initial 0.4489 0.4491 0.4491
minimum 0.4202 (36 min) 0.4411 (24 min) 0.4451 (20 min)

toluene/Hz continued 0.4306 (2 h) 0.4435 (lYz h) 0.4487 (3 h)
pure hydrogen 0.4467 (2 h) 0.4491 (lVz h) increased by

approx Vz mV

Mixture:
"6 em' glycine + 4 em' "5 em' glycine +5 em'

NaOH" Hel"

7T interval 7T interval

initial 0.9219 0.4495 [65] [67]

chloroform-saturated Hz 0.9016 (3 h) 0.3582 (Iv" h)
0.3826 (2 h)

pure hydrogen 0.9121 (1 h) 0.4423 (1 h)

no change (18 h) no change (20 h)
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There is no difficulty, then, in arranging the standards in order of
[H+] by comparing their depth of colour (though with other indicators
it may be a question of shade rather than depth of colour) and then
placing the test solution in its due place in the sequence.

In the present example, if the test solution lies between "3 sec." and
"4 sec.", the initial dose of indicator is appropriate; but if the [H+] is
greater, corresponding perhaps to "1 sec." or "0.5 sec.", the initial dose
of 3 drops gives too weak a colour and one should add 3,6 or 12 drops
more of the indicator, as the case may require, before comparing them
again. Suppose that the solution now appears to fall between "1 sec."
and "2 sec.", then one estimates where it lies in this interval. If it is

[70] judged as "1.7 sec.", then its pH, from the Chart of Principal Curves, is
6.16.

Greater precision may be attained by intercalating extra standards,
in the above example the mixture "1.5 sec." might 'be introduced as a
last step (since the colour of this particular indicator does not change
with time, c.f p. 79), having once ascertained that this, and not
"2.5 sec.", was the correct choice. The range of standards available
should be such that the test solution can be placed within the series in
its proper position or one to right or left without being at the end of
the row. This requires a minimum of four standards, two either side of
the unknown. Experience quickly shows that nothing improves the
reliability of the method so much as changing the position of the test
solution among the standards in this way.

Using a single set of standards, one can obviously measure many
different solutions, provided they are all within the range of the
indicator. Thus in enzyme work one studies the influence of various
factors on activity, and it cannot be assumed in advance that there will
be no effect on [H +] . Varying quantity of enzyme, substrate or foreign
substance generally produces only slight changes so that the whole
series of solutions can be tested with the one set of standards and the

[71] colorimetric method is then very advantageous. Where [H+] itself is the
varied factor the method is more complicated because one must then
use several indicators and a series of standards for each. Even where it is
intended to make final measurements by the more precise electrometric
method, the colorimetric method is useful for preliminary experiments,
allowing one to determine the amounts of acid, base or buffer to be
used to obtain the desired [H+].

The practical example now given is from work begun by Mr. R. Koefoed, in
this laboratory, on the cleavage of sucrose by invertin.
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acid to litmus but alkaline to methyl orange, and that with p_
nitrophenol, whose transition point is intermediate between these two
it gives a yellow, but not intensely yellow colour. Probably the [H+] i~
such that p-nitrophenol can be used to measure it.

The next step is to dispense into test-tubes (of colourless glass, and
as near identical as possible) the folloWing phosphate mixtures which
cover the range of the transition of p-nitrophenol:

prim.; 0.25 sec.; 0.5 sec.; 1 sec.; 2 sec.; 3 sec.; 4 sec.; 5 sec. (By
"0.25 sec." is meant "0.25 cm3 secondary phosphate and 9.75 cm j

primaIy phosphate", and analogous abbreviations are used for all
standards mixtures throughout this paper. By "prim." is meant stock
ptimary phosphate solution (alone), and so forth.) On adding even a
substantial amount of indicator, the solution "prim." (pH 4.53)
remains virtually colourless, whereas "5 sec." (pH 6.81) gives a green
ish-yellow colour with a few drops of indicator and a deep greenish
yellow on adding more. The other mixtures are readily arranged in
order of [H +]. 10 cm 3 of the test solution is measured out into another
test-tube, and to this is added the appropriate amount of the indicator
concerned - in this case 3 drops of the p-nitrophenol solution
described below (see p. 107). Then, after mixing well but carefully,r 0

the colours of the solutions are compared with each other.
To do this it is best to use a test-tube rack the base of which is [69]

inclined at 35-40° to the horizontal and is covered with white paper,
and which, further, is so constructed (see Figure 2)34 that by rotating
the rack about its long axis one can view all the above-mentioned
test-tubes, free and unobstructed, against the white paper as back
ground.



Nine mixtures were examined, containing invertin, sucrose and very dilute
sulphuric acid, the quantity of this increasing from no. 1 to no. 9.
(a) Standards: 4-5-6-7-8-9 "sec." Using 10 drops of Neutral Red indicator
(see p. 107), no. 1 was fOlmd equal to "5 sec." (pH 6.81) and no. 2 was more acid
than "4 sec."
(b) Standards: 0.25-0.5-1-2-3-4 "sec." With 6 drops p-nitrophenol (see
p. 107), no. 2 was midway between 2 and 3 "sec."; with 12 drops of the
indicator, no. 3 was between 0.5 and 1 "sec.", very close to the latter, while no. 4
was more acid than "0.25 sec."

no. 2: pH = 6.37 (2.5 sec.); no. 3: pH = 5.86 (0.9 sec.)
(c) Standards: 6-7-8-9 "citrate + NaOH"

10 "citrate"
6-7-8-9 "citrate + HCl"

With 10 drops of a-naphthylamino azo-p-benzene sulphonic acid indicator (IV C,
p.96 and see p. 102), no. 4 was between 8 and 9 "citrate + NaOH", rather closer
to the latter, no. 5 was between 7 and 8 "citrate + HCl", very close to the latter,
while no. 6 was more acid than "7 citrate + HCl".

no. 4: pH = 5.19 (8.6 citrate + NaOH)
no. 5: pH =4.62 (7.8 citrate + HC!)

(d) Standards: 5.5-6.0-6.5-7.0 "citrate + HCl"
8.5-9.0-9.25-9.5-9.75 "glycine + HCl"

With 4 drops of methyl orange (see p. 99), no. 6 was between 5.5 and 6.0 "citrate
+ HCl", very close to the former, no. 7 was about midway between 9.25 and 9.5
"glycine + HCI" and no. 8 was (less definitely) between 8.5 and 9.0 "glycine +
HCl" - certainly more acid than the latter.

no. 6: pH = 4.00 (5.6 citrate + HC!)
no. 7: pH = 3.61 (9.4 glycine + HC!)

(e) Standards: 7.0-7.5-8.0-8.5-9.0-9.5 "glycine + HCl"
With 4 drops of m-chlorodiethylaniline-azo-p-benzene sulphonic acid (see p. 99),
no. 8 was midway between 8.5 and 9.0 "glycine + HCI" and no. 9 between 7.5
and 8.0 "glycine + HCI", very close to the latter.

no. 8: pH =3.22 (8.75 glycine + HCl)
no. 9: pH = 2.89 (7.9 glycine + HCl)

(a) Bismarck Brown 0.2 gil in water
(b) Helianthin II 0.1 gin 800 cm3 93% alcohol + 200 cm3 water
(c) Tropaeolin 0 0.2 gil in water
(d) Tropaeolin 00 0.2 gil in water
(e) Curcumein3

S 0.2 g in 600 cm3 93% alcohol + 400 cm3 water
(f) Methyl violet 0.02 gil in water
(g) Cotton Blue3

5 0.1 gil of water

Turbidity in the test solution should likewise be matched in the standards.
This can usually be done without any change in [H+] by adding a few drops of
freshly precipitated barium sulphate (made by mixing 2 cm3 0.05 molll barium
chloride" and 2 cm3 0.05 molll potassium sulphate"), shown in what follows
as, for example, "2 drops of BaS04 ".'0

If more than 2 or 3 drops of dye solution or barium sulphate suspension is
required. the volume of the test solution should be adiusted appropriately by
adding the same volume of water, or of a dilute solution of a neutral salt (we have
used 0.005 molll potassium sulphate). Obviously, the colorimetric measurement is
less clearcut and less reliable the more turbid and more strongly coloured are the
solutions concerned. Further, it is scarcely likely that the'change in [H +] on
adding a few drops of water to a test solution will be the same as that on adding
dye solutions or barium sulphate suspension to the standards. This potential
source of error is why it is recommended unconditionally that as far as possible
the experimental design should be such as to allow work only with clear and
colourless solutions. Such errors as this can obviously be limited by appropriate
choice of indicator. Thus, for example, it is easier to work in yellow solutions
with phenolphthalein (colourless-red) than with p-nitrophenol (colourless
greenish yellow), but still no sound opinion can be given in advance on what the
magnitude of the error actually is. There is scarcely any other possible means of
ascertaining this than our regular procedure, which is to carry out simultaneous
electrometric and colorimetric measurements. The comparative tables given below
(pp. 92-117)37 show that this source of error is less serious than one might have
supposed at first, provided that one is dealing only with weakly coloured
solutions.
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[72]

[74]

[75]
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B. b) Sources of Error
Choice of indicator has a significant effect on the extent of errors, so we first

consider the factors to be taken into account in this choice. 1 7

B. b.i) Colour of test solution
If the test solution is not colourless, the standards must be tinted to match it,

and to mask small differences in background colour it is advisable to use rather [73]
large amounts of the indicator. Dilute solutions of dyes are satisfactory, provided
their colour is the same over the [H +] range of the standards: thus indicators may
be used for the purpose, but only at [H +j well removed from their transition
points. We have used the following, each of which shows no change of colour over
an extensive range of [H+] (8Sa, p. 15; 88b, p. 17; 88c, p. 61). In what follows, if
a certain number of drops is mentioned of one of these dyes, the solution used is
as listed here.

B. b. 2) Effect of neutral salts
The effect on the sucrose inversion, methyl acetate hydrolysis and diacetone

alcohol methods was mentioned earlier (see p. 13), but we must also take account
of the effect of neutral salts (still unexplained theoretically) on indicators because
they may influence various different indicators to different extents and perhaps in
different ways (64, 91). To give an idea of the magnitude of the effect, I give here
some of our relevant measurements chiefly involving the addition of sodium or
potassium chlorides. These examples, and others given in the Tables37 will s~ow
that pr0';ieted the salt concentration is no more than 0.3 to 0.5 mol11 ~2 to ~ times
the salt concentration in blood), and with most indicators, the effect IS notIceable
but not such as to invalidate measurements. Only with methyl violet and the
analogous indicators, mauveine, gentian violet and methyl green, is the effect so
large that one must always keep it in view. Obviously, however, in all accurate
measurements and if the salt concentration varies considerably in various
solutions tested, the colorimetric method should be avoided, or the neutral salt



*Giving a violet-coloured solution. Methyl violet behaves similarly in more
strongly acid solutions. In 1 molll hydrochloric acid it gives a greenish-yellow
colour, which fades progressively and is rapidly extracted into chloroform,
colouring the solution violet.
**By "normal" is meant, giving the expected result.

B. b. 3) Influence of toluene or chloroform

The use of these antiseptics in enzyme work was mentioned earlier. It is
necessary to know whether the indicator employed is influenced by them or not:
some examples are set out in the Table below. 17

A large volume of the glycine mixture "7 cm3 glycine + 3 cm 3 HCI" was
p~epared and divided into 3 parts - A, untreated, B and C saturated by shaking
With toluene and chloroform respectively (and then the excess fIltered off).

Observation
Indicator

A B C
B with excess C with excess

toluene chloroform

indicator ex-
Methyl violet normal** normal normal no effect tracted into

chloroform*

[77]
Benzylanilino "7.8 cm3 "8.3 cm3

azo benzene normal glycine glycine indicator indicator

(lIB, p. 96) + HCI" + HCI"
extracted extracted

Benzylanilino
azo p-benzene

normalsulphonic acid normal normal normal normal

(IB)
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[76]
Buffer (pH

(correspond- Method or indicator IT pH corresponding to
ing to) standard mixture)

"6.5 sec." Electrometric 0.7222 6.66 ("4 sec.")
p-Nitrophenol 6.80
Rosolic acid 6.72
Neutral red 6.57

"6 cm3 borate Electrometric 0.8006 8.02 ("5.6 cm3

+ 4 cm3 HCI" Tropaeolin 000 No.1 8.14 borate + HCI")
Phenolphthalein 8.14

S(/)rensen

(pH
corresponding to
standard mixture)

pH

5.81
5.91

5.55

0.6636 5.65 ("0.56 sec.")Electrometric
a-Naphthylamino azo-p
benzene sulphonic acid

(lVC, p. 96)
p-Nitrophenol
Alizarin sulphonic acid

Method or indicator

"1.5 sec."

Buffer
(correspond
ing to)

The Table shows clearly that calculated and electrometric results and results
with the last 4 indicators agree well, but that the flIst 4 only give correct results
in solution B, which has the same chloride concentration as the "glycine-HCI"
standard mixtures used. (In more concentrated salt solutions the effect is more
pronounced and even the last 4 indicators no longer agree well with electrometric
results. But the matter is more complicated, since calculated figures no longer
agree with electrometric measurements. Thus 0.01 molll hydrochloric acid with
potassium chloride added to a total chloride concentration of 1 molll gives IT =
0.4526 (pH = 1.99) compared with the calculated value of 2.10, and wit11 a total
chloride concentration of 3 mo1/1 the disagreement is even more striking: IT =

0.4382 (pH = 1.74) compared with a calculated pH of 2.25.)
Finally, the Table below' 7 shows a few results from other regions of [H +], in

solutions containing 0.5 mol/1 sodium chloride.

Total chloride A B C Method of measurement
(mol/!) 0.01 0.1 0.3

pH 2.02 2.04 2.06 Calculated (ref. 6, p. 204) (c.f p. 23)

2.01 2.01 2.05 Electrometric
2.22 2.04 1.91 Methyl violet
2.22 2.04 1.91 Mauveine
2.22 2.05 1.89 Gentian violet
2.28 2.05 1.82 Methyl green
2.00 2.04 2.02 Tropaeolin 00
1.99 2.04 2.04 Methanil yellow ex tra

2.04 2.04 2.04 Diphenylamino azo benzene

2.04 2.02 2.02 Benzylanilino azo benzene (lIB, p. 96) [78]
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effect determined by colorimetric and electrometric experiments with the
indicator and the salt in question.

Three solutions were examined, all containing 0.01 molll hydrochloric acid,
and in Band C sufticient potassium chloride to bring the total chloride
concentrations to the values shown.



With methyl violet, mauveine and similar indicators, toluene does not affect
the colorimetric method, though chloroform may do. The azo group all behave in
the manner shown here with respect to toluene and chloroform - while the acid
members of the group are not affected, the basic indicators are useless in solutions [79]

saturated with the antiseptics. 17

Similar experiments will now be reported from another region of [H +] and

with other indicators.
(a) With the buffer "citrate" alone, o:-naphthylamino azo p-benzene sulphonic
acid (IV C, p. 96) was unaffected by chloroform or toluene whereas 0:

naphthylamino azo benzene 01 C, p. 96) showed a slight alkaline deviation and
was completely extracted into excess chloroform or toluene.
(b) Using the buffer mixture "1 cm' sec. phosphate + 9 cm' prim. phosphate",
neither p-nitrophenol nor alizarin sulphonic acid were affected.
(c) Using "6 cm' sec. phosphate + 4 cm' prim. phosphate", neither azolithmine
nor rosolic acid was affected at all. Neutral red gave the expected colour in
saturated solutions but was extracted to a large extent by a slight excess of

toluene or chloroform.
(d) With "6.5 cm3 borate + 3.5 em' HCI", neither Tropaeolin 000 No.1 nor

phenolphthalein were affected.

B. b. 4) Changes in the intensity 01' shade of indicator colour
The procedure (see p. 70) of intercalating additional standards in a series

obviously depends on there being no change of indicator colour over the period of

a measurement. This is not always so.
On adding a few drops of methyl violet to 0.1 mol/l hydrochloric acid, the [80]

solution is coloured green with a hint of blue, but fading is obvious within
a quarter of an hour and the solution is almost colourless by the end of one hour.
Fading is more rapid in more strongly acid solutions. With this and the related
indicators one must 1V0rk fairlY quicklY, and must also take care to add the
indicator as nearly simultaneously as possible to all the solutions. The change of
colour occurs because the molecular modification responsible for the colour
transition in these indicators is not instantaneous but occurs at a rate dependent
essentially on [H +].3' (The change of colour cannot be due to destruction of the
indicator since if one neutralizes such a decolorized solution of methyl violet in
hydrochloric acid - say by adding slightly less than an equivalent amount of
sodium hydroxide, followed by a little glycine - the solution gradually becomes
violet again.) Thus accurate pH measurements can be made not only immediately
after adding the indica tor but also after a lapse of time, because the fading
proceeds in relation to the [H+] so that the order of a series of standards and
unknowns remains the same, provided the original addition of indicator was
simultaneous. Thus the fading of indicator colour is not as serious as under other

conditions.
The case is quite different with Gallein, Azo acid blue and Chrysamine G. Here

the colour change is dependent on many other factors besides [H +]; such [81]

indicators are useless for the present purpose.
Water-insoluble indicators are prepared as solutions in alcohol/water mixtures,

which immediately gives rise to a possible source of errors in that it is unlikely
that the [H +] of test and standard solutions would be similarly affected by
adding alcohol. But since only a few drops of indicator are used this is not of

*i.e. Outside the range of the indicator and not susceptible to accurate
determination. A similar designation is frequently employed below.

/

203

3.80

;:. 5.60*

Congo Red

3.61

3.68

Methyl orange
(IF, p. 96)

3.74

3.57

pH determined by means of

Dimethylanilino
azo benzene
(IIF, p. 96)

3.60

3.70

Electrometric
Method

Composition
ofMix{Ul'e

(b) 2% gelatin,
slightly
acidified with
HCl

(a) Sucrose +
invertin with
"8 cm' glycine
+ 2 cm3 HCl"
as buffer

importance; far more serious is gradual precipitation of the indicator. 1 7 Acidic
indicators of the azo group (e.g. Tropaeolin 00) are water-soluble and give colours
which do not change from one day to the next. But the basic indicators of this
group (e.g. diphenylamino azo benzene) must be prepared as alcoholic solutions
and give colours which fade on standing (because of precipitation). The more
"complex" is the indicator molecule, the less soluble it is in water and the worse
is this source of errors.

Phenolphthalein is used as an alcoholic solution, but its water solubility is such
that pr~cipitation does not occur in these circumstances. But the analogous, and
otherWIse excellent, thymolphthalein does give trouble and in consequence one
must work with it as quickly as possible.

B. b. 5) Effect ofproteins and their cleavage products
Much more serious than the disadvantages already mentioned, is that proteins

and the products of partial degradation may make the colorimetric method
difficult or impossible. Probably this is because proteins and the more complex
indicators are colloidal39 and because proteins are amphoteric, enabling them to
bind both acid and basic dyes. Such protein-dye compounds frequently
precipitate, but even if the compound remains dissolved - Pl.9.bably in ·the
colloidal state - it may possess its own characteristic colou{} so'that colorimetric
measurements are unreliable or of no value.

The effect is of very unequal impact for different indicators. Metllyl violet and
its analogues are almost unaffected, even by proteins, while many of the azo
group are almost unusable in the presence even of small amounts of proteins of
pronounced colloidal character. It is interesting that the simplest of these
indicators are least affec:ted and may often be used with partially degraded
proteins (by peptic digestion or otherwise), giving perfectly reliable results,
whereas more "complex" members of the group, such as Congo Red, are
completely useless. A few examples will serve to emphasize this serious state of
affairs better than any words. 17

S(/}rensen
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Composition -.:.p_H_d_et_e_n_n_il_1e_d_b-.:y_m_e_a_n_s_o_f __-;;:== _
of Benzene-

Anilino 'i'Mix ture Anilino- Benzyi am lila-
aza-p- 'i' za-pazo am mo- a - CongoEl t · M thyl benzene bec 10- e Mauveine benzene azo enzene Red

metric violet (IIC, sui-. benzene sul-
96) phol1lc (lIB) phonic

p. (1C) (IB)

On addition of Congo Red, the solution took up an orange c~lour

corresponding to the extreme alkaline end of its range. The results show flIstly
that the pH of solution (b) was within the proper range o.f ~ongo R:d (pH 3-5)
and secondly that this indicator gave a wrong result. AddItIOn of aCId ~o ~uch a
solution will indeed produce a colour within the transition range of the mdlcator,
but only when the true [H +) is far higher than that range, as another set of [84]
experiments will demonstrate. .

(Here is the place to emphasize that Congo Red should not .be used m
titrating, for example, stomach contents. As stated earlier (p. 9), a titratIon .can
only show how much acid a solution contains over and ab.ove tl~e ~ount requlIed
to give a certain indicator colour: the results must be mlsleadmg I: to ch~lge ~e

colour of the indicator requires a hydrogen ion concentration whIch varl~s wIth
the protein content of the solution. Pure gastric juice, perhaps, can be tItrated
with Congo Red, with only slight error, but in the case of stom~ch. contents
withdrawn during digestion, the error will be worse the more protem IS present
and the less digested is the sample.)

*Egg-white is assumed to contain 12% protein.

5.75

5.39

*

*

*

5.75

Lacmoid p-Nitro
phenoi

5.85

5.75

5.61

~ 5.974.97

5.66

4.96

5.07

pH determined by means of

4.96

4.99

;> 5.31

a.Naphthyi a-Naphthyl
amino azo Alizarin
p-benzene suiphonic
suiphonic acid

(lVC, p. 96)

amino azo
benzene

(YC, p. 96)

4.92

4.98

5.69

5.34

Eiectro
metric

The Table below concerns a different region of [H+] .

Composition
of

Mixture

(f) Sucrose +
invertin +
"6 cm'
citrate +
4 cm' NaOH

(g) 2% gelatin
+HCl

(h) 2% Witte's
peptone + HCI

(i) 2% egg
white + HCI

Thus, again, Congo Red is shown to be quite useless in such SOlutions, and the
other indicators of the azo group are likewise useless in the presence of actual
proteins though they can be used if the protein is strongly degraded. The error is
less for the basic than for the acidic indica tors of this group and less for the
anilino than for the corresponding benzylanilino derivatives. Of the indicators
used, only methyl violet and mauveine gave good results in every case.

*Not measurable because the solution took up a peculiar shade of colour such
that it could not be arranged among the series of standards.

Thus, agreeing with the above results, indicators of the azo group
may be used with solutions of gelatin and Witte-peptone, but not with
actual proteins. Neither lacmoid nor alizarin sulphonic acid may be
used with such solutions, though alizarin sulphonic acid and Congo Red
are among the indicators particularly recommended by Salm (81 a) (c.f
p. 16). Finally, the results above with mixture (i) suggest that
p-nitrophenol can be used with true proteins, as is further shown by the
follOWing series of experiments:

(85)

(86)

3.99

3.50

;> 5.30

2.692.53

2.57 2.83

;> 3.34 ;> 3.683.07

2.682.61

2.65 2.61

2.802.50

2.52

2.582.56 2.61

(e) approx.
2% egg-
white* 2.49 2.53
acidified
with HCI

(d) approx.
2% Witte's
peptone
acidified 2.59 2.55
with
sulphuric
acid

(c) As (b)
but more
acid



in 125 cm3 0.01 molll hydrochloric acid).
B. The same, but with unboiled pepsin.

For both, the electrometric pH values were 0.71-0.74, whether
determined immediately or after incubation for 24 hours, so that [H+J
was unaffected by peptic digestion.

Determinations of pH with methyl violet (which gives correct results
with true proteins and almost correct results in the presence of
acidalbumins) gave:

on mixing A = 0.75 B = 0.75
after keeping overnight at 37° A = 0.82 B =0.75

Whereas, with tropaeolin 00 (at room temperature):

206

Composition ofMixture

Sucrose, invertin & citrate buffer

2% gelatin + phosphates

2% Witte's peptone + NaOH

Solution of egg-White partially
digested by pepsin

2% egg-white + Hel

SiJJrensen

pH determined by means of

Electrometric p-Nitroplzenol

5.69 5.75

5.65 5.68
6.22 6.19
6.87 6.88

6.64 6.65

6.06 6.10

5.34 5.39
6.26 6.27

SiJJrensen

On mixing Time (min) Time (hours)

207

B. c) The Indicators Investigated
For clarity, they are divided into 5 groups on the basis firstly of their

transition points and secondly their chemical structures.
1) Methyl violet group (pH 0.1-3.2)
2) Azo group (pH 1. 2-5. 7)
3) "Phosphate mixtures group" (pH 4.4-8.9)
4) Phthalein group (pH 8.3-10.5)
5) Alkaline transition group (pH 10.1-12.7).

Taking account of all the errors liable to affect the colorimetric
method, we can see how important it is to choose the indicator with
care and to establish the utility of a particular indicator for a particular
type of solution by comparative electrometric and colorimetric
measurements. Even with the former, as shown above (p. 67), we can
not expect an accuracy better than ± 0.05 pH in protein solutions and
the like. The colorimetric method is inherently less precise, and its
accuracy can only be determined by reference to the electrometric
~ethod. Thus we consider an indicator perfectly acceptable if the
dlscrepa.nc~ between the two methods is less than ± 0.1 pH, acceptable
for pre1Jmmary measurements if it is greater than ± 0.1 but less than
± 0.2, and to be rejected if the discrepancy is appreciably more than
± 0.2.

The following demonstration is simple, and also instructive from
several points of view: if we mix 40 cm 3 of 0.5% egg-white with
10 cm3 1 mol/l hydrochloric acid and then immediately add Tropaeolin
00, the solution is red, but changes to a definite yellow colour over
about 1 hour. The cause is neither a change of [H+] nor a combination
of native egg-white protein with the dye, but the formation of
"acidalbumin",e which binds the dye more avidly than the undenatured
protein. This may be shown by adding Tropaeolin 00 to the previously
acidified solution of egg-white, when the solution becomes yellow
instantaneously. Curiously enough, in this simple way one can follow
the formation of acidalbumin stage by stage.

If one adds to the above mixture, immediately after making it, some
boiled pepsin solution, the course of events is as described; but if the
pepsin is proteolytically active the formation of acidalbumin proceeds
as above, but at the same time there is degradation of this substance
into simpler compounds which do not bind the dye. Consequently, the [87]

development of yellow colour proceeds more slowly, finally stops and
then reverses, the solution gradually becoming red again when peptic
digestion gains the upper hand. The changes can be seen at room
temperature but are quicker at 37°.

To show the extent of changes in apparent [H+] , we give here some
more detailed measurements. Two solutions were prepared:
A. 35 cm3 4% egg-white + 231 cm 3 water + 70 cm 3 1 molll hydro
chloric acid + 14 cm3 boiled pepsin solution (l g of pepsin (Langebek)

e i.e. acid-denatured albumin (Ed.).

[88J

A. 1.72

B. 1.71

2 6 10 14 19 0.5 1.5 2.5 24

1. 79 1.93 - 2.11 - 2.52 2.61 clear yellow
(yellow)

1.791.88 - 1.97 2.07 2.22 2.28 2.42 1.88
(yellow)

48

1.46
(strong red)
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The range of each group overlaps the next, so that thes.e five groups cover
f HOI to pH 12.7. More alkaline solutions are of no mterest for enzyme
rom I' . . . d' ( h' fl thework. Each group is described below in detail. For cert~1ll1l1. Icators c Ie y

best of each group) comparative electrometric and colonm~tnc measur~ments are
. . T ble VIII XV 4 1 for solutions such as are Important III enzymegiven III a s -,

reactions. . I 1 Id b
The Tables can be understood without further explanatIOn. t s lOU e

pointed out, though, that the two numbers in brackets under .the. nanle of ~ach

indicator are the pH values between which we have found the Illdlcator to glve"a
useful colour change. This is not to say the indicato.r. sho.ws ~o colour chan"e
outside this range, nor that within this range the transitIOn IS umformly clear and
distinct. The sharpness of the transition depends on several factors, for example,
intrinsic coloration of the test solution - leading to the use of large ~mounts of
indicator to swamp differences between the natural colour of the ~olutio~ ~d the
artificial colour of the standards. Naturally, this affects colour dlffe~entiatlOn to
varying extents at various points in the transition zone. In measunng a y~llow

solution for example, with an indicator giving colours yellow-orang~-red-vlOlet, [90]
the colour differentiation is most obscured in the yellow-.orange regl~n.

For each group is listed the composition of the Illdlcator s~lutlOns and the
number of drops of these solutions we generally use ~or a 1.0 cm volu~e of test
or standard solution. (As indicated, this number IS vanable, and IS usually
increased for stronger-coloured experimental solutions.) But th~ colours are not
mentioned because we are here dealing with shades of colour wInch defy ac~urate

description, but are easily reproduced by adding the indicator dropwlse to
appropriate standard solutions. .,

May I be permitted to again give here my warm thanks to Pro~. E. Biil~ann,

d 1 t D G Gru"bIer & Co Leipzig Farbwerke vorm. Meister LucIUS &an a so 0 r. . ." .. f b d
B ... g Ho"chst a M Leopold Cassella & Co., Frankfurt a.M., A11Ilm ar en-unrunln , .., . .
Extraktfabriken vorm. Joh. Rud. Geigy, Basel, who have kllldly given me
indicators or starting materials for their synthesis.

B. c. 1) Indicators of the Methyl Violet Group (pH 0.1-3.2)
This takes its name from the most important of the indicators which make up

the group, and which share several properties - notably the wide range of [H +]
covered by the transition, and the colour change yellow-greenish yellow
green-greenish blue-blue-violet (as pH increases). Finally, they have in common
the modification (fading) of colour in acid solutions (c.f p. 79) and marked
sensitivity to neutral salts (see p. 75).

[91] (a) Methyl violet (Commercial preparation "Methyl violet 6B extra", Schultz
No. 43of) (pH 0.1-3.2). Dilute solution = 0.1 gil water. Concentrated solution =
0.5 gil water. Quantityg: pH 0.1-1.5, 3-8 drops of concentrated solution; pH
1.5-3.2,4-10 drops of dilute solution.
(b) Mauveine (Griibler, Schultz No. 625) (pH 0.1-2.9). Dilute solution 0.1 gil
water. Concentrated solution 0.5 gil water. Quantity; pH 0.1-1.5, 3-8 drops of
concentrated solution; pH 1.5-2.9,4-10 drops of dilute solution.
(c) Gentian violet (commercial) (pH 0.4-2.7). Dilute solution 0.1 gil water.
Concentrated solution 0.5 gil water. Quantity; pH 0.4-1.5, 3-8 drops of
concentrated solution; pH 1.5 -2.7,5-10 drops of dilute solution.
(d) Methyl green (Griibler, Schultz No. 456) (pH 0.1-2.3). 0.5 gil water.
Quantity: 4-10 drops.

Many other indicators could be listed giving a distinct colour change at high
[H +], as here. For example, Malachite Green (Schultz No. 403) which resembles
the indicators of the methyl violet group in all respects, and certain others outside
this group, for example, Acridine orange R extra (Schultz No. 506), Curcumein
(SchUltz No. 98), Fast Yellow (Schultz No. 94) and Neutral Red (Schultz
No. 599). But for all these latter indicators, the transition is not as good as the
four first named. 42

Table VIII shows that the colour transition of methyl violet and mauveine is
excellent, gentian violet fairly good, and methyl green a little less good. Their
principal defect is sensitivity to neutral salts. In the Table it may be seen that
salt-poor solutions give a higher pH, and salt-rich, especially sodium chloride-rich,
a lower pH. The first three indicators behave much alike but methyl green is

[94] particularly sensitive (see p. 75).

Although these indicators do not always give correct results in measurements
of true protein solutions (see p. 87 and Table VIII) the error is always in the same
direction and always moderate, so that one may obtain an approximate value of
[H+ J by applying an appropriate correction. No other indicator having a transition
in this region can be used in the presence of proteins, so that for work on pepsin
digestion one is obliged to use these.

For the reasons stated, we prefer methyl violet and mauveine. In spite of the
defects, these have proved very useful for preliminary measurements in
experiments on pepsin digestion by Mr. E. Jiirgensen - in which definitive
measurements were electrometric (see p. 154).

f Here as elsewhere, the "Schultz No." is as given in a reference handbook
(84).

g Here and tllToughout, this is for 10 cm' of test (or standard) solution.



TABLE VIII Indicators of the methyl violet group N......
0

Composition of Solutions (Artificial) Coloration Electro· Methyl violet Mauveine Gentian violet Methyl green
Investiga ted4

1 of Comparison Solutions metric (0.1 to 3.2) (0.1 to 2.9) (0.4 to 2.7) (0.1 to 2.3)

pH pH Remarks pH Remarks pH Remarks pH Remarks

Invertin-cane-sugar - excellent good fairly good
citric acid - citrate none 2.34 2.40 transition 2.40 transition 1.88 transition
(citrate 0.4 mol) (sic)

Invertin-cane sugar - 3,4 drop
2.77 2.86 really good 2.81 really good

glycine-hydrochloric acid Bismarck Brown transition transition

Hydrochloric acid, 2 drops curcumein excellent excellent really good
2% gelatin solution, % drop Bismarck 1.39 1.47 transition 1.47 transition 1.42 transition
+ NaCI (0.1 n chloride)4l Brown

Hydrochloric acid, 2 drops curcumein excellent excellent really good
2% gelatin solution, % drop Bismarck 1.86 1.88 transition 1.89 transition 2.00 transition
+ NaCI (0.1 n chloride) Brown

Hydrochloric acid, 2 drops curcumein excellent
2.58

excellent
2.55

really good
2% gelatin solution, % drop Bismarck 2.56 2.61 transition transition transition
+ NaCI (0.1 n chloride) Brown

Hydrochloric acid, 2 drops curcumein fairly good
3.11

moderate
2% gelatin solution, 3,4 drop Bismarck 3.07 3.07 transition transition
+ NaCI (0.1 n chloride) Brown

Sulphuric acid, 2% excellent excellent moderate V)2 drops tropaeolin 0
1.35 (Ssolution of Witte's Peptone 1 drop Bismarck Brown 1.30 1.36 transition 1.38 transition transition ;;;

+ Na 2 S04 (0.26 n sulphate) ;::

'"'"fairly good
;::Sulphuric acid, 2% 2 drops tropaeolin 0 excellent

1.88
excellent

1.76solution of Witte's Peptone 1 drop Bismarck Brown 1.79 1.86 transition transition transition
+Na2 S04 (0.2 n sulphate)

Sulphuric acid, 2% V)2 drops tropaeolin 0 excellent (Ssolution of Witte's Peptone 2.59 2.55 2.52 excellent really good ;;;+Na2 S04 (0.16 n sulphate) 1 drop Bismarck Brown transition transition 2.53 transition ;::

'"'"Sulphuric acid, 2% ;::
solution of Witte's Peptone 2 drops tropaeolin 0

1.51 1.71
excellent

1.72 excellent good 1.72 fairly' ~ood(without Na2 S04) 1 drop Bismarck Brown transition transition 1.71 transition tranSItIon
Sulphuric acid, 2%

2 drops tropaeolin 0 excellentsolution of Witte's Peptone 1.87 1.85 1.86 excellent good 1.76 fairly. ~ood1 drop Bismarck Brown 1.86+ Na 2 S04 (0.3 n sulphate) transition transition transition tranSItIon
Sulphuric acid, 2%

2 drops tropaeolin 0 excellentsolution of Witte's Peptone 2.03 2.07 2.11 excellent 2.02 good.. 1.79 fairly' ~ood+Na2 S04 (0.85 n sulphate) 1 drop Bismarck Brown transition transition tranSItIon tranSItIon
Hydrochloric acid, 2%

2 drops tropaeolin 0 excellent excellentsolution of Witte's Peptone 1.58 1.75 1.75 good fairly good(without NaCl) 1 drop Bismarck Brown transition transition 1.72 transition 1.76 transition
Hydrochloric acid, 2%
solution of Witte's Peptone 2 drops tropaeolin 0

1.55 1.57 excellent
1.65 excellent

1.57 good fairly good+ sodium chloride 1 drop Bismarck Brown transition transition transition 1.47
transition(0.3 n chloride)

Hydrochloric acid, 2%
solution of Witte's Peptone 2 drops tropaeolin 0

1.48 1.38 excellent
1.41

excellent
1.42

good 1.21 fairly' ~ood+ sodium chloride 1 drop Bismarck Brown transition transition transition transItIon(0.85 n chlOride)

Hydrochloric acid, ca. 1%
solution of egg white

2 drops Helianthin II 2.40 2.25 excellent
2.25 excellent 2.35 good 2.00 fairly. ~oodpartly digested by pepsin

transition transition transition transItIOn N+ NaCI (1.0 n chloride) ......
......



tv

Gentian violet Methyl green
...-

Composition ofSolutions (Artificial) Coloration Electro- Methyl violet Mauveine tv

Investigated of Comparison Solutions metric (0.1 to 3.2) (0.1 to 2.9) (004 to 2.7) (0.1 to 2.3)

pH pH Remarks pH Remarks pH Remarks pH Remarks

Hydrochloric acid, ca. 1%
excellent good fairly goodsolution of egg white 2 drops Helianthin II 1.57 1.39 excellent 1.47 1.46 1.21

partly digested by pepsin transition transition transition transition

+ NaCI (1.0 n chloride)

Hydrochloric acid, ca. 1%
excellent 1.12 fairly. ~oodsolution of egg white 2 drops Helianthin II 1.30 1.17 excellent 1.22

partly digested by pepsin transition transition transItion

+ NaCI (0.33 n chloride)

Hydrochloric acid, ca. 1%
excellent good fairly goodsolution of egg white 2 drops Helianthin II 1.21 0.89 excellent 0.92 0.96 0.84

partly digested by pepsin transition transition transition transition

+ NaCI (1.0 n chloride)

Hydrochloric acid, ca. 1%
excellent good fairly goodsolution of egg white 2 drops Helianthin II 0.76 0.62 excellent

0.66 0.66 0.58
partly digested by pepsin transition transition transition transition

+ NaCI (1.0 n chloride)

Sulphuric acid, ca. 1%
fairly goodsolution of egg white 1 drop Helianthin II 2.20

excellent
2.22

excellent
2.22

good
partly digested by pepsin 1 drop BaSO.

2.18 transition transition transition 2.18 transition

+ Na2 SO. (0.1 n sulphate) V)
~

Sulphuric acid, ca. 1% ~

solution of egg white 1 drop Helianthin II excellent excellent good 2.22 fairly. ~ood :::
2.38 2.32 2.33 2.35 ""partly digested by pepsin 1 drop BaSO. transition transition transition transItion ~:::

+ Na2 SO. (0.3 n sulphate)

Sulphuric acid, ca. 1%
solution of egg white 1 drop Helianthin II 2.51 2040 excellent 2.39 excellent 2040 good 2.22 fairlr: ~ood V)

~
partly digested by pepsin 1 drop BaSO. transition transition transition transitIOn ~
+ Na 2 SO. (0.86 n sulphate) :::

'"~
Hydrochloric acid, ca. 1.5% :::

solution of casein, partly 1 drop Helianthin II 1.60 1.75 excellent 1.71 excellent 1.72 good 1.71 fairly good
digested by pepsin, + NaCI Yo drop Bismarck Brown transition transition transition transition
(0.64 n chloride)

Hydrochloric acid, ca. 1.5%
solution of casein, partly 1 drop Helianthin II 1.59 1.56 excellent 1.57 excellent 1.60 good LSO fairlr: ~ood
digested by pepsin, + NaCI Yo drop Bismarck Brown transition transition transition transItion
(0.3 n chloride)

Hydrochloric acid, ca. 1.5%
solution of casein, partly 1 drop Helianthin 11 2.92 3.00 fairly good 2.92 fairly good 2.98 moderate
digested by pepsin, + NaCI Yo drop Bismarck Brown transition transition transition
(0.1 n chloride)

Hydrochloric acid, ca. 1.5%
solution of casein, partly 1 drop Helianthin II 2.90 2.81 fairly good 2.77 fairly good 2.83 moderate
digested by pepsin, + NaCI 'I. drop Bismarck Brown transition transition transition
(0.3 n chloride)

Hydrochloric acid, ca. 2% excellent excellent excellent
solution of native egg white 3 drops curcumein 2049 2.53 transition 2.50 transition 2048 transition
(without NaCl)

Hydrochloric acid, ca. 2% 2 drops Helianthin II excellent excellent fairly good
solution of native egg white 1 drop Tropaeolin 0 2.00 2.18 transition 2.14 transition 2.07 transition
(without NaCl)

Hydrochloric acid, ca. 2% 2 drops Helianthin II excellent excellent fairly goodsolution of native egg white 1.19 1.38 1.38 1.25 tv
1 drop BaSO. transition transition transition .....

(0.18 n chloride) w
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B. c. 2) Indicators of the Azo Group (pH 1. 2-5.7)
This group comprises a numerous series of azo dyes, some basic, some acidic,

which have in common an analogous chemical structure and the colour transition
yellow-orange-red-violet showing diminishing pH. The best known are diphenyl
amino-azo-p-benzene sulphonic' acid (tropaeolin 00) (pH 1.4-2.6) and dimethyl
anilino-azo-p-benzene sulphonic acid (methyl orange, tropaeolin D) (pH 3.1-4.4).
These two are derived from anilino-azo-p-benzene sulphonic acid (I C, p. 96)
which has a transition at pH 1.9-3.3, and we thus see that introduction of the
phenyl group displaces the transition to the acid side, and conversely for the two
methyl groups. This suggested the preparation, from appropriate starting
materials, of a series of new indicators of this type, but with different transition
points, and we have therefore carried out a specially thorough investigation,
preparing indicators derived not only from diazotized sulphanilic acid but also
many azo compounds made in an analogous fashion from diazotized aniline and
toluidine.

For preparing indicators of series I and IV, the general procedure was as
follows: 0.05 mole of sulphanilic acid was dissolved in the calculated quantity of
1 mol/l sodium hydroxide. To this was added slightly more than 0.05 mole of
sodium nitrite, and after the salt was completely dissolved the solution was cooled
in ice and 50 cm3 1 mo1/1 sulphuric acid" 3 was poured in, in a thin stream. The
diazo compound, precipitated by shaking, was allowed to stand on ice for 0.5 h,
mtered at the pump and washed twice with cold water.

The diazo compound was suspended in 50 cm 3 of 1 mol/l sodium hydroxide,
most of it dissolving, then poured into an aqueous or dilute alcoholic suspension
of the amine concerned. Next an excess of 5 mol/l hydrochloric acid was added to
this, little by little, at normal ambient temperature. The reaction began
immediately, but was often not complete for several hours. The deposit of the
free acid was filtered off and washed, then purified by dissolving in sodium or
potassium hydroxide and recrystallizing several times.

To prepare indicators of series II, III, V, and VI we began with anilino diazo
benzene or p-toluidine-p-diazo toluene, prepared as described by Meyer and
Ambiihl (62, p. 1074) by dissolving in excess ether one mole equivalent of
amyl nitrite and 2 mole equivalents of aniline or p-toluidine respectivelY, then
leaving the solution to stand at room temperature." The crystalline residue
remaining on evaporating off the ether was sucked dry and washed several
times with ether. The diazo compound thus formed was treated with the
amine concerned and dilute hydrochloric acid as before, usually in solution
in more or less dilute alcohol. The reaction once complete, the alcohol
was distilled off with steam, the free indicator base precipitated with ammonia
and then purified by repeated recrystallization from appropriately diluted
alcohol.

Since the colour change of an indicator is at its sharpest only in the middle of
its range, it is obviously best to have a wide selection available. There follows a
table J

7 of indicators of this group, those marked with an asterisk being the more
significant ones prepared here. The pH range is shown in brackets. The indicators
are divided into six categories, thus:
I Anilino azo-p-benzene sulphonic acids, S03 H,C

6
H4 .N: N. C. H, NR J R,

II Anilino azo benzenes, C6 H5 • N : N . C6 H4 NR 1 R2

[95]

[96]
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Sub-Category
>,.... A B C D E F G0

E R,=H R,=H R,=H R,=H R,=H R 1 =CH, R,=R 2
[99]

OJ
u R2 =C6 Hs R2 =C6 HsCH 2 R2 =H R2 =CH, R2 =C2 Hs R2 =CH 3 =C2 Hs

III Anilino azo-p-toluenes, CH3•C6 H4 N : N •C
6

H
4

NR, R2

IV a-Naphthylamino azo-p-benzene sulphonic acids, S03H C6 H4 • N:N ·C 10 H
6

•

NR,R 2

V a-Naphthylamino azo-benzenes, C6 Hs ' N :N.C, 0 H
6

• NR, R
2

VI a-Naphthylamino azo-p-toluenes, CH3C6 H•• N:N·C, 0 H6 • NR, R2

Each category in turn may be subdivided according to the nature of the
substituents R, and R2 •

1.4-2.6 *1.9-3.3 *1.9-3.3 *3.1-4.2 *3.1-4.4 *3.1-4.4 3.5-4.5

II 1.2-2.1 *2.3-3.3 1.9-3.3 2.9-4.0

III 1.0-2.0 *1.6-2.8

IV *3.5-5.7 *5.0-5.7

V *1.4-2.6 *1.9-2.9 *3.7-5.0 *4.8-5.5

VI *1.1-2.9 *1.6-2.6 *3.7-5.0

A few additional indicators should be mentioned, which do not fit in these [97J
categories.
Diphenylaminoazo-m-benzene sulphonic acid (pH 1.2-2.3)
*o-Toluene azo-o-toluidine (pH 1.4-2.9)
*m-Chlorodiethylanilino azo-p-benzene sulphonic acid (pH 2.6-4.0)

Thus it is possible to displace the transition point by appropriately varying
indicator composition, and among the number listed above it is easy to find
excellent ones with transition points distributed over the whole range of the azo
group. There is every reason to hope that a similar systematic study of other
groups would lead to new indicators with transitions exactly where we at present
need better and more sensitive ones tl1an are now available.

The presence of the sulphonic acid group appears to be of no importance for
the location of the transition point - since indicators of categories I and IV have
transition points much the same as the corresponding ones of categories nand V.
This leads us to suppose that the indicator transition is not dependent, as
formerly assumed, on salt formation or subsequent electrolytic dissociation at the
azo group, but rather, in line with recent opinion (e.g. 10, p. 26)" s the transition
in both acidic and basic indicators is a consequence of conversion of the amino [981
group into an amine salt - the trivalent nitrogen becoming pentavalent.

Finally, p-toluene derivatives (categories III and VI) generally have transition
points at somewhat higher [H +] than the corresponding benzene derivatives
(categories II and V). As they are also easier to crystallize and thus to obtain in

pure form, one might expect to find here a valuable addition to the range of azo
indicators. But they precipitate out even more readily when the alcoholic
solutions are added to aqueous solutions. As mentioned earlier (p. 81), this
behaviour makes colorimetric measurements more difficult, if not impossible.
Other things being equal, indicators of simple structure are to be preferred to the
more complex because one thus avoids the disadvantages mentioned earlier, but in
choosing an indicator, sharpness of transition is also important, and here the
simpler compounds are often found wanting.

Tables IX-XI" show the results of some comparative electrometric and
colorimetric measurements. We chose the following 14 representatives.
(a) IIA. Diphenylamino azo benzene (Lucius & Bruning), three times re
crystallized from 80% alcohol (pH 1.2-2.1). 0.1 g dissolved in 10 cm3 1 molll
hydrochloric acid + 500 cm' alcohol46 + water to 1 litre. Quantity: 10-15 drops.
(b) IA. Tropaeolin 00, Schultz No. 97. Commercial preparation (potassium salt)
recrystallized three times from water (pH 1.4-2.6). 0.1 gil water. Quantity:
3-5 drops.
(c) Diphenylamino-azo-m-benzene sulphonic acid, Metanil yellow, Schultz
No. 91 Commercial preparation (sodium salt) recrystallized three times from
water. (pH 1.2-2.3) 0.1 gil water. Quantity: 3-5 drops.
(d) a-Toluidine azo·o·toluene. Our preparation. 0.2 g dissolved in 20 cm3

0.1 mol/! hydrochloric acid + 500 cm' alcohol + water to one litre. Quantity:
6-12 drops.
(e) IIe. Aniline yellow, Schultz No. 16. Commercial preparation recrystallized
twice from 65% alcohol (pH 1.9-3.3). 0.2 g dissolved in 20 cm' 0.1 molll
hydrochloric acid + 350 cm' alcohol + water to one litre. Quantity: 6-12 drops.
(f) IC. Our preparation, potassium salt (pH 1.9-3.3). 0.1 gil water. Quantity:
5-10 drops.

(g) IIB. Our preparation (pH 2.3-3.3). 0.2 g dissolved in 10 cm3 0.1 molll
hydrochloric acid + 500 cm3 alcohol + water to I litre. Quantity: 5-10 drops.
(h) lB. Our preparation, potassium salt (pH 1.9-3.3) 0.1 gil water. Quantity:
3-6 drops.
(i) VB. Our preparation (pH 1.9-2.9). 0.1 g dissolved in 15 cm3 0.1 molll
hydrochloric acid + 600 cm3 alcohol + water to 1 litre. Quantity 5-10 drops.
(k) m-Chlorodiethylanilino azo benzene sulphonic acid. Our preparation, free
acid (pH 2.6-4.0). 0.1 gil water. Quantity 3-5 drops.
(1) IIF. Commercial preparation recrystallized three times from absolute
alcohol (pH 2.9-4.0). 0.1 g dissolved in 1 cm 3 0.1 molll hydrochloric acid +
800 cm' alcohol + water to one litre. Quantity: 5-10 drops.
(m) Tropaeolin D, Methyl orange (IF), Schultz No. 96. Commercial preparation

[1021 recrystallized three times from water (pH 3.1-4.4). 0.1 gil water. Quantity: 3-5
drops.
(n) Vc. Our preparation (pH 3.7-5.0). 0.1 g dissolved in 4 cm3 0.1 molll
hydrochloric acid + water to one litre. Quantity: 10-20 drops.
(0) IVC. Our preparation, sodium salt (pH 3.5-5.7).0.1 g dissolved in 600 cm3

alcohol + water to one litre. Quantity: 8-12 drops.
[103] Tables IX-XI (pp. 100-105)41 confirm that indicators of the azo group

are much less influenced by neutral salts than those of the methyl violet group.
[106] They are almost never usable however, in solutions containing proteins, and with
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many of these indicators even substances such as Witte's peptone can give rise to
considerable errors. But as the errors are always of the same sign and much the
same magnitude one can usually, in orienting experiments, employ a correction
determined in a single comparative measurement. The discrepancies, also, are
greater the more complex is the structure of the indicator and the lower the pH at
the transition point. Generally, the acid indicators, though giving greater
discrepancies than the basic, have the advantage over the latter of being insensitive
to toluene and chloroform. All but three of the indicators have an excellent and
sharp colour change. These three, IIC(e), IC(f) and o-toluidino azo-o-toluene (d),
cannot be recommended for use despite their simple structure and the consequent
advantages.

We should mention that this group also includes Congo Red (Schultz No. 219),
Cotton Red (Schultz No. 268) and numerous similar tetraazo dyes. But as
mentioned earlier (p. 84) their complex structure and their consequent colloidal
nature forbid their use for this purpose. There is no point, either, in discussing at
any length certain other indicators, not of the azo group, but which possess
transition points within this pH range - for example Rosolic Acid (Schultz
No. 457), Gallein (Schultz No. 501) - because in no case is the colour change as
distinct as that provided by those cited above.

B. c. 3) indicators for Phosphate Mixtures (pH 4.4-8. 9)
As stated earlier, these indicators are mutually unrelated chemically, but

include all those with a colour change at or near neutral (pH 7.07) (p. 33) - the
important region for most enzyme reactions. Tables XII and XIII (pp. 108-111)4 ,
show a series of comparative measurements with the eight following, chosen from
among the most important of the group.

(a) Lacmoid. Commercial product purified as indicated by Glaser (27)
(pH 4.4-6.2).0.2 gil alcohol. Quantity: 10-15 drops.
(b) Cochineal (Griibler) (pH 4.8-6.2). 1 g was shaken with 100 cm3 25%
alcohol, the liquid filtered and diluted with 400 cm 3 water. Quantity: 6-12
drops.
(c) Azolithmine (Griibler) (pH 4.5-8.3).2 gil water. Quantity: 4-6 drops.
(d) Alizarin. Commercial preparation. Schultz No.523 (pH 5.5-6.8). 0.2 g
dissolved in 500 cm3 alcohol + 250 cm3 water. Quantity: 5-12 drops.
(e) p-Nitrophenol (E. Merck, Darmstadt) (pH 5.0-7.0). 0.4 g dissolved in
60 cm 3 alcohol + water to one litre. Quantity: 3-20 drops.
(f) Neutral Red (Cassella, Schultz No. 599) (pH 6.8-8.0). 0.1 g dissolved in
500 cm 3 alcohol + water to one litre. Quantity: 10-20 drops.
(g) Rosolic acid. Commercial product, Schultz No. 457 (pH 6.9-8.0). 0.4 g
dissolved in 400 cm3 alcohol + water to one litre. Quantity: 6-15 drops.
(h) Ct.-Naphthol azo-p-benzene sulphonic acid. Tropaeolin 000 No.1 (Griibler,
Schultz No. 102) (pH 7.6-8.9). 0.1 gil water. Quantity: 4-10 drops.

The Tables show that lacmoid is useless and that azolithmine also gives serious
errors in measurements of this kind. Cochineal and alizarin sometinles give rather
better results, but, given that the excellent indicator p-nitrophenol covers the
same range, there is no point in recommending any other from Table XII. Neutral
Red and Rosolic Acid offer about the same range and degree of usefulness:
neither can be used in the presence of large amounts of proteins. Neutral Red has

[107]

[112]

[113]

[116]

a more distinct colour change than Rosolic Acid, but the latter is not influenced
by toluene or chloroform, even in excess. Tropaeolin 000 No.1 can apparently be
used in the presence of proteins: regrettably the colour change of tllis indicator
leaves something to be desired, but we have not been able to find a better
replacement.

There are other indicators with transitions in this region, but none can be
recommended. Haematoxylin (commercial product) and Haemateine (Griibler)4 7

show such rapid and progressive colour modifications that they are impractical.
Cyanine (Griibler, Schultz No. 649) has a beautiful colour change at pH 7-8, but,
in the presence of proteins and cleavage products, gives shades of colour which
render it useless. Alizarin sulphonic acid (sodium salt, commercial product,
Schultz No. 531) was mentioned earlier (p. 85).

Thus, for this wide range of [H +] there are only 3 or 4 useful indicators,
p-nitrophenol for the acid range, Neutral Red or Rosolic Acid near the neutral
point, and Tropaeolin 000 No.1 for the alkaline region. It would certalnly be
desirable to find more.

B. c.4) Phthalein group (pH 8.3-10.5)
This group is named after the two most important indicators belonging to it.

There are others within the range, three being used as examples in Table XIV,"
and this number could easily be increased. But none gives as clear and distinct a
colour change as the phthaleins and they often give foreign shades of colour in the
presence of proteins or their degradation products which make measurements
difficult, if not impossible. The Table shows that the phthaleins can be used in the
presence of large quantities of degraded proteins, but that native proteins
(egg-white and, particularly, casein) may give rise to grave errors.' 7

(a) Phenolphthalein (commercial product) (pH 8.3-10.0). 0.5 g dissolved in
500 cm 3 alcohol + water to one litre. Quantity: 3-20 drops.
(b) Alcanine ("fettlos!. Roth", of Griibler) (pH 8.3-10). 1 g was shaken
repeatedly over 24 hours with 1 litre alcohol, then filtered. Quantity: 5-10 drops.
(c) Naphthol-Benzeine a (E. Merck) (pH 8.5 -9.8). 0.2 gil alcohol. Quantity: 20

drops.
(d) Thymolphthalein (pH 9.3-10.5). (Griibler. The suppli~r was unable t? tell me
either the composition or the mode of manufacture of thIS substance. GIven that
it melts at about 240° (Maquenne block), it must be different from the
preparation of Jakirnowicz (44) which melted at 84-85°.) 0.4 g dissolved in
500 cm 3 alcohol + water to one litre. Quantity: 3-10 drops.
(e) Neutral Blue (Cassella, Schultz No. 605) (pH 9.3-10.2). 0.2 g dissolved in
600 cm 3 alcohol + water to one litre. Quantity: 8-16 drops.

B. c. 5) Alkaline Transition Group (pH 10.1-12.7)
This group covers the range of transitions of weak acids titrated with sodium

hydroxide (p. 49). As all have one or more phenolic groups, it seems logical to
suppose that their transition is due to neutralization of these wea~y acid groups.

Only a few of these indicators give a good colour change, and m enzyme work
one rarely needs to deal with solutions as alkaline as this. Thus we have spent
little time on them.' 7 In addition to the four detailed below the group includes,
for example, Tropaeolin 000 No.2 (Griibler, Schultz No. 103), Ponceau 4 GB



(Griibler, Sc~ultz No. 23), Prager Alizarin Yellow (GrUbler, Schultz No. 38), 13

and ChrysamIne G (commercial preparation, Schultz No. 253).
(a) Alizarin (pH 10.1-12.1) (see p. 107)

(~) p-NUrobenzene azo salicylic acid (sodium salt, Alizarin Yellow R, Grubler,
Schultz No. 37,> (pH 10.1-12.1). 0.1 gil water. Quantity: 5-10 drops.
(c) rropaeolll1 0 (Griibler, Schultz No. 101) (pH 11.1-12.7). 0.1 gil water.
Quantity: 5-10 drops.

(d) Cardinal Red (Grubler, Schultz No. 121) (pH 10 5-121) Old' I d'500 3 • '" g ISSO ve In
cm alcohol + water to one litre. Quantity: 20 drops.

Table XV shows that Alizarin is useless but that, in the few cases examined
the others are satisfactory. Errors are greatest in solutions of egg-white. Alizari~
Yellow R .and Tropaeolin 0 give the best colour transitions. Thus we have used
these two In the few cases where we have worked with such alkaline liquids.
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C. SIGNIFICANCE OF HYDROGEN ION CONCENTRAnON IN
ENZYME REACTIONS

I do not intend to discuss details of the very numerous publications
more or less closely related to the question, but as stated in the
Introduction, simply to throw some light on the important part played
by [Ir] in enzyme lysis, by means of some examples. The first, and
treated in greatest detail, is the much studied, and 'typical' hydrolysis
of sucrose by invertin. I beg Mr. R. Koefoed, who has been engaged
here for some time on studies of the influence of [H+] on this enzyme,
to accept my sincere thanks for his kindness in allowing me to publish
some of our results up to date. In addition, by way of showing the
importance of [H+] for other enzymic lyses, I will also describe some
experiments on catalase (carried out by Mr. H. Jessen-Hansen) and
pepsin (by Mr. E. Jurgensen). May I be permitted, again, to here present

changes and they are not all equally applicable in all circumstances. The
choice of one of these indicators demands care and judgment, taking
particularly into consideration the follOWing:
(a) Indicators of the methyl violet group (1 and 2) are especially
sensitive to neutral salts (p. 91), and the intensity of colour changes
with time, more qUickly the more acid is the medium (p. 80).
(b) The basic indicators (3, 6, 9, 11 and 14) dissolve in toluene and
chloroform (p. 79), and the first four tend to precipitate on prolonged
standing of the test solution (p. 81) (sic).
(c) Most indicators are unusable in the presence of large quantities of
proteins, although some can still render service: 1 and 2 (p.94),
13 (p. 86), 16 (p. 112),17 and 18.
(d) All can be of real use in the presence even of considerable amounts
of protein degradation products; but even in these conditions several of
the acidic azo indicators are liable to serious error (4, 5, 7,8 and 10, see
p. 85), in which case the corresponding basic indicators can be used.
(e) If the amounts of protein or degradation products are only small,
the acidic azo indicators are preferable, since they are not affected by
toluene or chloroform and do not precipitate out on standing.
(f) In all doubtful cases, for example colorimetric measurements on
solutions where the effect on the indicator is unknown, one should use
the electrometric method as a reference method, and then determine
the suitability of the indicator by means of comparative electrometric
and colorimetric measurements.

[120]

[119]

[117]

[118J
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1.2-2.3

2.3-3.3

1.9-3.3
2.6-4.0

2.9-4.0
3.1-4.4
3.7-5.0
3.5-5.7

5.0-7.0
6.8-8.0
6.9-8.0
7.6-8.9
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On the basis of the above results, I think I may properly advise the
use of the following indicators in enzyme research:

1. Methyl violet pH 0.1-3.2
2. M.auveine 0.1-2.9
3. Dlphenylamino-azo-benzene (a, p. 98) 1.2-2.6
4. Diphenylamino-azo-p:benzene sulphonic acid 1.4-2.6

(Tropaeolin 00) (b, p. 99)
5. Diphenylamino-azo-rn-benzene sulphonic acid

(Metanil Yellow) (c, p. 99)
6. Benzylanilino-azo-benzene (g, p. 99)

7. Benzylanilino-azo-p-benzene sulphonic acid (h, p. 99)
8. rn-chlorodiethylanilino-p-benzene sulphonic acid

(k, p. 99)
9. Dimethylanilino-azo-benzene (1, p. 99)

10. Dimethylanilino-azo-benzene sulphonic acid (m, p. 99)
11. Q'-Naphthylamino-azo-benzene (n, p. 102)
12. Q'-Naphthylamino-azo-p-benzene sulphonic acid

(0, p. 102)
13. p-Nitrophenol
14. Neutral Red
15. Rosolic Acid

16. Q'-Naphthol-azo-p-benzene sulphonic acid
(Tropaeolin 000 No. 1)

17. Phenolphthalein 8.3-10
18. Thymolphthalein
19 N 9.3-10.5

. p- itr~benzene-azo-salicylic acid (Alizarin Yellow R) 10.1-12.1
20. Resorcl11o-azo-p-benzene sulphonic acid (Tropaeolin 0) 11.1-12.7

As appears from the above, they do not all show equally clear colour
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my great thanks to these co-workers for the untiring interest with
which they have carried out these often complex investigations.

C. a) Invertin

Kjeldahl (47, p. 337) showed that cleavage of SUcrose by invertin is
favoured by very small doses of sUlphuric acid, whereas greater doses
had a strongly inhibitory influence. From his experiments, the optimal
dose appears to be about 5 cm 3 of 0.005 mo1/1 sulphuric acid per
100 cm

3
total volume. O'Sullivan and Tompson (74, p. 854) confimled

Kjeldahl's observations, but noted that the optimal dose of acid is
variable with temperature and with the amount of enzyme used.
However, they repeatedly admitted inability to explain these variations.

Given that a solution of invertin contains acid and base-binding
substances, it is actually not surprising that the optimal dose of acid
should vary with the dose of enzyme and its content of these
substances. An exact estimation of the latter is impossible, and thus we
cannot specify the optimal dose of acid under conditions otherwise
constant. But if account is taken of the relationship between acidity
and [H+] described in the Introduction, we may expect that the
optimal [H +] wiII be found to be the same, whatever the dose of
enzyme. This is really so, as shown by many experiments in Our
laboratories. By way of example, I describe here some series done on
three solutions of invertin, whose composition, particularly nitrogen
content, was very different. The optimal [H+] is shown to be the same,
although the optimal dose of sulphuric acid varies (Fig. 3).34

Subsequently, we undertook to examine whether the optimal [H+]
is independent of the acid used. A priori, the anion of the acid may
have an effect on the enzyme process, but it seems no less likely that, in
the case of biological reactions, ions derived from the essential solvent
itself, water, should be most important - hydrogen ions for invertin,
hydroxyl ions in other enzyme reactions. This, too, we have confirmed.
TIle Optinlal [H+] is essentiaIly ',he same whether sulphuric, phosphoric
or citric acid was used (Fig. 4). Our choice of the latter two acids, or,
strictly, appropriate mixtures of citrates or phosphates was because of
their excellent buffer properties.

In describing the general form of [H+j curves (Introduction, p. 6),
we mentioned the possibility that the fall-off of the curve on one, or in
some cases perhaps both, sides of the optimum was due to destruction
of the enzyme at the [H+J concerned. If this proves correct, it is
obviously most important to know both the [H +J of the medium and

[121]

[122]

[123J

[124)

the stability of the enzyme in these conditions, in that. a. ~o~o
molecular reaction, for example, would give a rate constant dUnImshmg
progressively during the course of the reaction (at fixed enzyme
concentration). Experiments relating to this are described below
(p. 138 et seq.).

C a. 1) Preparation of invertin and conduct of experiments.
W used fresh brewers' bottom yeast, washed repeatedly WIth water,

e 48 S . 'ththen twice with distilled water, and finally expressed. tartmg WI
this partially dried yeast, we prepared invertin in three differen~ways.

(a) The yeast was dispersed in an equal weight of~ater at 15 ,then
stored in an ice-box for 5 days, with occasional shaking, and th.e yeast
fIltered off. The clear solution of invertin was shaken with Y<i of Its own
weight of kaolin (63, p.489) and again filtered. The clear, ~ellow

solution thus obtained was saturated with toluene and. k~Pt m the
ice-box. It was diluted with an appropriate amount of dIstilled water
before use.

Of the invertin solutions mentioned below, "B" was prepared from
such an extract by dilution with 3 volumes of water. 0 ••.

On heating such an extract as the above, at 52 , preCIpItatIOn
gradually occurs, with some loss of inverting power. But such ~ heated
(and fIltered) solution has the advantage that the solution remams clear
during the inversion reaction. . .

"A" was prepared by diluting such a solutIOn WIth 1 volume of

water. 0 f 4 5 h .
(j3) The yeast was treated with water at 35-40 or - oms,

otherwise as (a) above.
"D" was made by diluting such an extract with 1 volume of water,

and "E" by diluting a similar extract with 3 volumes.ofwater.
(oy) The yeast was mixed with 4/5 of its own weIght of 95% alcohol

and kept for 24 h at room temperature (68, p. ~08; ~8, p. 3) then
expressed. The yeast mass was mixed with double Its weIght of w~ter,

stored in the ice-box for 5 days and then fIltered. The filtrate, of a lIght
yellow colour, was shaken with kaolin then evaporated under vacuum
to one half of its volume - to remove the last traces of alcohol. It was
saturated with toluene and stored in the ice-box.

"C" was prepared from such an extract by .dil~tion :Vith 17 volumes
of water, and "F" from a similar extract by dilutIOn WIth 6\6 volumes

of water. . h t
Procedure. Preliminary experiments were done to determme w a
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dilutions to use of the invertin solution in question, in order to obtain
an appropriate extent of inversion in a convenient period, and what
amounts of sulphuric acid or of phosphates or citrates, to add to obtain
the desired values of [H +]. Thereafter, procedure was as follows:

Into each of a series of 100 cm 3 flasks was measured exactly 50 cm3

of a 10% (approx.) solution of sucrose, then the predetermined
amounts of sulphuric acid, phosphates or citrates, and finally a quantity
of water such that on later adding invertin the volume would be
95 cm3

. The invertin solution was distributed in a number of other
small flasks, and then both it and the solutions prepared as above were
heated for 10 min in a water-bath at 52.5°. At a predetermined time,
the appropriate, accurately pipetted volume of invertin solution was
transferred to the sugar solution, which was shaken repeatedly, and the
mixtures thus obtained placed in a water-bath fitted with a stirrer and
an Ostwald toluene thermostat. To prevent evaporation, the surface of
the water in the bath was covered with a layer of oil: the temperature
was held constant at 52.5° (see Note 49). After exactly 1 h, 2 cm 3 was
added of 3% mercuric chloride, which stopped the inversion im
mediately. The flask was then placed in cold water in the dark or in
diffuse daylight, until the (measurement of) polarization could take
place; before which the solution was diluted to exactly 100 cm 3

, and
fIltered. Because of mutarotation, the polarimetric measurement was [125]

never done until at least 4 h after adding the mercuric chloride, and
sometimes more than 30 h.

Hudson (42-3) is no doubt correct when he considers many earlier
researches on sucrose inversion as erroneous, because due attention was
not paid to the mutarotation of the invert sugar formed (specifically of
glucose). Hudson recommended stopping the inversion by adding
potassium hydroxide (as used by O'Sullivan and Tompson (loc. cit.,
74)), or, preferably, a few drops of strong sodium carbonate solution.
An alkaline medium simultaneously stops inversion and brings muta
rotation to completion within a few minutes. We have adopted
Kjeldahl's procedure (loc. cit., 47) because we find mutarotation to be
no longer detectable after 3-4 h and because we find solutions treated
with mercuric chloride keep better than those treated by Hudson's
procedure. But we intend to do more control experiments, and will
return to this subject later in a more detailed study of inversion.

At the same time as these experiments with (active) invertin, we
have carried out several trials with enzyme inactivated by heating for
one hour in boiling water, then filtering. This has enabled us to

determine the inverting action attributable to the hydrogen ions of the
medium and thus to calculate the enzymic inversion by difference. (We
are aware that this calculation can only be precise if based on
differences in the rate constants, but the small consequent error in the
method of calculation is not significant.)

These experiments on inactivated invertin show that at [H+] less
than 10-3

.
7 to 10-3

.8 (pH greater than 3.7 to 3.8) there is no
[126] measurable inversion due to hydrogen ions alone. This is why, for all

the results of a single series, we have set the initial rotation (Q) equal to
the mean rotation of the solutions with pH > 3.8.

Measurements with both active and inactivated invertin were carried
out in almost every case where inversion due to hydrogen ions could
have contributed, and where this was not done the latter value was
obtained by graphical interpolation. In control experiments, we
ascertained that none of the reagents used had a significant effect on
optical rotation. 1

7

[127] In calculating the quantity of sucrose inverted we have set [Q] ~o
equal to +66.62° (56, p. 197) for a solution of sucrose of about 5%,
and for a solution of invert sugar of the same concentration equal to

[128J -19.81°. [Q] ~o for a 2.5% solution of glucose is +52.55° (94, p. 2238)
and for a solution of about 2.5% fructose it is - 92.17° (69, p. 1638).
(+52.55° -92.17°) X ~ = -19.81°. Given that 342.l8g of sucrose
yields 360.20 g of invert sugar, it follows that a quantity of sucrose
corresponding to +Qo will produce, on complete inversion, a rotation of

19.81 X 360.20
-Q 66.62 X 342.18 -Q X 0.313. Thus to obtain a value for the total

[129] change of optical rotation which would result from complete inversion,
Qmust be multiplied by the factor 1.313.

The 6 experiments described from p. 138 onwards13 employ the
same principle. In each, 150 cm3 of sucrose solution, 30 cm3 of an
appropriate citrate mixture and 75 cm3 of water were mixed in a
300 cm3 lena flask. Through the stopper of this passed a 25 cm3

pipette. After warming at 52° for a predetermined time, 30 cm3 of a
[130] solution of invertin, also pre-warmed, was added, and after shaking well

the flask was placed in the water-bath mentioned above, the tempera
ture of which was maintained at 52.1 to 52.2°. 25 cm3 samples were
withdrawn two minutes after adding enzyme and thereafter at intervals
of 15 min (or multiples of J.5 min). Each sample was transferred to a
test-tube immersed in cold water and containing J. cm 3 3% mercuric
chloride. The procedure and method of calculation were otherwise
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[H+J was determined colorimetrically (p.71), using solutions

prepared so as to be identical to those used for studying inversion.
Generally, no difference could be detected between solutions con
taining active and inactivated invertin, and, further there was no
difference before and after inversion (at least in the solutions
containing buffers - phosphate and citrate mixtures).! 7

It should be pointed out that while [H+] could be measured
accurately in solutions containing phosphates, citrates or rather large
amounts of sulphuric acid, this was not the case in other solutions.
Indeed it may be that the hydrogen ion content of the indicator
solution itself may suffice to disturb the [H+J of solutions almost
entirely devoid of buffers (19, p. 214; 26, p. 117; 79, p. 345). And also
electrometric measurements cannot be carried out with full precision [131]

because the conductivity of the solutions is low.
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C a. 2) Experiments with added sulphwic acids 0

Figures 3 and 3B show the results of experiments conducted with
invertin solutions A, B and C, in which [H +] was varied by adding
various amounts of 0.01 mol/l sulphuric acid. In series C' the
concentration of sulphate ion was kept constant by addition of
compensating amounts of 0.01 mol/l sodium sulphate, in the other
series it was allowed to vary. In Figure 3, the results are plotted with
pH as abscissa. In Figure 3B the same results are replotted using instead
the volume of sulphuric acid added as the abscissa unit. The figures
show that the optimal quantity of acid is totally different in the three
cases, increasing with the nitrogen content of the invertin solution.
9 cm3

, optimal for solution A, is sufficient to inhibit inversion almost
completely for solution C. The optimal [H+] is almost the same in each
case, corresponding to pH 4.4-4.6. But the only firm conclusions we
can draw are that under the experimental conditions (sucrose concen
tration, temperature, duration of experiment) the inversion of sucrose
went furthest in solutions which at ISO had a pH of 4.4-4.6. It is
unjustified to assume changes of dissociation and of hydrolysisS ! are in
parallel on warming from ISO to 52.5°, and we therefore intend to
carry out definitive measurements of [H+] by the electrometric [132J

method and at the inversion (i. e. experimental) temperature, not at
ISo.

The results so far are thus of a preliminary nature, but we believe
they are sufficiently accurate to give a true impression of the state of
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... (P)

... (a)

1 A
k = - In -- where A signifies the initial quantity of

t A-x'
sucrose, and X the quantity lysed at time 1. Later, Henri (32) found that
the reaction runs faster than this, which appears from the fact that k,
calculated from equation (a) above, increased with the value of t (i. e.
with elapsed time). Henri found that he could obtain an invariant value
of k from the empirical equation

k = !..In A + x
t A-x

mediation of invertin takes the form of a monomolecular reaction, so
that the rate constant can be deduced from the equation

k = __I_In A -XI

t2 - t l A -X2

or, for t l = 0, Xl = 0

In his studies of the cleavage of lactose by kefirS4 lactase or by
emulsin,s4 and of maltose by maltase, Armstrong (2) obtained results
which do not accord with those of Henri, in that values of k calculated
from equation (a) declined.

Finally we should add that Hudson (42-3) recently claims to have
proved that the invertin cleavage of sucrose really proceeds in a
monomolecular fashion, as originally stated by O'Sullivan and
Tompson, and that the contradictory results of others are due to their
failure to allow properly for the mutarotation of invert sugar (especially
of glucose). Hudson's criticism is undoubtedly correct, but he may have
attached too much importance to this source of error, and one may
point out that neither he nor any of the earlier workers have taken into
account the effect of [H+] on enzyme kinetics.

Tables XXIV-XXIX and Fig. 5 show the results of a series of
experiments intended to clear up this question. The method is given
above (p. 129 et seq.) and the tables are self-explanatory, but a few
additional remarks may be helpful.

For each experiment we used 30 cm3 of enzyme solution containing
a total of 10.5 mg nitrogen and for each we used 30 cm3 of buffer, as
follows:

[136]

[137]
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pH

Fig. 4.

affairs. In support of this, note the very close agreement of series C and
C' (Fig. 3) in the steeply falling part of the curve. 5 2 [1331

Following from what was said in the Introduction (p. 5), note the
similarity between [H+] curves (Fig. 3) and curves expressing the
dependence of enzyme activity on temperature, such as those estab
lished by Kjeldahl for malt diastase and for invertin (46, p. 139; 46b,
p. 123 or 47, p. 334; 47b, p. 187), which show one limb descending
gently at below the optimal temperature, and the other descending very
sharply at above this point.

C a. 3) Experiments with phosphate and citrate mixtures
Figure 4 shows the results of two series with phosphates (D and D')

and two series with citrate mixtures (E and E'). In series D' and E', the
concentration of buffer was ten times that in D and E respectively. 53

The optimal [H+] was virtually the same as found in the [134]

experiments with sulphuric acid, and is independent of the buffer
concentration.

C a. 4) Kinetic experiments
We will not review here in detail the numerous publications on

sucrose inversion kinetics, but simply select a few principal points
necessary for comprehension.

Since the important work of O'Sullivan and Tompson (74) it has
been generally accepted that the cleavage of sucrose through the [135]



(a) disodium citrate 0.1 mol/l 16.2 cm3
; sodium hydroxide 0.1 mol/l

13.8 cm3

(b) disodium citrate 0.1 molll 18 cm3
; sodium hydroxide 0.1 mol/l

12 cm3

(c) disodium citrate 0.1 mol/124 cm3
; citric acid 0.1 mol/16 cm3

(d) disodium citrate 0.1 mol/119.5 cm3
; citric acid 0.1 mol/l 10.5 cm3

(e) disodium citrate 0.1 molll 15 cm3
; citric acid 0.1 molll 15 cm 3

(t) disodium citrate 0.1 molll 12 cm3
; citric acid 0.1 mol/l18 cm 3

The initial rotation (ao) was determined from a control experiment
with inactivated invertin, except for experiment (t). In this case the
[H+] was sufficient to give some inversion, though minimal: ao was
therefore taken from experiment (d), and since the hydrogen ions could
have had some effect during the pre-warming stage, the results for 2
min are shown in parentheses.

Experiments (a), (b) and (c) were simultaneous; so also were experi
ments (d) and (t).

Calculation of the rate constant k is by equation (a) above (p. 135),
since the trend appears more clearly than if equation (/3) is used.

As shown in the last columns of these tables, for the least acid
solutions, (a) to (c), k increases rapidly with t, for solutions a little
more acid (d) it increases more slowly, becoming almost invariant (e)
and finally in sufficiently acid solutions (t) it decreases.

To understand this, we should consider the experimental procedures
of the workers mentioned above. In his paper, Henri does not state that
he added either acids or salts to his experimental solutions and it
appears justified to assume that he worked with mixtures of solutions
containing only sugar and enzyme. Such solutions can have very varied
[H+] , but probably correspond to the least acid of the solutions used
here, (a) and (b).55 Further, if one uses Henri's formula (equation (3) for
calculating k, the results are reasonably constant in the case of series (a)
and (b), clearly decline in the case of series (d), and decline more
rapidly for series (e) and (t).

O'Sullivan and Tompson worked with solutions to which were added
sulphuric acid so dilute that the acidity was optimal or almost so, while
Hudson studied solutions slightly acidified witll acetic acid. It is thus
easy to understand how these chemists obtained values of k (calculated
from the monomolecular formula, a) which were constant or increased
only very slightly, just as we found for solutions of middling acidity,
(d) and (e). For clarity, 1 give in Table XXX ilie results of one of the
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[139] TABLE XXIV
pH = 6.68 (phosphate mixtures: Indicator No. 13)

0<0 = +6.41; A = 6.41 X 1.313 = 8.416

Time elapsed Change of
since addition rotation after x k=_l_ ln

A - x ,
Sample of enzyme lapse of time t A t

2
- t, A - x 2

Number (minutes) (deg.)
4343 X kt x

a, 2 0.25 0.0297
91

a2
17 2.45 0.2911

103

a3
32 4.24 0.5038

111

a. 47 5.57 0.6618
127

as 62 6.58 0.7818
147

a6
92 7.75 0.9208

230

a? 122 8.28 0.9838

TABLE XXV
pH = 6.30 (phosphate mixtures; Indicator No. 13)

0<0 = +6.44; A = 6.44 X 1.313 = 8.456

[143J Time elapsed Change of
since addition rotation after x 1 A-x

Sample of enzyme lapse of time t A
k = --In--'

Number (minutes) (deg.)
t 2 -t, A-x 2

t X 4343 X k

b, 2 O.~O 0.0355
94

b, 17 2.57 0.3039
115

b3
32 4.50 0.5322

130

b. 47 5.93 0.7013
148

b, 62 6.94 0.8208
148

b6
92 7.91 0.9355

128

b? 122 8.23 0.9733
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TABLE XXVI
TABLE XXVIIIpH = 4.80 (citrate mixtures; Indicator No. 12)
pH = 3.92 (citrate and glycine mixtures; Indicator No. 10)

0<0 = +6.43; A = 6.43 X 1.313 = 8.442
0<0 = +6.62; A = 6.62 X 1.313 = 8.692

Time elapsed Change of
Time elapsed Change of

Sample since addition 1'0 ta tion after
In A -XL since addition 1'0 tation after

k = __lIn A-xI
of enzyme lapse of time t x k Sample lapse of time t xNumber A t, - t, A -x, ofenzyme A t, -t, ~(minUTes) (deg.) Number (minutes) (deg.)t x 4343 X k

t x 4343 X k
c, 2 0.41 0.0486

2 0.54 0.0621133 e,
127c, 17 3.37 0.3992

e, 17 3.44 0.3958165
127c3 32 5.57 0.6598

e3 32 5.30 0.6098191
132c. 47 6.96 0.8244

e. 47 6.54 0.7524185
135cs 62 7.66 0.9073

e, 62 7.34 0.8445219
149c. 92 8.27 0.9796

e6 92 8.21 0.9445125
126c, 122 8.37 0.9914

e, 122 8.49 0.9768

TABLE XXIX
pH = 3.68 (glycine mixtures; Indicator No. 10)TABLE XXVlI
0<0 = +6.66; A = 6.66 X 1.313 = 8.744pH = 4.40 (citrate mixtures; Indicator No. 12)

C/o = +6.66; A = 6.66 X 1.313 = 8.744
Time elapsed Change of

Sample
since addition rotation after

x _1_ In A-x,Time elapsed Change of
of enzyme lapse of time t A k =

t,-t, A-X,since addition rotation after Number (minutes) (deg.)Sample x 1 In A -x,
4343 X k

of enzyme lapse of time t A k
t, - t, t XNumber (minutes) (deg.) A -x,

t x 4343 X k
f, 2 (0.58) (0.0663)

53.6d, 2 0.55 0.0629
f, 17 1.96 0.2241131

39.3d, 17 3.54 0.4048
f 3 32 2.82 0.3225155

26.1d 3 32 5.70 0.6518
f. 47 3.33 0.3808168 18.2d. 47 7.04 0.8051
f 5 62 3.66 0.4186180

15.3ds 62 7.83 0.8954
f. 92 4.17 0.4769133 11.2d6 92 8.38 0.9583
f , 122 4.51 0.515836 4.8d, 122 8.46 0.9675
f s 182 4.78 0.5466
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TABLE XXX O'Sullivan and Tompson (ref. 74, p. 844)
100 g cane sugar + 4 cm3 0.1 molll sulphuric acid + enzyme solution + water
to 500 cm3

Temperature during inversion 15.5°C

experiments of O'Sullivan and Tompson, calculated in the same way as
our own experiments described above. (This same experiment is
reproduced by Henri (loc. cit. p. 197) as proof that the reaction is not
monomolecular, and by Hudson (loc. cit. p. 1162) to prove that it is!)
In Table XXXI I show, calculated in the same way, the experimental
series given in Hudson's last paper as proof of the monomolecular
course of the reaction. The last columns of these Tables show that we
are here concerned with conditions resembling our experiments (e).

(The value of A, the factor by which the initial (xo is to be
multiplied, obviously has a considerable effect on the calculation of
the rate constant, and it is therefore regrettable that many workers give
only the percentage inversion of sucrose, and no figures from which
may be ascertained the value of A used. Kjeldahl (48, p. 342; 48b,

Time elapsed
since addition

of enzyme solution
(minutes)

5

15

30

57

90

120

150

182

210

240

270

381

430

508

1470

Amount ofcane sugar
inverted after lapse of
time t, as a proportion
of the total amount

x
A

0.031

0.098

0.192

0.336

0.458

0.585

0.674

0.745

0.798

0.844

0.873

0.935

0.951

0.963

0.992

k = _I_In A-x,
t 2 - t, A - X 2

4343 X k

31.1

31.9

31.6

26.7

38.7

34.9

33.3

36.1

37.4

29.8

26.2

25.0

15.6

6.9

TABLE XXXI C.S. Hudson (ref. 43, p. 1573)
100 cm 3 cane sugar solution (II contained 46 g sugar and 5 drops glacial acetic
acid) were inverted with a few cubic centimetres of strong invertin solution at 30°
0:0 = +12.20; A = 15.92 (corresponding to the factor 1.305)

Time elapsed Observed change
since addition in rotation after

k=_I_lnA-x,ofenzyme solution lapse of time t x

(minutes) (deg.) A t 2 - t, A - x 2

t x 4343 X k

5 2.63 0.1652
141

15 6.31 0.3964
157

25 9.23 0.5798
167

35 11.37 0.7142
168

50 13.37 0.8398
157

65 14.44 0.9070
96

90 15.07 0.9466

p. 189) used the factor 1.339, and it may be deduced from the paper of
[144J O'Sullivan and Tompson that they used 1.349. But the figures given by

Hudson for initial rotation and rotation at total inversion lead to the
factor 1.305, while as indicated above, we have adopted 1.313 for our
calculations. To show how significant is the magnitude of this factor,
note that using the value 1.313, experiment (e) gives for k,
127-127-132-135-149-126 (see Table XXVIII), whereas taking
Kjeldahl's figure of 1.339, the value of k is perfectly constant,S6
124-122-124-122-122-81.)

[145J It remains to consider the experiments of Armstrong, who found
falling values of k with increasing t. It would be interesting to know if
Armstrong's experimental solutions were fairly strongly acid, like in our
experiment (f), which also gave decreasing values of k. Of course, he
was not dealing with invertin, but with other disaccharide-hydrolysing
enzymes. His paper says nothing about the reaction of his solutions, but
it seems fairly likely that kefir extract,S4 for example, might contain a

little lactic acid.
Although we naturally do not believe that all obscure points in

enzyme kinetics can be clarified by measurements of [H+], we consider
that by the above series of experiments we have demonstrated the
necessity of taking into account in all such studies the aforesaid
concentration of hydrogen ions.
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C. b) Catalase
0.5 kg calf liver was ground with sand and kieselguhr in a mortar,

stirred with 300 cm3 93% alcohol, and expressed in a Buchner press 
the alcoholic extract showing only very weak catalytic activity. The
expressed mass was stirred with 300 cm3 water, again expressed, and
the same operation repeated once more. The two aqueous extracts,
which decomposed hydrogen peroxide very rapidly, were combined,
saturated with toluene and stored in the ice-box. A precipitate then
formed gradually and was easily filtered off; 5 cm3 of the perfectly
clear filtrate contained 7.3 mg nitrogen. The catalytic activity of the
solution was extremely high and showed no deterioration over months

[149] of storage. For use, 3 volumes were diluted to 100,000.
We now describe a typical series of experiments, showing our usual

experimental procedure.
Into each of several 200 cm3 flasks was. measured 40 cm 3 of an

conditions otherwise identical, is a function of the duration of the
experiment,S 7 and that the optimal pH of invertin determined above
(4.4-4.6) holds only for the experimental conditions under which it
was determined (such conditions include a fixed duration of 1 hour).
During the first few minutes, inversion is quickest in the most strongly
acid solutions (d), (e) and (f), so that if one selected a duration in this
range the optimum pH would appear as less than pH 4.4. After 17
minutes, the optimum appears to be still at the (H+] of solution (d)
(pH 4.4) and it is not until 32 minutes that (c) definitely has the
advantage: thereafter the "optimum" remains between the (H+] of (c)
(pH =4.8) and that of (d) (pH =4.4).

Consider further the finding of O'Sullivan and Tompson (74), that
the optimal amount of sulphuric acid for invertin-lysis of sucrose varies
considerably with temperature - something we ourselves have yet had

[148J no opportunity to verify experimentally. We then see that there is a
relationship between these three factors, temperature, (H +] and time.
The optimal (H+] for an enzyme reaction is variable within rather
narrow limits, depending on temperature and experimental duration,
and the temperature optimum itself is no doubt dependent upon

experimental duration and (H+] (even if within narrow limits),
agreeably to the extraordinarily large temperature coefficient found for
the rate of inactivation (denaturation) of an enzyme (59, 17). Thus any
exact statement of the optimum temperature or [H+] of an enzyme
must include the experin1ental conditions.

10080

Fig. 5.
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Fig. 5 gives the results of experiments (a) to (f) in graphical form. It [146]

is clearly shown that curve (f) (corresponding to the most acid
solution), rises steeply in the first two minutes and then becomes more
and more nearly horizontal, due, no doubt, to progressive destruction
of invertin. Even curve (e) does not behave in the same way, but it does
diverge from curves (c) and (d) and approaches curve (b), although the
small scale of the figure makes it difficult to distinguish the intersection
of (e) with (c), which occurs after only a few minutes. Finally, curve [147]

(d) is above curve (c) (higher ordinates) for about 25 minutes, then
intersects with the latter - which thus represents optimal inversion. 5 7

On.e might be tempted to believe that the very small differences in
qua~tlty of sucrose inverted (which determine that a curve does or does
~ot 111te.rsect with another) are attributable to experimental error, but it
~s defim.tely not so, as is shown especially clearly by an example below
111 relatIOn to pepsin digestion (see p. 160). As has been suggested
several tImes, above, it is due to different rates of destruction of the
enzyme, at various (H +].

It is thus clear that the optimal (H+] for an enzyme reaction, in
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duration, shifting a little to the acid side as the experiment is
prolonged.

C. c) Pepsin
A study of the effect of [lr] on enzymes such as invertin and

catalase is comparatively easy. An analogous study on proteolytic
enzymes is subject to many difficulties, varying with the particular
enzyme concerned, as will appear from the description below of some
experiments on pepsin digestion and a summary of similar experiments
on pancreatin.

Pepsin. In an earlier paper (88) I emphasized that the conventional
methods of measurement of extent of proteolysis are faulty, and
proposed a new rational procedure, form 01 titration, which will

S(J)rensen

[153]
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appropriate phosphate mixture which served as buffer. After cooling on
ice, the flasks were filled to the mark and the contents transferred to
half-litre lena-glass bottles standing in ice-water. The original catalase
solution (i.e. combined extracts) was diluted with iced water and at
predetermined times 100 cm 3 of the dilute enzyme solution was added
to each bottle, followed, also at predetermined times, by 100 cm3 of a
solution of hydrogen peroxide of about 0.02 mollI. 58 Throughout the
experiment, solutions were kept in ice-water and, as far as possible, in
the dark.

40, 80, 160 and 320 minutes after adding the hydrogen peroxide,
30 cm3 samples were taken and transferred to small flasks containing
5 cm3 1 mol/l sulphuric acids 8 and kept in ice-water until titration
could be done. The titrant was 0.00373 molll potassium perman
ganate.58 To determine the end point with the greatest possible
precision, reference was made to two control flasks, each containing
5 cm3 1 molll sulphuric acid and 60 cm3 water, and to one of which
was added 1 drop of potassium permanganate solution.

Concurrently, blank experiments were done using catalase in
activated by boiling for 5 minutes on a wire gauze. 30 cm3 of a mixture
containing inactivated catalase consumed the same amount of per
manganate (26.62 cm3

) as 30 cm 3 of an experimental solution, if the
measurement in each case were done in1mediately after adding the
hydrogen peroxide. After leaving for some time, however, the titre even [150]

of "inactivated" solutions altered slightly, to an extent increasing with
alkalinity. After 320 minutes, the most acid solutions (pH 3.47)
required 26.50 cm 3 of permanganate and the most alkaline (pH 8.31)
only 26.26. Thus the amount of hydrogen peroxide decomposed was
that equivalent respectively to 0.12 and 0.36 cm3 of potassium
permanganate solution. Although this rate of decomposition varies
with [H +], the figures are so small that we consider it unnecessary to
take account of this and it is only for the sake of completeness that we
mention the matter. The ordinate values in Fig. 6 therefore represent
simply the difference between the particular titre in each case and the
initial figure, 26.62. [H+] was determined colorimetrically at the end
of each experiment. 59 We should add that in other experiments we
found little or no change of pH during the decomposition of
hydrogen peroxide.

Figure 6 shows clearly that, under these experimental conditions,
the optimal [H+] for catalase is around the neutral point. But as with
sucrose inversion, the optimal point is a function of experimental [151]



supplement if not entirely replace the older techniques. But in digestion
by pepsin, comparatively few peptide bonds are broken and the extent
of proteolysis as determined by formol titration thus appears extremely
slight (88a, p. 18; 88b, p. 20; 88c, p. 64), a remarkable fact, but one
which makes the method impractical for studies such as the present. We
were thus obliged to resort to the customary methods involving
precipitation with stannous chloride or tannic acid, but have not made
the common assumption of proportionality between extent of enzyme
action and the increase in "non-precipitable nitrogen". To avoid the
difficulty we have followed the procedure also recommended by many
other chemists, most recently Hedin (31), and have determined the
time taken, under diverse experimental conditions, for the reaction to
proceed to a certain extent. Consider, for example, a series of
experiments carried out with the same amount of enzyme but under
different conditions and that in each experiment the time is measured
for proteolysis to reach a given extent - say by the stannous chloride
method. It is taken that enzyme activity is inversely proportional to [154]

this measured time, an assumption which will only be correct if (as
pointed out by Hedin, ref. 31, p. 470) the decomposition always follows
the same path in spite of the varied experimental conditions.

There are difficulties also over measurement of [H +], since the
colorimetric method is inaccurate in the presence of pepsin substrates 
native proteins or acidalbumin. It was necessary, therefore, to use the
electrometric method for all definitive measurements, although the
former gave good service (see p. 94) during preliminary experiments,
notwithstanding the defects of the indicators concerned, methyl violet
and mauveine.

Yet another difficulty was that if native egg-white were used as
substrate there were anomalies in the experimental results, due no
doubt to the transformation of the albumin into "acidalbumin" during
the early part of the observations. This change can be observed even in
the presence of inactivated pepsin: other things remaining equal,
stannous chloride precipitates more nitrogen after the formation of
acidalbumin than before. I give here the results of one such experiment
with inactivated enzyme, in which the stannous chloride precipitation
was carried out as described below (p. 156). The figures are the amount
of nitrogen found in a ceriain volume of filtrate from the stannous
chloride precipitate, samples being drawn at various times after the start
of the experiment (37°, pH 1.04).

But if the egg-white used in the experiment were pre-treated by

standing for some hours in an appropriate solution of hydrochloric
acid, the nitrogen content of samples obtained as above was either
constant or increased slightly with time, presumably because of slow
degradation of the substrate.

A description is now given of the preparations used in the
experiments, and also of our general procedure.

The pepsin solution was prepared by dissolving 4 g pepsin
(Langebek) in 500 cm3 0.01 molll hydrochloric acid. 10 cm3 of the
solution contained 9.31 mg nitrogen.

The acidalbumin solution was approximately 1:4 percent and was
made as follows: 1600 cm3 of a neutral solution of crude hen egg-white
(88a, p. 42; 88b, p. 45; 88c, p. 90) was mixed with 2640 cm3 of
water and 800 cm3 of 1 molll hydrochloric acid. After 22 hours at 37°,
30 cm 3 was added of 5 mol/l hydrochloric acid, and after a further 4
hours another 50 cm3 of the same, following which the solution was
kept for a further 23 hours, still at 37°. The acidalbumin solution thus
obtained was opalescent and of sliglHly gelatinous consistency, but
contained no actual precipitate and was easily pipetted with accuracy.
(Using the same quantity of hydrochloric acid, but a more concentrated
solution of egg-white, the mixture was of a definitely gelatinous con
sistency and sometimes contained a precipitate.)

For each experiment, a mixture was made of 360 cm3 acidalbumin
solution, 50 cm3 pepsin solution and 40 cm3 made up of various
amounts of sodium hydroxide and water. Thus all experimental
solutions had the same chloride concentration (about 0.19 mol/I), but
varied in amount of added sodium hydroxide, and therefore in [H+].
The pepsin was not added until after a definite period of pre-warming,
and the solutions were kept in a water-bath (as described earlier) at 37
to 37.1°. At predetermined times, the experimental solutions were
shaken, and samples of 30 cm3 transferred to 100 cm3 flasks, prepared
as below, and standing in ice-water. r

7 For tannic acid precipitation,
each flask contained 40 cm3 of a solution containing sodium acetate
and the amount of sodium hydroxide calculated to neutralize the

4.40 mg
4.40 mg
4.40 mg

241

1 hour
2 hours
3 hours

5.66 mg
4.80 mg
4.56 mg
4.40 mg

S0rensen

Immediately upon mixing
:4 hour
lh. hour
~ hour

[155]

[156]
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hydrochloric acid in the sample. Flasks for stannous chloride precipi
tation contained 30 cm3 of a similar solution, but containing also
calcium chloride (83, p.4l6). Thus, in experiment 1 the flasks
contained:

And for other experiments the mixtures were similar, but contained less
sodium hydroxide. Peptic digestion was arrested by the neutralization
and cooling. Precipitation, too, was carried out as quickly as possible,
never more than 1 hour after sampling, by addition of 20 cm

3
of 15%

tap.nic acid solution or 30 cm3 of stannous chloride, prepared as
described by Schjerning (83, p. 414), and shaking thoroughly.

After precipitation, the flasks were kept at room temperature until
the following day, then fIlled to the mark with water, shaken
thoroughly, and again kept overnight at room temperature then fIltered
and the nitrogen estimated by Kjeldahl's method, in a given volume of
fIltrate, usually 50 cm3 . From this was calculated the non-precipitable
nitrogen in the original 30 cm3 sample. No allowance was made for the

volume of the precipitate.
[H+] was measured electrometrically. There was scarcely any change

during digestion except in the least acid solutions where, as expected,

[H+] fell slightly.
Concurrently with the above, blank experiments were done using

pepsin solution inactivated by heating in a boiling water-bath for 1
hour. These showed that with tannic acid precipitation the amount of
non-precipitable nitrogen was invariant both with [H+] and experi
mental duration - a 30 cm3 sample contained 3.14 mg nitrogen, and
the figures in the last 6 columns of Table XXXIII were therefore
obtained simply by subtracting 3.14 from the experimental assay result.
But with stannous chloride precipitation, the anlount of non
precipitable nitrogen rose slightly with time of incubation, almost in
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20 49
5.08 5.42

o ~ 1 2 4 8 13
4.10 4.10 4.30 4.56 4.72 4.80 4.98

i.e. a complete graph of the results; Fig. 7 shows only the first 2.5 hours.

t (hours)
mgN

h

The fig~res in Table XXXIII, columns 4 to 12, were obtained by
subtractmg the above from the corresponding experimental assay
results. l7

Although the amounts of non-precipitable nitrogen indicated in
Table XXXIII do not correspond directly to enzyme activities (see
p. 153), !t is poss1ble, nevertheless, to employ them directly in judging
the optImal [H ]. Looking first at the results with tannic acid
~rec!pitation, .at an experimental duration of 116 hours the optimum
lles III the regIOn of experiments III (pH 1.22) and N (pH 1.63). But at
12 hours or more, it has shifted towards the acid side, and experiment
In can be considered as representing the optimum. This shift of the
optimal point appears more clearly in the experiments with stannous
chloride precipitation. At an experimental duration of 16 or 1 hour it is
experiment N which gives the highest result, but if one consider~ the
magnitude of the figures on either side of this, the optimum must be
considered as lying between IV (pH 1.63) and V (pH 2.26). At 2 hours,
IV (p~ 1.63) truly represents the optimum and at longer experimental
duratlOns the optimal point shifts more and more towards the acid side
represented by experiment III (pH 1.22). '

To obta~n a more correct picture of this state of affairs, we may
work graphIcally, as mentioned before (p. 153). Figure 7 shows some of
the res~lts from t~e stannous chloride precipitation experiments, with,
as ordmate, the mcrease in non-precipitable nitrogen. If on such a
charth one draws lines parallel to the abscissa axis, corresponding for
example, to ordinates 12, 18, and 24, the intersections with the
progress curves give the time at which, in each case, the assay would
have. yielded res~ectively 12, 18 and 24 mg nitrogen. The figures thus
obtamed are gIven as Table XXXN, and Figure 8 shows the
dependence of such times on [H +] .1 7

S0rensen

proportion to time and about the same in all solutions independent of
[

+ 'H ]. Thus we have calculated with the mean values obtained over all
the blank experiments taken together. The figures given are mg of
non-precipitable nitrogen in a 30 cm3 sample at the time stated:

[160]

[158]

[157]
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Tannic acid
precipitation

5 cm3

6.6 cm3

2 cm 3

26.4 cm 3

Stannous chloride
precipitation

5 cm3

6.6 cm3

2 cm3

1.4 cm3

15 cm3

30 cm3

NaOH 1 molll
NaOH 0.1 mol/l
sodium acetate 1 mol/l
water
CaC12 10%
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TABLE XXXIII ~

360 em' 1Y.i% aeidalbumin solution + 40 em 3 aqueous sodium hydroxide solution + 50 em' pepsin solution. 30 em 3 of this mixture .j:>.

contained a total of 44.04 mg nitrogen, of which at the start of the experiment 4.10 mg was not precipitable by stannous chloride and
3.14 mg not precipitable by tannic acid. Experimental temperature 37°. Electrometric pH measurements.

Expt.
No.

Composition of sodium
hydroxide solution used

(total 40 ml) pH

Stannous chloride precipitation
Increase in non-precipitable nitrogen over

initial value; mg nitrogen at stated time (hI'S)

Tannic acid precipitation
Increase in non-precipitable nitrogen

over initial value;
mg nitrogen at stated time (hI'S)

1'2 2 4 8 13 20 49 1% 3 6 12 24 48

9.25 12.38 15.16

9.58 13.22 15.46 18.26

27.50 27.74 28.80 31.32 5.08 7.46 10.46 13.92 16.22 18.94

8.50 13.24 19.34 22.80 25.60 3.82 6.02

9.32 14.34 21.02 24.10 25.72 28.42 30.28 4.22 6.60

6.04

6.62

0.76

0.99

40 em' water

25 em' 1 mol/I NaOH
8.7 em' 0.1 mol/I NaOH
6.3 em' water

III 20 em' 2 mol/I NaOH
7 em' 1 mol/I NaOH 1.22 9.04 12.26 17.74
2.5 em' 0.1 mol/l NaOH
10.5 em' water

II

IV 33 em' 2 mol/I NaOH
7 em' water

1.63 11.00 15.24 18.70 24.76 27.86 28.45 28.94 30.92 5.06 7.32 10.22 13.38 15.86 18.66

V 37 em' 2 mol/I NaOH
1.2 em' 0.1 mol/1 NaOH
1.8 em' water

VI 40 em' 2 mol/I NaOH

2.26 10.82 15.00 17.50 22.06 25.14 26.42 27.08 28.08 4.22 6.20 8.86 11.64 14.62 17.32 V:l
'S
~

4.09 7.84 10.80 12.42 13.30 13.58 16.12 0.94 1.48 2.52 3.86 5.62 8.04 ;:s

'"~

0
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Table XXXIV and Figure 8 (even more clearly) show that for the
12 .m.g curve (ie. a short experimental duration) the optimal [H+] [162)

(mlIumum of curve) is slightly less than corresponds to pH 2. But
examining the 18 and 24 mg curves (i.e. longer duration) we see that
tlle minimum is no longer"", pH 2, but "'" pH 1.5; in other words, as
the duration is prolonged, the optimal point shifts to the acid side.

2478(/)rensen

SUMMARY
(1) It is necessary to distinguish carefully between acidity and
concentration of hydrogen ions; it is only the latter which influences
enzyme reactions.
(2) If the molar concentration of hydrogen ions is written lO-P, we
propose for the numerical value p the name hydrogen ion exponent
and the symbol pH.
(3) An analogy can be drawn between the effects of [H+] and
temperature on enzyme reactions. The [H+] curve of an enzyme, by
which is understood the curve relating reaction rate l7 (under the
conditions studied) to pH, is of similar shape to the temperature
curve.

XXXIII shows that it would have cut curve III after 49 hours.
It seems to us higWy probable that, as indicated earlier for invertin

(p. 147), the explanation for this remarkable behaviour is to be found in
the different rates of enzyme destruction at different [H +]. In the
case of invertin, this takes place more quickly at [H +] greater than

[164] the optimal; it appears from these experiments that tlle converse
holds for pepsin. Spontaneous destruction of the enzyme, expressed
as a downward trend of the progress curves, is more prominent the
more alkaline is the solution.

Pancreatin. The difficulties experienced in studying pancreatin lysis
were somewhat different. The number of peptide bonds cleaved is so
great that formol titration can easily be used to measure the extent
of proteolysis, and since pancreatin is active on proteins already
partially degraded, e.g. Witte's peptone, colorimetric [H+] deter
mination can be sufficiently accurate, at least in preliminary experi
ments. But as mentioned earlier, [H +} changes considerably during
pancreatin digestion (88a, p. 50; 88b, p. 54; 88c, p.98). This can
certainly be limited by using a considerable amount of buffer but
there is then the question of the [H +] at which the indicators used
in form 01 titration change colour, so that the addition of such a
buffer would make the titration difficult or sometimes (e.g. borate
mixtures) impossible. Further, our results to date indicate that the
pancreatin preparation used (Rhenania, Aachen - we have not had

[165] pure pancreatic juice available to us) does not contain only one

enzyme. It thus seems best to defer publication of tlle results.

[163]
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In this connection it is interesting to study the form of the
progress curves in Figure 7 more closely. That for experiment VI (the
least acid medium, pH 4.09) lies at first above I and II (the most acid
media), indicating more vigorous enzyme activity, but it qUickly
changes direction, intersecting I and Il and coming to lie almost
parallel to the abscissa axis, showing very weak enzyme activity.
Curve V (pH 2.26) behaves sinlilariy, though the change is less
marked. In Fig. 7, it cuts curve III at about 1~ hours, and it would
also (c.f Table XXXIII) cut curve II at 20 hours. Even curve IV
shows an unmistakable downward trend towards curve III, and Table
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(4) In measuring [H+] of a solution, methods where [H+] changes
during the course of the operation are useless: this applies to the
usual titrimetric methods for acids and alkalies. Catalytic methods,
also, are not generally applicable for measurements of [H +] in
enzyme work. In the occasional case where they can be used this can
only be with all necessary precautions.
(5) Two complementary methods are recommended - the accurate
but cumbersome electrometric method and the less accurate but
extraordinarily simple colorimetric method.
(6) Electrometric method [166]

(a) Write as "'IT" the EMF at 18° of a cell composed of a calomel
electrode immersed in 0.1 molll potassium chloride solution and a
hydrogen electrode (p1atinized platinum) in an electrode solution of
hydrogen ion exponent "pH". Then the equation

'IT = 0.3377 + 0.0577 X pH
expresses their interdependence. If pH = 0, 'IT = 0.3377.

(b) In the Chart of Principal Curves, the line corresponding to
this equation is called the Exponential Line; it allows purely graphical
interconversion of 'IT and pH values.

(c) By measurements of [H+] in sodium hydroxide solutions, the
dissociation constant of water, at 18°, was found to be 0.72 X
10-14 = 10-14 .14 •

(d) Stock solutions can be prepared by dissolving in water certain
simple substances, whose purity is easily verified and which are
available commercially in guaranteed pure form (C.A.F. Kahlbaum,
Berlin), such that mixtures in definite proportions give [H+] values
from 10-1 to 10-13 which have been ascertained in advance by
electrometric measurements. The pH values of any such mixtures can
be read off graphically from the Chart of Principal Curves.

In choosing the compounds used for the stock solutions, we
have been guided largely by knowledge of the substances which act as
natural barriers to too sharp changes in [H+] in living organisms. The
importance of such "buffers" in enzyme processes is emphasized in
many places.

(e) Special cases of difficulty in electrometric measurement are [167J
mentioned.
(7) The colorimetric method

(a) A method is described for colorimetric measurement in which
mixtures of the above stock solutions act as standards.

(b) The method is encumbered with certain sources of error, of
which the most serious is due to the tendency of native proteins and
their initial breakdown products to combine with indicators, which in
some cases may make the method difficult if not completely
impossible.

It was thus necessalY to ascertain just how far each indicator is
useful under various conditions, to reject those which are not
acceptable and to determine the precision of measurements with the
rest. In such investigations, the electrometric method was the re
ference method.

(c) The indicators investigated, several previously unknown, are
divided into 5 groups chiefly according to the pH range of their
transition. For each group is given an appropriate choice of the
control measurements done on the best and most important of the
indicators included within it.

(d) Several much-used indicators, such as Congo Red, must be
considered quite useless for work of this kind.

(e) On the basis of these control measurements, we recommend
20 indicators as worthy of use. Nevertheless, since they are not all
equally useful in all conditions, it is essential when choosing an
indicator appropriate to a particular case to bear in mind a number
of facts explicitly set out in the body of this paper (p. 118).

[168] (8) The importance of [H+] in invertin, catalase and pepsin reactions
is demonstrated by means of examples.

(a) Under the conditions used, and other things being equal, the
optimal [H+] for sucrose inversion corresponds to pH 4.4 to 4.6,
and is almost independent of the kind and amount of invertin used
or the acid used.

(b) The need to take account of [H+] in studies of enzyme
reaction kinetics has been demonstrated in studies on invertin, and
the conflicting reports of earlier workers shown to be due in part to
paying insufficient attention to the [H+] of the medium.

(c) Attention is called to the significance of spontaneous decom
position of the enzyme and to the consequent interdependence of
three factors among the experimental conditions - temperature,
[H+] and duration of observations. With invertin, the optimal [H+]
shifts a little to the alkaline side as the observations are prolonged.

(d) At 0° the optimal [H+] of catalase lies close to the neutral
point but shifts a little towards the acid side as the observations are
prolonged.
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(e) At 37° the optimal [H +] for pepsin cleavage is clearly
dependent on time, corresponding to a pH slightly less than 2 for
short periods and shifting towards the acid side as the duration of the
experiment is prolonged.

March 1909
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Bel'. d. deutsch. chenl. Ges. 21 (1888) 197 -220

(57) R. Lowenherz
Zeitschr. f physikal. Chern. 20 (1896) 283-302

(58) H. Lunden .
Meddelanden fran K. Svenska Vetenskapakaderniens Nobelinstitut 1 (1907)
No.8 pp. 1-33

(59) Th. Madsen and L. Walburn
Festskl'lft tillegnad OlofHarnmarsten (1906) Paper No. 10 (c.f ref. 55)

(60) L. Maquenne
Bull. Soc. Chirn. de Paris (3rd series) 35 (1906) I-XV
Seen in Chemical Society Library, London. These pages appear after p. 1328
in the "Memoires" volume and not in the corresponding volume of
"Resumes" (abstracts). The unusual pagination reflects the origin of the
contribution which is headed, "Conference faite devant la Societe chimique
de Paris." The manner of Sorensen's reference to this paper might lead one
to suppose that it was joint and that it would be found in the "Resumes"
volume.

(61) L. Maquenne and E. Roux
Ann. de Chim. et de Phys. [8 J 9 (1906) 179-220

(62) V. Meyer and G, Am1:@hl

Bel'. d. deutsch. chern. Ges. 8 (1875) 1073-1078
Reference is made only to the footnote on p. 1074, which is confined to

that page.
(63) L. Michaelis

Biochem. Zeitschr. 7 (1907) 488-492
(64) L. Michaelis and P. Rona

Zeitschr. f Elektrochern. 14 (1908) 251-253
(65) W. Nernst

Zeitschl: f physikal. Chern. 4 (1889) 129-181

(66) W. Nernst
Zeitschr. f physikal. Chern. 14 (1894) 155-156

(67) W. Nernst
Zeitschr. f Elektrochern. 10 (1904) 629-630

(68) W.A. Osborne
Zeitschr. f physiol. Chern. 28 (1899) 399-425

(69) H. Ost
Bel'. d. deutsch. chern. Ges. 24 (1891) 1636-1645

(70) W. Ostwald
J.f prakt. Chern. N.F. 28 (1883) 449-495

(71) W. Ostwald
1.f prakt. Chem. N.F. 29 (1884) 385-408

(72) W. Ostwald (Wilhelm Ostwald)
"Lehrbuch der allgemeinem Chemie" 2nd ed., vol. 2 part 1, Leipzig, W.

Engelmann (1893) p. 895
(National Union Catalogue ofpre-1956 imprints*)

(73) W. Ostwald
Zeitschr. f physikal. Chern. 11 (1893) 521-528

(74) C. O'Sullivan and F.W. Tompson
1. Chern. Soc. 57 (1890) 834-931

(75) W. Palmaer
Zeitschr. f physikal. Cheln. 22 (1897) 492-504

(76) M. Pfaundler
Archiv f Kinderheilkunde 41 (1905) 161-184
(Index Medicus*. Royal Society of Medicine Library, London, inter alia,

may have a COpy)
(77) L. v. Rhorer .

Archiv fur die gesarnte Physiologie des Menschen und del' T,ere 86 (1901)

586 -602 (c.f ref. 7)
(78) W. Salessky

Zeitschr..r. Elektrochern. 10 (1904) 204-208
(79) E. Salm

Zeitsc!lI: f Elektrochern. 10 (1904) 341-346
(80) ibid 12 (1906) 99-101
(81) E. Salm

a) Zeitschr. f physikal. Chern. 57 (1906) 471-501, b) ibid 63 (1908) 83
(82) E. Salm and H. Friedenthal

Zeitschr. f Elektrochern. 13 (1907) 125 -130
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(83) H. Schjerning
Zeitschr. f. analyt. Chem. 37 (1898) 413-22

(84) G. Schultz
"Tabellarische Ubersicht der im Handel befind1ichen kiinstlichen organischen
Farbstoffe" 4th edn., Berlin, Dr. Gustav Schultz (1902), R. Gaertner's
Ver1agsbuchhand1ung, Hermann Heyfelder, SW. Schonebergerstrasse 26
(Carlsberg*).

(85) J. Shields
Zeitschr. f physikal. Chem. 12 (1893) 167-187

(86) F.l. Smale
Zeitschr. f physikal. Chem. 14 (1894) 577-621

(87) S.P.L. S0rensen and A.C. Anderson
Zeitschr. fanalyt. Chem. 45 (1906) 217-231
(This reference to a method of G. Lunge is as in the original)

(88) S.P.L. S0rensen
a) Meddelelser fra Carlsberg Laboratoriet 7 (1907-9) 1-53
b) Comptes Rendus Trav. Lab. Carlsberg 7 (1907-9) 1-57
c) Biochem. Zeitsclzr. 7 (1907) 45 -1 01
(Carlsberg*) This is "Enzyme Studies I," the precursor paper to that
translated here, and in the same way was published simultaneously in
Danish, French and German. References to "Enzyme Studies I" vary
according to the version of "Enzyme Studies II," Le. from German version
to German version, French to French, Danish to Danish.

(89) A. Szili
Archiv fiir die gesamte Physiologie des Menschen und del' Tiere
115 (1906) 72-81 (Index Medicus*) (c.f ref. 7)

(90) ibid 115 (1906) 82-105
(Index Medicus*)

(91) B.v. Szyszkowski
Zeitschr. f physikal. Chem. 58 (1907) 420-424

(92) F. Tangl
Archiv fur die gesamte Physiologie des Menschen und del' Tiere
115 (1906) 64-71 (Index Medicus*)

(93) l. Thomsen (Julius Thomsen)
"Thermochemische Untersuchungen", vol. 3, Leipzig, l.A. Barth (1883)
p.120 (National Union Catalogue of pre-1956 imprints*. Apparently this
volume was published in 2 parts, but part 1 is probably the one intended.)

(94) B. Tollens
Bel'. d. deutsch. chem. Ges. 17 (1884) 2234-2238

(95) l. Walker
Zeitschr. f physikal. Chem. 4 (1889) 319-343

(96) Fr. Weis
a) Meddelelser fra Carlsberg Laboratoriet 5 (1903) 127-280
(Seen in Chemical Society Library, London)
b) "Etudes sur 1es enzymes proteo1ytiques de l'orge en germination (du
malt)" "(These)"
Comptes Rendus Trav. Lab. Carlsberg 5 (1903) 133-285 (Listed in "Dania

Polyglotta 1901-44," vol. 2, Copenhagen, Bibliotheque Royale (1948)

p.73)
c) "Studien tiber proteolytische Enzyme in keimender Gerste (Malz)"
Zeitschrift fur die gesamte Brauwesen 26 (1903) numbers 19-51,
pp.301-5, 318-22, etc. The article was published in small parts, spread
over many issues of the journal, as indicated (but excepting numbers 28, 32,
35, 39,41-4, 46), and a footnote on the opening page states that it is an
authorized translation from Meddelelser fra Carlsberg Laboratoriet, 1903.
Birmingham University Library, England, has a copy, and I am indebted to

them (Miss B. Ronchetti) for details.
S0rensen gives double references to this paper, i.e. 96a + 96c or 96b + 96c,
and does not make clear that the references are to two versions of a single
paper, as is apparently the case. The actual date of publication of 96a and b

was apparently 1902.
(97) l.l.A. Wijs

Zeitschr. f physikal. Chem. 11 (1893) 492-494
(98) ibid 12 (1893) 514-523
(99) W. Will and G. Bredig

Bel'. d. deutsch. chem. Ges. 21 (1888) 2777-2797
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NOTES

1 Modern values are (X 10-'4): 20°,0.681; 2So, 1.008; 40°, 2.916. Most
readers will probably find it strange to be working with any other value than
10 -, 4, but even at 2SoC, Kw is not exactly equal to this magical number!

2 We do not now regard pH as expressing hydrogen ion concentration, c.!
Part 1 Chapter 3. The modern form of symbol is used here for pH. Sorensen
used thr.ee different versions. (See Notes introducing this paper.) It should
be mentIOned also t1:at the words neutral and neutralize have more meanings
than one, and that If one chooses the meaning CH+ = COH -, then the pH
value corresponding to this is not necessarily 7 - it varies with K and
therefore with temperature even if one accepts for the moment that C+ is
meaningful. H

3 From t~is point on, the words hydrogen ion concentration, and the symbol
CH+ will usually be replaced by the symbol [H+], which will be more
familiar to most readers. Similarly pH will replace the words "hydrogen ion
ex ponen t".

4 Not always.

S More often, the falling off on both sides of the optimum is due to slower
operation (Michaelis & Davidsohn, translated below).

6 The translation of this paragraph diverges sharply from the original, where
the discussion is partly in terms of "hydrolysis" of salts. Since this concept is
now outmoded and probably receives little or no mention in elementary
teaching of chemistry it was thought better to avoid using it at this point in
the main text. A faithful translation, from this point on, runs as follows:
" ... (for example, weak acids or weak bases) or of hydrolysable compounds
(for example, phosphates or compounds of protein materials or their
breakdown products with acids or bases). The sum total of all these
substances together determines the hydrogen ion and hydroxyl ion content
of the solution, the product of which must be constant, as shown earlier. If
the equilibrium of a solution is disturbed, perhaps by adding a little base
that is by adding hydroxyl ions, some must be consumed to restore th~
equilibrium. Such "consumption" can originate for example by hydrolysis of
the salts of weak acids which may be present, or through hydroxyl ions
combining with hydrogen ions to form water, which in turn leads to fresh
formation of hydrogen ions (for example through furtller dissociation of
weak acids or hydrolysis of salts of weak bases). Addition of bases or acids
to such a solution causes not only neutralization of an equivalent amount of
acid or base, but also brings about dissociation and hydrolysis processes
which depend on the nature and amount of the substances present, but of
whIch the extent is usually beyond any calculation."

7 Sorensen means that [H +1 can be determined by writing [H +] =
concentration of strong acid X "degree of dissociation" (in the absence of
acid-binding substances). But we do not now regard this as correct. pH
cannot be calculated from this equivalence, see Part I, Chapter 3. Similarly
also with respect to strong alkalies and [OH - J.

8 Sorensen uses "Standard" in the German version, etalon in the French, to
refer to the stock solutions. For mixtures actually used with indicators in

determining pH he uses words amounting to "comparison solutions". I have
chosen to substitute "stock" and "standard" respectively as simpler and as
closer to modern usage in English.

9 In tlle paper in Biochemische Zeitschrift, as here, tllis chart was reproduced
on a small scale. But in Comptes Rendus Trav. Lab. Carlsberg it was given
full size as a fold-out insert. The full size chart (50 X 70 cm and unfolded)
could also be purchased separately from the Julius Springer publishing house
in Berlin, complete witll roller, or H. Hagerup in Copenhagen. In the
small-scale chart, tlle sq uares represent the 1 cm squares of the original
full-scale chart.

10 Thus in the German version; tlle French differs somewhat. Naturally, tllis is a
frequent occurrence and only a few almost whimsical examples are
indicated.

11 A precautionary remark too often ignored, even today.
12 That is, it is equitransferent, a necessary condition for minimizing diffusion

Uunction) potential.
13 Thus in French; the German differs somewhat.
14 According to modern theory, HCI is fully dissociated in solution. The fact

tllat in dilute solution its activity is less than its concentration is explained in
other ways. See Part I, Chapter 3.

IS In several places, in the Danish and/or French versions, the symbol -;- is
printed for "minus".

16 Remark and reference in parenthesis here were originally a footnote omitted
in the German version.

17 Differs from the original in wording or layout more sharply than usual, for
brevity or clarity or both.

18 These stock solutions, and Sorensen's values for the pH of various mixtures
of them, have been used ever since, in biological work, with almost religious
faith, whereas a more sceptical and critical attitude would have been
advantageous. See Part I Chapter 3 and the introductory notes to this paper.

19 Presumably, made from sodium metal.
20 Presumably, millimetres of mercury.
21 This salt later found to be seriously impure, requiring revision of some of tlle

pH values of standard solutions. See introductory notes to this paper.
22 l/S normal.
23 Calculated from individual figures given in the original.
24 c.! Note 6. In this and the next succeeding paragraphs tllere is considerable

discussion in terms oftlle "hydrolysis" of salts. Although wishing to eliminate
this, I found it impossible to do so and still retain any flavour of the original.
Puzzled readers may find some help in Part I, Chapter 3. The phenomena
discussed in this particular paragraph and Table VII may be explained simply
by saying that the acid-base dissociation of glycine (and citrate and borate)
has little influence on the pH of these rather strongly alkaline solutions
(pH> 11), being, like all buffers, effective only close to the relevant pK.

2S More simply, the relevant pK value lies in the region where addition of acid
produces rather little change in pH, even in pure water.

26 That is, in each case, at points corresponding to complete titration of tlle
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base with the added acid.
27 In the original, an exceptionally long footnote; about 2 pages of text.
28 The "hydrolysis" of Na, PO. is better expressed thus:

PO:- + H+ "'" HPO/
H20"", H+ + Oir

29 Sorensen here refers the reader also to a list of articles by Hober (38,
p. 528), Bertrand (8, p. 1130), Henderson (33, 36), Henderson and Black
(34, 35) and Hall (29), the last five cited from abstracts in Chemische
Zentralblatt, 1906, I, 1031; 1908, 1,1190 & 1197; 1908, II, 335 & 335 (sic,
thus in all three versions).

30 Comprehensible if one knows the construction of electrode cells; see, for
example, D.A. Mclnnes "The Principles of Electrochemistry" New York,
Dover, 1960, p. 260. (Reprint of Reinhold edition of 1939)

31 A commercial preparation from fibrin, according to S.W. Cole, "Practical
Physiological Chemistry" 5th edition. Cambridge, Heffer, 1919, p. 52.

32 It seems that S0rensen was working simply with (native) white of egg, rather
than purified ovalbumin, and that when he gives concentration figures it is
on the assumption that this source material constitutes a 12% solution. Thus
4% egg-white is a three-fold dilution, etc.

33 The remainder of the paper (German version), from this point, was carried
over to the next succeeding issue of Biochemische Zeitschrift.

34 "Figure 2" is not numbered in the Danish and French versions; figure
numbers in the German version thus read one higher from now on. Fig. 2
(French) = Fig. 3 (German), etc. In this translation the numbering of the
German version is used.

35 c.f Note 42. Curcumein (Schultz No. 98) is a synthetic dye (a mixture),
not to be confused with curcumin (a name used both for the natural
colouring matter of turmeric and for another synthetic material).

Cotton Blue: in French Bleu Beige, in German Baumwollblau, in Danish
Bomuldsblaat. Cotton Blue may not be a correct translation. It is listed
(84) as a synonym for Baumwollblau 3B (Schultz No. 452), but Bleu
Beige is Baumwollblau R (Schultz No. 577), for which no English
equivalent is given in ref. 84.

36 In the original, 0.1 normal. Probably 0.05 mol/I is correct; and similarly
elsewhere.

37 In this translation, only Table VIII is given, c.f Note 41.
38 This account surely cannot be correct, or the indicator would be absolutely

useless. The slow fading reaction must be due to an additional molecular
modification, over and above the "indicator" transition.

39 It is now generally accepted that the whole original concept of the colloidal
state is unsound, leading to false comparisons between solutions of proteins
and the like on the one hand, and micellar or similar solutions on the other.

40 This can easily be done as a lecture demonstration, or perhaps preferably as
a practical class experiment (Ed). See 11th FEBS Conference (1977)
Abstract No. B-11-951-0.

41 In this translation, only Table VIII is given, by way of example, since it
appears unlikely that these detailed tables will ever again be of interest to the

general reader. In Table VIII concentrations are expressed in terms of
'normality'; this is allowed to stand because of possible ambiguities, and the
original symbol, n, is also used.

42 Although Sorensen refers specifically to the handbook by Schultz and Julius
(84) in the majority of cases, translating of names of dyes offered some
difficulty. Not all are chemically well-defined; a multiplicity of names may
be used for one dye or the same name for more than one chemical substance;
English names are only listed occasionally by Schultz. But it must be
recognized that the only real concern is to present a reasonable English
name: more precise chemical identification anyway demands consultation of
Schultz (and in the correct edition, since the numbers change). In some cases
the name selected is reasonably well-known in the chemical literature (it is to
be hoped there are no errors) but in others it is simply a literal translation of
the German or French. There remain uncertainties, a few examples will show
why:

,.. On p. 91 (of French original) we have:
\1 "methyl violet" - this is a benzylated derivative of the ordinary methyl

/
-;' violet ("2B"), and one .synonym is "Be.nzylviolett". But Sorensen uses

I /' simply the name methyl VIOlet, except III tins one entry.
:v (f "gentian violet" - Schultz number not given and chemical identity
~ X uncertain: various mixtures have been sold under this name..

t \'\ /f "malachite green" - Malachitgriin is a synonym for the varIOus names used
J '" <::: by Sorensen, but was also in use for at least one other substance.

J' {\ "fast yellow" - translation of Echtgelb.
l ( S0rensen's original indicators are still preserved at the Carlsberg Labora-
,\. tory however so that if it were ever of sufficient interest a chemical

\. iden~ification dould be Inade and we could know what he actually used.
(''' 43 The original has 2 normal. In this case presumably normality has been

reckoned in terms of titratable acidity (50 cm' of 1 mol/I sulphuric acid
would be a 2-fold excess of acid).

44 The first step yields, e.g. diazoamino benzene C6 HsN:N' NH -C. Hs which
would rearrange spontaneously to p-amino azo benzene, but in the presence
of excess of another amine combines with that to form the diazo compound
proper.

45 Reference omitted in French version, but given in Danish and German.
46 Throughout this paper, the percentage of alcohol is given by weight and is

93% unless otherwise stated. (Author's note)
47 Not listed in ref. 84, but they appear in the next edition ("Farbstoff

tabellen", G. Schultz, Berlin, Wiedmann, 1914) under No. 938. Natural
products from logwood.

48 "Bottom" yeast gives fermentation from the bottom of the vessel. To
"express" is to squeeze out excess water.

49 The Danish version consistently states 52°, the German almost always 52.5°.
The French version gives 52° at this point but 52.5° when discussing the
results (p. 131).

50 In the original, the results are presented as Tables XVI-)'W and repeated as
a Figure numbered Fig. 3 in the German version, Fig. 2 in the French and
Danish (c.f Note 34). Omitting the Tables makes it necessary to introduce a
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new figure (Fig. 3B) in terms of volume of added acid, and the text naturally
differs sharply from the original at this point. The presentation is much
clearer, however. The device of a new figure has been used before, but in
that case series C' was omitted. ("The Carlsberg Laboratory 1876/1976", H.
Holter and K.M. Meller eds., Copenhagen, The Carlsberg Foundation, 1976,
p.68)

51 "hydrolysis" here probably refers, again, to dissociation reactions of
electrolytes and not to cleavage of sucrose.

52 Solutions differing in sulphate content (C liS. C') have slightly different pH
values. The observed extents of sucrose hydrolysis show these pairs of
experimental points as in mutual support, and only one curve is given in this
region.

53 Final molar concentrations were as follows (calculated from data given in the
original): Total phosphate, D 7.01 mmol/I, D' 70.1 mmol/1. Total citrate, at
pH values less than 5, E 10.52 mmol/I, E' 105.2 mmol/1. At higher pH
values, solutions were made up with mixtures of sodium citrate and sodium
hydroxide, so that the actual citrate concentrations were less. Here again, the
Tables (XX-XXIII) of the original are omitted and the text modified
appropriately.

54 c.f Notes 14 and 18 to the above translation of a paper by Emil Fischer.
55 Sorensen directs attention at this point to four individual experimental

mb:tures made up without addition of acid or buffer. The pH values were:
expt. 1, 6.81; expt. 14, 6.90; expt. 27, 6.34; expt. 41, 6.37. The
corresponding points are those at the extreme right hand end of each curve
in Fig. 3 (extreme left hand in Fig. 3B).

56 Hardly constant, unless we ignore the last figure! But note that this is
sharply different from the trend in both series: experimental error is most
likely to have affected the later readings (up to 98% inversion!) and product
inhibition would be most serious here, too.

57 Here the word optimal refers only to the fact that inversion is most nearly
complete, within the pre-set experimental period, under the conditions of
C. The highest rates observed (but not maintained for long) were actually in
more acid solutions.

58 Original has 0.04 N (approx.) hydrogen peroxide and 0.0112 N potassium
permanganate (and 2 N sulphuric acid). The reaction is

2MnO. - + 5HzOz + 6H+ 2Mn'+ + 50, + 8H,O,
and the normalities given in the original tex t only make sense if it is assumed
that for hydrogen peroxide equivalent weight = Y, mol. wt. and for potassium
permanganate equivalent weight = 1/3 mol. wt., that is "normal" solutions
are respectively 0.5 and 0.33 mol/I. The former is reasonable, the latter
seems odd but is actually used in the case of estimation of Mn. The
interpretation adopted gives as reacting quantities 0.25 mmol Hz 0, and
0.0995 mmol KMnO•.

59 Details are given in the original in Table XXXII, which is omitted here and
the text modified appropriately.

10 Michaelis & Davidsohn (1911)

An enzyme is an amphoteric electrolyte, of which only one
ionic form is fully active. This is the principal effect of pH
on enzyme activity, and is reversible, but irreversible changes
(denaturation) may be superimposed

THE AUTHORS: Attempts to obtain information about the life and

career of Heinrich Davidsohn have met with little success and most of

what we know of him is drawn from his publications. Apparently, he
was a paediatrician; he published extensively including a substantial

number of papers with Michaelis relating to laboratory subjects, the last

appealing in 1924. Concerning Leonor Michaelis, see below (notes
prefaced to the paper by Michaelis and Menten).

THE PAPER AND ITS CONTRIBUTION: This paper offered no particular
difficulty in translation, and is in fact attractively lucid and penetrating.

It was hoped to shorten the translated length by omitting the Tables,

but from Table III onwards they prove to be quite essential. Tables 1
and II are largely unnecessary since most of the results are given also in

Fig. 1 and these are in any case acknowledged to be preliminary and
inaccurate results. But specific reference is made later in the text to

some of the experiments (during discussion of reversible inhibition by

acids and alkalies) and it was finally concluded that to provide
elaborate explanatory footnotes plus a new shortened Table was not

worth the fuss or the amount of space saved. The appendix, however,

adds nothing to the main body of the paper, being in effect a separate
publication of almost trivial nature, and is omitted.

The original reason for including this paper was to offer an
immediate, contemporary counterbalance to S0rensen's mistaken view
that the effect of [H +] on enzyme activity was due only to

denaturation. S0rensen's work, now as then, is of immense authority,

and it seemed that a few words in an introductory chapter might not
suffice to erase from a reader's mind the idea that dependence on [H+]

was only analogous to the dependence on temperature - a balance

between increasing intrinsic activity and destruction of the active

species. The paper of Michaelis and Davidsohn shows the real position
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with brilliant clarity, but in addition to demonstrating this relatively
minor point the paper is valuable as helping to set S0rensen's work in
its background and as showing Michaelis' approach to his definitive
work on enzyme kinetics and on the behaviour of acids and bases.

The effects of hydrogen ions on invertin
by Leanor Michaelis and Heinrich Davidsahn
(From the biological laboratory of the Municipal Hospital, Urban,!
Berlin) (Received 19th July 1911)
With 4 figures in the text
Biochemische Zeitschrift 35 (1911) 386-412

S0rensen's, was to establish the position of this optimum. S0rensen's
procedure was to allow equal amounts of invertin to act for the same
time upon equal amounts of sugar but at increasing [H+], and then to
determine the amount transfonned. Naturally, this method permits
determination of the maximum effect; but it does not immediately
allow a quantitative conclusion on the activity of invertin beyond the
maximum. We will return to this matter again below. We undertook a
corresponding series of experimentsS in a somewhat different way. If
one follows the fall in rotation of cane sugar, due to invertin action, by
direct observation in a polarimeter, it is found that from the outset until
one fifth of the theoretically possible transformation has occurred,
equal amounts are transformed in equal times. In this region, then, if x
is the change of rotation at time t, the ratiox/tmay be considered as a
measure of invertin activity and in this way the optimum [H+]
determined. These experiments are set out in Tables I and 11.6

TABLE I Experimental temperature 18°. Observed directly in the polarimeter
tube without correction for mutarotation. Composition: 5 cm 3 of the enzyme
solution (the same throughout), 5 cm 3 of regulator mixture, 10 cm 3 10% sucrose
solution.

The old problem of the effect of the acidity of the medium on the
specific activity of enzymes was not tackled with satisfactory modern
methods until the well-known work of S0rensen.2 Of the enzymes
studied by him, invertin gives the best insight because its action is
-simple and because the reaction can be followed with quite exceptional
accuracy. Independently of him, and from similar considerations, we
had also made invertin the starting-point of corresponding studies,
which were not published at that time because the fundamental work
of S0rensen appeared in the meantime. But since then new con
siderations have occurred to us, which gave rise to the present
experiments. Finally, there recently appeared a paper by Hudson and
Paine3 on the same question, in which the principle employed is the
same as ours. We decided, nevertheless, to publish our results in detail
because Hudson, although he has enriched our knowledge of enzyme
action through use of good methodology, made use of a quite
inad4.{lltte method in respect of the hydrogen ion concentration ([H+])
of the enzyme solution. That his theoretical and experimental curves [387J

agree so well depends only on the use of an insufficient number of
experimental observations, and in fact our absolute values differ
significantly from Hudson's.

The question we set ourselves was like S0rensen's - in what manner
is the activity of invertin dependent on the [H+] of the solution? From
all earlier investigations (Sullivan and Thompson (sic), Duclaux, Henri,4
etc.) it can be asserted that the activity of invertin must have a
maximum at a quite definite acidity. Our first objective, like

Expt.
No.

2

3

4

5

Change of
Regulator Mixture7 [W] log [WJ7 rotation

per minute

5 em 3 0.3 molll NH 3
6.0 X 10 12 -11.2 0.0000

5 em 3 of a mixture of,
10 em 3 0.57 N phosphoric acid"
62 em 3 0.1 molll NaOH 5.0 X 10-9 - 8.3 0.0012
28 em 3 water

2 em 3 of a mixture of,
10 em 3 0.57 N phosphoric acid
54 em 3 0.1 mol/l NaOH 2.4 X 10-" - 7.62 0.0038
3 em 3 water

2 em 3 of a mixture of,
10 em3 0.57 N phosphoric acid
42 em 3 0.1 molll NaOH 2.2 X 10-7 - 6.66 0.0066
3 em 3 water

2 em3 of a mixture of,
10 em 3 0.57 N phosphoric acid
34 em 3 0.1 molll NaOH 8.4 X 10-7 - 6.08 0.0090

3 em 3 water
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0.0044

0.0135

Change of
rotation

per minute

o-2

10g[W][W]

Fig. 1.

-8-10-12

Experiment on the reversibility of the effects ofalkali and acid

After standing 90 min, the
mixture of Expt. 15 9 was
brought to a weakly acid
reaction (about 10- 5 ) 10 by
addition of acetic acid + NaOH

Regulator Mixture

After standing 65 min, the
mixture of Expt. 1 (which
showed absolutely no inversion)
was then acidified with
acetic acid to the point of a
yellow colour with rosolic acid
indicator

18

17

Michaelis & Davidsohn

TABLE 11

0.02,---,----,----~--~--~-___,

Expt.
No.

<::
o.;:
"'-o .=.. E
(; C, 0.011---1---t----7,:j---t_----'l~t_-__j

~~
<::-

'".<:
U

As O'Sullivan and Thompson!! showed, the glucose resulting from
hydrolysis of sucrose is at first in a muta-rotating form and spon
taneously transfOlms into the normal rotating form. S0rensen took

active at any arbitrary [H+], as compared with the optiinal activity.
But this cannot be done from the experimental results so far given since
the relationship between the rate of transformation, as defined above,
and amount of enzyme is not simple. All these observations are affected
by errors arising from ignoring mutarotation, just as in Henri's extensive
researches.

0.0130

0.0154

0.0160

Change of
rotation

per minute

- 5.96

- 4.96

- 5.25

10g[W]

Michaelis & Davidsohn

[W]

1.1 X 10-0

3.6 X 10-0 - 4.44 0.0164

3.6 X 10- 5 4.44 0.0148
[390]

3.6 X 10- 5 - 4.44 0.0164

2.2 X 10-' - 3.67 0.0154

6.8 X 10-' - 3.16 0.0130

8.6 X 10-' - 3.07 0.0114

1.9 X 10-2 - 1.72 0.0007

0.0002

1.1 X 10-5

5.6 X 10-'
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Expt
Regulator Mixture

~o.

6 5 cm 3 of a mixture of,
10 cm3 1 mol/I NaOH
10.56 cm3 1 mo1/1 acetic acid
9.44 cm 3 water

7 5 cm 3 of a mixture of,
10 cms 1 mol/I NaOH
12.78 cms 1 mol/1 acetic acid
7.22 cm3 water

8 5 cms of a mixture of,
10 cms 1 mol/I NaOH
15.56 cms 1 mol/I acetic acid
4.44 cms water

9 5 cms of a mixture of,
10 cms 1 mol/I NaOH
27.80 cm3 1 mol/I acetic acid
2.20 cm 3 water

10 The same experiment repeated
one day later

11 The same experiment ..::peated
one further day later

12 5 cm' 0.01 mo1/1 acetic acid

13 5 cms 0.1 mol/I acetic acid

14 5 cm 3 0.2 mol/I acetic acid

15 5 cm 3 0.1 mol/I HCI

16 Control experiment for
expt. 15, without enzyme

Enzyme activity is thus in marked degree dependent on [H+] in the [389]

sense that a broad optimal zone spreads from 5.6 X 10-6 to 2.2 X
10 -4, corresponding to a hydrogen ion exponent of 5.25 to 3.67, as is
shown in Fig. 1. The abscissa here represents log [H+] and the ordinate
change of rotation per minute.

Thus at [H+] other than the optimum, invertin behaves as if only
part of the enzyme was active. We might set ourselves the task of
determining quantitatively what proportion of the invertin is really
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TABLE III

account of this in his experiments, and we must do the same if we wish
to deduce quantitatively useful comparative figures.

The importance of the neglect of mutarotation when determining
absolute values may be shown by the following example in which
observations were carried out in parallel, directly in the polarimeter
tube as above and also using alkali to interrupt the reaction following
the proclfdure of the authors cited.

The ~rocedure was as follows: into each of 2 flasks was placed
20 cm 3 of 10% sucrose, 1.5 cm3 1 molll acetic acid and 1.5 cm

3

I molll sodium acetate - the latter to provide a controlled and, as it
turns out, the optimal [H+]. Both flasks were placed in a water-bath at
18°, and 4 cm3 of our invertin solution added to each. The contents of

flask I were immediately transferred to a polarimeter tube and the
rotation measured from time to time. Between measurements, the tube
was kept in the water-bath at 18°. The initial rotation was ascertained
by extrapolation. Flask II remained in the water-bath throughout:
immediately after adding invertin and at precise intervals thereafter a
5 cm3 aliquot was withdrawn and added to 2 cm3 10% soda solution.
The measured rotation figures were, naturally, corrected for this
dilution by calculation. The results of these experiments are given in

Table m.

Alkali

The state of affairs revealed must be allowed for in any truly
quantitative experiments.

The definitive series of experiments was conducted as follows:
20 crh3 of an accurately prepared sucrose solution, of about 10%
concentration, was mixed with 25 cm3 of a dilute regulator mixture,
pre-warmed in a water-bath at 22.3° ± 0.05° and at an accurately
recorded time mixed with 5 cm 3 of similarly pre-warmed enzyme
solution. As quickly as possible, generally after 0.4 to 0.8 minutes, a
5 cm3 sample was withdrawn and transferred to a test-tube containing
1 cm3 20% soda solution. Similar samples were mixed with soda
solution in the same way at suitable selected intervals. The enzyme
action was thus suddenly interrupted, and at the same time the
mutarotation eliminated witllin at most a few minutes. Many control
experiments indicated that the polarimeter reading obtained after 15
minutes remained exactly the same many hours later. The initial value,
that is the angle of rotation immediately after addition of the enzyme,
was obtained by extrapolation on the basis of the first obtained
reading, at 0.4 to 0.8 minutes, and that from the next following sample
(after ~ to % hour). This was certainly reliable, since the extrapolation
was usually less than 0.0 1°. Each measurement is the mean of 4 to 8
individual readings.

Although we at first strove to complete, as far as pOSSible, all the
experiments of one series within a single day, out of fears concerning
the lability of the enzyme solution, we preferred to spread later series
of experiments over several days. We had convinced ourselves that
enzyme solutions stored on ice for 8 days never suffered more than the
sliglltest detectable loss of activity. The enzyme was prepared from
pressed yeast, clarified with kaolin with the addition of a trace of acetic
acid and the acetic acid then removed by dialysis. The details of these
experiments are given next in the form of a Table.

In Table IV, t signifies the time of removal of the sample, a the
measured angle of rotation, 1

9 which was always positive, and x the
extent of reaction, expressed as change of rotation. Numbers in
parenthesis were obtained by extrapolation. The heading Tit is explained
la ter.

We can see from Table IV that as [H+] is varied there is a wide
optimal zone of invertin activity, extending from 0.65 X 10 -s to 0.21
or 0.98 X 10 -3, corresponding to pH 5.19 to 3.68 or 3.01. It is
interesting that these numbers are almost identical with those obtained
in our preliminary experiments, above.

[397]

[392]

[396]

[391]

0.70°
1.33°
2.61°
3.84°

0.61°
1.30°
1.90°

amount of
change

8.64°
8.01°
6.73°
5.50°

9.06°
8.37°
7.77°

9.34°

9.67°

angle of
rotation 12

Without added alkali

angle of amount of Time

rotation change

9.81° 0

9.75° 0.06°
9.66° 0.15°
9,44° 0.37° 14

8.98° 0.83° 30
8,48° 1.33° 45

9,49° 0

9.40° 0.09°
9.19° 0.30°
9.06° 0,43° 15

8.57
0 0.92° 30

7.46
0 2.03° 60

6.33° 3.16° 90

o
3
7.75

14.25
30
45

o
3.5

12
15
30
60
90

Time
(minutes)

20

19

Expt.
No.



TABLE IV'5

N
T'5 -..l

Composition ofRegulator [loP] [WI -log[W) 0
txpt. No. a x t

Mixture calculated measured
'-----\(i'r1ea'lyalue in brackets)

measured

2.5 em 3 1.34 mol/l NH 3 0 (4.14)
21 2.5 em3 I mol/l Hel 0.14 X 10-0 see Note' 3 0.8 4.14 0 8.85

20 em 3 water 155 4.15 0

0 (4.21)
22 0.30 em3 N/3 A14 0.8 4.21

10.0 em3 N/3 B14 0.6 X 10-0 14 X 10- 0 125 3.943 0.267 0.110 8.85
14.70 em3 water 213 3.735 0.475 0.117

(0.114)

0 (4.170)
10.0 em3 N/3 A 0.5 4.170

23 10.0 em' N/30 B 0.20 X 10- 7 0.27 X 10-7 107 3.860 0.310 0.151 7.57
5.0 em' water 163 3.704 0.466 0.150

(0.1505)

0 (4.156) ~
"".2.5 em3 N/3 A 0.4 4.135 0.003 ;:s--
I::l

24 5.0 em' N(3 B 0.10 X 10-' 0.11 X 10-' 108 3.370 0.786 0.390 6.95 ~

17.5 em 3 water 167 2.940 1.216 0.390
<;;.

R<>
(0.390)

~
0 (4.101) lS.:

5.0 em 3 N/3 A 0.8 4.100 0.001 ""C)

25 5.0 em 3 N(3 B 0.20 X 10-' 0.22 X 10-' 100 3.203 0.898 0.482 6.65 ;:s--
;:s

15 em3 water 162 2.600 1.501 0.500
(0.491)

0 (4.123) ~6.0 em 3 N/3 A 0.5 4.118 0.005 ;:s--

26 4.0 em3 N/3 B 0.30 X 10- 6 0.30 X 10-6 81 3.210 0.913 0.606 6.50 I::l
CI>......

15 em' water 159.5 2.386 1.737 0.596 0:;'

(0.601) R<>
b
I::l

0 (4.170) ~

7.0 em 3 N(3 A 0.5 4.164 0.006 ~
27 3.0 em 3 N/3 B 0.4 7 X 10- 6 0.45 X 10-6 58 3.420 0.750 0.693 6.35 ;:s--

;:::
15.0 em3 water 120 2.676 1.494 0.671

225 1.504 2.666 0.690
(0.685)

0 (4.182)
5.0 em 3 N(3 A 0.8 4.168 0.014

28 0.5 em' N(3 B 0.20 X 10-5 0.18 X 10-5 74 2.818 1.364 0.987 5.75
19.5 em 3 water 139 1.823 2.359 0.967

(0.977)

0 (4.160)
5.0 em 3 N/3 A 0.5 4.150 0.010

29 0.5 em 3 N(3 B 0.20 X 10-' 0.20 X 10-' 50.5 3.234 0.926 0.984 5.70
19.5 em 3 water 202.5 1.043 3.117 0.932

(0.958)

4.0 em3 0.1 mol(l 0 (4.187)
acetic acid 0.4 4.180 0.007

30 5.0 em3 1 mol/I acetate 0.19 X 10-' 0.20 X 10-5 75 2.936 1.251 0.895 5.697
16.0 em 3 water 129 2.092 2.095 0.911 N

-..l

(0.903) -



2.5 em 3 0.1 moll o~~J'l:.,110)
IV
-J

acetic acid 0.3 4.104 0.006 IV

10 em 3 0.1 molll acetate 53.5 3.086 1.024 1.00
31 0.55 X 10- 5 0.65 X 10- 5 84 2.526 1.584 1.02 5.19

115.2 2.007 2.103 0.976
12.5 em 3 water 165.5 1.250 2.860 1.02

(1.004)

5 em 3 0.1 molll 0 (4.15)
acetic acid

32 10 em' 0.1 mol/l acetate 0.11 X 10-' 0.11 X 10-' 87 2.435 1.715 1.04 4.96
10 em' water 152 1.433 2.717 1.04

(1.04)

10 em' 0.1 molll 0 (4.088)
acetic acid 0.5 4.080 0.008

10 em 3 0.1 mol!laeetate 17.3 3.814 0.274 0.84 15

34.2 3.438 0.650 1.00
33 0.23 X 10-4 0.23 X 10-4 69.6 2.740 1.348 1.03 4.63

100.5 2.220 1.868 1.00
~5 em' water 130.1 1.770 2.318 1.00
'"'159.2 1.310 2.778 1.02 ;:-
I::l

(0.995) ~t;;.

0 (4.155) R<>

0.5 4.145 0.010 tl
5 em 3 I rnol!l

37 3.430 0.725 1.06 ~
acetic acid

76 2.740 1.415 1.00 ~
34 5 em 3 0.1 rnol!laeetate 0.21 X 10-3 0.21 X 10-' 3.68 Cl

130.5 1.840 2.315 1.01 ;:-
15 em 3 water ;:s

180 1.122 3.033 1.00
223.5 0.615 3.540 1.00

(1.01)

0 (4.164)

0.7 em 3 0.1 mol!l HCl 0.8 4.150 0.014

24.3 em 3 0.1 molll 20 3.803 0.361 0.955 ~
35 1.4 X 10- 3 0.96 X 10- 3 40 3.440 0.724 0.950 3.02 ('i'

KC1'" ;:-
60 3.085 1.079 0.962 I::l

~

83.3 2.695 1.469 0.946 -t;;.
(0.953) R<>

0 (4.188) ~
'"0.4 4.180 0.008 is.:
00

30 3.620 0.568 1.01 Cl;:-
60 3.069 1.119 0.99 ;:s

36
5 ern 3 1 mol!l 1.3 X 10- 3 0.98 X 10-' 95 2.462 1.726 0.996 3.01acetic acid 123 2.032 2.156 0.990
20 em3 water 215 0.840 3.348 0.964 17

(0.997)

0 (4.115) _ 0.76 1 "

0.4 4.105 0.010
2 ern 3 0.1 mol!l HCl 20.2 3.847 0.268 0.693

37 20 em 3 0.1 rnol!1 KCl 0.38 X 10-' 0.31 X 10-2 60.6 3.400 0.715 0.635 2.52
3 ern 3 water 82.0 3.170 0.945 0.617

107.5 2.911 1.204 0.600
150 2.496 1.619 0.585

0 (4.216) between 0.4 & 0.5'"

38 3.0 em 3 0.1 mol!l HCl 0.54 X 10-3 0.48 X 10- 3 0.8 4.212 0.004 2.315
22 em 3 0.1 mo1!1 KCl 63.3 3.842 0.374 0.319

123.3 3.580 0.636 0.276

0 (4.210)

39 repetition of Expt. 38 0.54 X 10-3 0.48 X 10-3 0.5 4.210 2.315
with boiled enzyme 63.3 4.220 IV

-J
123.3 4.190 w



1. The ascending branch of the CUl1!e
We consider first the lower values of [H +], up to the optimum. One

might conceive of the mechanism of this inhibition in two ways. Either
we are dealing with an inhibition in the true sense, or it is a matter of a
reversible transformation of a certain part of the enzyme into an
inactive modification. We give preference to the second concept
because, using this assumption, we can come to a clear insight of the
mechanism of inhibition.

In any case, our first task is to determine what fraction of the total
enzyme is active at any arbitrary [H+]. We represent the total amount
of enzyme which is effective at optimal [H+] by <I>, the amount active

Table IV also offers us the possibility of answering the question
whether [H+] is the only effective influence or whether perhaps the
type and concentration of the added regulator electrolyte may exert an
effect. No accelerating or inhibitory influence related to concentration
appears within the range of electrolyte concentrations used by us,
which was not very great, however.

With regard to the nature of the regulators, it appears that
experiments at constant [H +] with phosphate and acetate mixtures, or
with acetate mixtures and acetic acid, gave results which agreed well

between themselves. Experiments 35 and 36, however, of equal acidity
as shown by the measurements, gave a difference of 4.5% in enzyme
activity. But if one considers that Experiment 35 was carried out with a
1/710 mol!l hydrochloric acid, it cannot be doubted that this small
difference is explicable by the poorly defined [H+] in the dilute acid
solution.

We are thus justified in regarding [H +] as the only significant
val;iable in the experiments set out in Table IV. Finally, Experiment 39
shows that even the highest [H+] concentration used is by itself
insufficient to cause detectable acid hydrolysis of sucrose.
. Inhibition of invertin activity at unsuitable [H +] takes place in two
\
distinct ways. At a [H+] smaller than the optimum, there is only a
readily reversible inhibition of the activity. Experiment 1 in Table I and
Experiment 17 in Table II show that an enzyme preparation which
appears totally inactive in alkaline solution, regains activity, without
loss, on re-acidification, as has been shown previously by V. Henri 20

and others. At [H+] greater than the optimum, there enters a second
influence, progressive, irreversible destruction of the enzyme, which is (398]

more extensive the greater is the [H+] (see Experiment 18, Table II).
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at any arbitrary [H+] by'P. Thus we set ourselves the task of describing
'P!i.P as a function of [H+] . To this end we must have available a means
of representing the amount of active enzyme numerically. This can be
done in general by comparing the times required to achieve a certain
extent of reaction, which, necessarily, are inversely proportional to the
amounts of active enzyme. It is asssumed also that the form of the
reaction progress curve is independent of the amount of active enzyme.
Then the following relationship must hold:

'Pt = f(a, x)

x

3

where 'P is the amount of enzyme, t is time, a is the initial amount of
substrate, x is the amount of substrate transformed at time t, and f
symbolizes an unknown function, but always the same function.

This equation indicates that at a given initial amount of sugar, the
time t necessary to reach an arbitrary extent of reaction x is inversely
proportional to the amount of enzyme 'P. Whether this equation
actually holds for all the researches under consideration should be

[399] verified by several examples in which equal amounts of sugar were
decomposed at optimal [H+] by increasing amounts of enzyme. To this
end we placed in the water-bath, at 22.30

, 3 parallel experiments in
which the concentration of sugar was constant, the [H+] fixed by
means of an optimal acetate mixture, while the amounts of enzyme
varied in the ratios 2: 1:0.4. Table V gives the details.

Michaelis & Davidsohn274
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TABLE V reaction and rate constants calculated on that basis,

The influence offIr] on invertin kinetics
Sorensen maintains that varying [H +] changed not only the initial

velocity of inversion, but that the entire form of the curve took on a
diff.::rent shape. If sucrose hydrolysis is treated as a monomolecular

If these figures are represented on a graph with the product <.pt as
abscissa and the corresponding values of x as ordinate, all the points
must be on a single curve, if the equation is correct. As Fig. 2 shows,
this is in fact the case. It is thus confirmed that the form of the progress
curve is independent of amount of active enzyme.

Until now we have made a tacit assumption, which is in fact a
second prerequisite before we are justified in directly comparing the
times required to reach a certain extent of reaction. This is the
assumption that the actual shape, also, of the curve is uninfluenced by
[H +], in other words, that the significance of the symbol f is
unchanged. But the validity of this assumption has been shaken by
Sorensen's21 researches. Because of the importance of this question for
the investigations being considered, we must examine Sorensen's results
exhaustively.

x

0 0
18.0 0.658
46.0 1.564
83.0 2.668

121.0 3.560 [401]

167.5 4.374
206.8 4.836

0 0
21.0 0.389
60.0 1.074

130.0 2.205
190.2 3.004
246.0 3.590

0 0
66 0.542

122 0.879

I A
k = t log A - x '

Sorensen finds that only at a certain [H+] do the values of k remain
really almost constant throughout the whole progress of inversion,
while at lesser acidity the values of k rise and at greater acidity they
fall.

How is this behaviour to be explained? We were of the opinion, from
the outset, that there are here two opposing factors which strive to
compensate each other, firstly the increasing trend22 of k as the
invertin action proceeds and secondly the destruction of the enzyme
which takes place to a considerable degree with rising [H+] on the
other side of the optimal. All older authors agree that on treating
invertin action according to the logarithmic formula, increasing values22
of k result. From our own very numerous observations, not reported in
full even in this paper, we must emphatically confirm this, in
contradiction to some more recent reports. But if now destruction of
the enzyme should occur during an experiment (due to high acidity for
example), destruction which proceeded progressively further during the
course of the experiment, we would be faced with the situation that
inversion was carried on by an enzyme which minute by minute became
less effective, up to the end. In this case, the values of k must fall. It is
conceivable that by variation of external conditions the first or the
second factor might be made more prominent and that one must arrive
at a point where they cancel each other. Only if it were possible to

prevent enzyme destruction could one observe progressively increasing
values of k at higher acidity. Taking into consideration now that
Sorensen worked at a temperature of' 52° which without doubt
accelerated the destruction of invertin; it appears, then, that it should
be possible, by choosing a lower experimental temperature, to bring
about the last-mentioned situation.

And in fact we succeeded in this, by choosing an experimental
temperature of 22.3°. The evidence is presented in Tables VI to IX,
where details are given of 4 experiments at different acidities, in which
the inversion constant k was calculated from the logarithmic formula.
In these Tables, a signifies the measured angle of rotation and A the
maximum possible degree of rotation calculated in the manner shown.
In complete agreement with Sorensen's result, we find in Table VI, at
pH 4.7, illcreasing values of k. But while in Sorensen's experiments at

[4031

[400]

undiluted enzyme solution

Mixture

the same, but with enzyme
solution diluted to half
eoneentration

the same, but with 5-fold diluted
enzyme solution

10% sucrose 20 cm3

0.1 molll acetic acid 10 em3

0.1 molll sodium acetate 10 em 3

2

0.4

Amount
of enzyme

42

41

40

Expt.
No.
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TABLE VI Expt. 43. Acetate mixture 1:1; acetate content 0.02 mol/I".
[Wi = 0.20 X 10 -4, pH = 4.70. Waterbath at 22.3 0

± 0.05. A = a X 1.313 = 5.690

TABLE VIII Expt. 36. For composition see Table IV. [Wj = 0.98 X 10- 3 ,

pH = 3.01. Waterbath at 22.3° ± 0.05. A = a X 1.313 = 5.499.

TABLE Vll Expt. 34. For composition see Table IV. [Wj =0.21 X 10- 3
,

pH = 3.68. Waterbath at 22.30
± 0.05. A = a X 1.313 = 5.455.

TABLE IX Expt. 37. For composition see Table IV. [W] = 0.31 X 10-1
,

pH = 2.52. Waterbath at 22.3° ± 0.05. A = a X 1.313 = 5.403.

0.00109
0.00102
0.00102
0.00102
0.00103

k = ~ loa_A_
t b A - xa x

0 (4.115)
0.4 4.105 0.010

20.2 3.847 0.268
60.6 3.400 0.715
82.0 3.170 0.945

107.5 2.911 1.204
150.0 2.496 1.619

pH 3.68 (see his Table XXIX) k declined markedly, we observed at
pH 3.68, and even at pH 3.01 (see Tables VII and VIII), that k still
increased progressively. Only at pH 2.52 (Table IX) did destruction of
the enzyme make its presence felt through constancy of the k values.

We conclude therefore that S0rensen's observation of differences in
the shape of the progress curve arises from accelerated enzyme
desuuction at high temperature. Consequently, we are entitled to
regard the shape of the curve as independent of [H+] from the region
of low acidity up to the optimum, while at acidities above the optimum
a correction must be brought in to take account of the destruction of
the enzyme. But certainly, therefore, in experiments concerning
enzyme activity rather than enzyme destruction, a lower temperature is
better than a higher.

Having shown that the form of the progress curve is independent
both of amount of enzyme and of [H+], we can proceed to the above
mentioned task of representing \fJ/Cf? as a function of [H +] . To this end,
we first represent the extent of transformation X graphically as a
funtion of time T, at any arbitrarily chosen [H+], and regard this as a
standard curve. To determine the relative velocity at any other [H +] we
now obtain the extents of reaction Xl, X 2, X3 ... at several times t l ,

[404J t2 , t 3 , and from the standard curve ascertain what times T I , T2 , T3 •.•

correspond likewise to the extents of reaction X I, X2, X3' The quotients
Tr!t l , T2 /t2 , T3 /t 3 .•. which signify the relative rates of transfor
mation, then serve us as a measure of the amount of active enzyme,

0.00168
0.00172
0.00184
0.00196
0.00203

1 A
k = -log --

t A - x

0.00158
0.00165
0.00172
0.00176
0.00194

0.00145
0.00151
0.00164
0.00171
0.00176

k 14 = ~ log_A_
t A - x

1 A
k = -log --

t A - x

a x

0 (+4.334)
0.5 4.324 0.010

21.0 3.945 0.389
60.0 3.260 1.074

130.0 2.129 2.205
190.2 1.330 3.004
246.0 0.744 3.590

a x

0 (4.155)
0.5 4.145 0.010

37.0 3.430 0.725
76.0 2.740 1.415

130.5 1.840 2.315
180.0 1.122 3.033
223.5 0.615 3.540

a x

/ 0 (4.188)
(~ 0.4 4.180 0.008

30.0 3.620 0.568
60.0 3.069 1.119
95.0 2.462 1. 726

123.0 2.032 2.156
215.0 0.840 3.348
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referred to that of the standard experiment.
Since three of the experiments set out in Table N (nos. 31, 33 and

34) show point for point almost identical values of the quotientxlt, we
have used these for the standard curve, which is given in Fig. 3.

Under the heading Tit in Table IV is indicated the ratio between the
time corresponding to a certain extent of reaction in the standard curve
and that in the experiment concerned. 2

5 These figures always agree
very well, and their mean is used to indicate the desired relative rate of
transformation.

To obtain a good idea of the influence of [H+] on invertin activity,
we can now draw a graph with Tit as ordinate and log [H+] as abscissa.
We then obtain the curve of Fig. 4.

It immediately appears that this curve is similar to the dissociation
curve of weak acids. 26 Our earlier researches showed that invertin is an [405]

acid since in weakly acid solutions it migrates to the anode and is

281
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The curve shown in Fig. 4 is in fact actually the theoretical curve
calculated with the constant k = '2 X 10-7

, and it may be seen how well
the individual experimental points fit in to its course. Especially
characteristic and impossible to have occurred by chance is the form of
the middle part, a diagonal straight line, the slope of which is exactly
that expected.

0.2

0.3

0.4

0.6

;:::
0.5

0.8

1.0

0.9

strongly adsorbed by electropositive but scarcely at all by electro
negative adsorbents. With this in mind, we arrive at the conjecture that
the dissociation curve of invertin-acid determines the dependence of
invertin activity upon [H+] .

On the same point, where the ordinate is at half of its maximal
height, the abscissa gives the logarithm of the dissociation constant of
the acid. We find that the maximal ordinate value in our arbitrary
system of units may be taken as 1.02. Half of this, 0.51, corresponds to
the abscissa point -6.70, whence it follows that invertin-acid has a
dissociation constant of 10-6

.
70 or 2 X 10-7

. If we calculate the
[406] dissociation curve of an acid of k = 2 X 10 -7 , we obtain an accurate

picture of our invertin curve.
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2. The falling branch of the curve
The falling branch of the curve in Fig. 4 offers greater difficulty in

interpretation. One is here in a region of high acidity, where there is
marked spontaneous destruction of the enzyme. Thus we must
ascertain from the course of the reaction, what amount of active
enzyme was present at the outset of each experiment. This was done
approximately by taking, as usual, several samples, and it at once
appeared that the individual values Tilt l , T21t2, T3 1t3 .•. were
certainly not equal to each other as before, but declined considerably.
We thus took account only of the limiting value of Tit, for x = O. We
marked the individual values xllt!> x2lt~ as ordinates with time t as
abscissa and prolonged this curve to the left by eye. We thus obtained
at least an approximate value for the limit of xlt at x = O. The limiting
value of XITfor X =0 is easily obtained from Fig. 3.

The ratio of these two limiting values gives us the desired value of
the limit Tit for x = O. Obviously, we are here using a quite large
approximation. For a really accurate determination of this boundary [407]

value a much greater number of observations would be necessary and

even then the result would only be approximate. We therefore gave up
the attempt to achieve greater accuracy.

If we consider the falling branch of our curve, constructed by eye on
the basis of the available data, we come first to the fact that the activity
of invertin is lower at higher acidity not only because of spontaneous
destruction, but that it is intrinsically less. The curve seems to fall in
the same manner as the rise (described) in Section 1. This suggests that
invertin possesses a base property as well as its acid property, but which
is so much weaker that invertin is to be considered as an amphoteric
electrolyte, a conclusion previously reached by Hudson, but on the
basis of insufficient evidence. The entire curve is the dissociation curve,
as it was described in the above-cited paper. It is now worthy of remark
that spontaneous destruction of invertin begins to make itself plain
exactly where the optimum activity is exceeded. It follows firstly that
invertin cation is inactive as enzyme, secondly that it is only the cation
which is subject to spontaneous destruction.

The destructive effect of strong acids on invertin depends therefore
on invertin changing into the labile cation form.

In earlier work we have ascertained only the acid nature of invertin;
but now we wish to investigate whether the present finding of its
amphoteric nature can be brought into harmony with this. Our
conclusion on its acidic nature was based on two properties, firstly its

TABLE X

Expt. t A B

No. (min) rotation x xlt rotation x xlt

0 + 3.86° + 3.87°
20 + 3.36° 0.50° 0.0250 + 3.44° 0.43° 0.0214
40 + 2.85° 1.01° 0.0253 + 3.02° 0.85° 0.0212
60 + 2.41 ° 1.45° 0.0242 + 2.55° 1.32° 0.0220

mean 0.0248 mean 0.0218

2 0 + 3.93° + 3.92°
32 + 3.15° 0.78° 0.0243 + 3.30° 0.62° 0.0194
50 + 2.73° 1.20° 0.0240 + 2.96° 0.96° 0.0192

mean 0.0241 mean 0.0193

329 0 -3.45° -3.44°
60 +0.78° 2.67° + 1.18° 2.26°

120 +0.78° 4.23° -0.07° 3.51°

behaviour on electrochemical adsorption, secondly its electrical
transport behaviour. Invertin is adsorbed by the electropositive adsor
bents ferric hydrOXide and alumina but according to our earlier reports,
not at all by negative adsorbents, in particular, kaolin. This leads indeed
to the purification method for invertin adopted by most authors,

[408] namely shaking with kaolin. Now, we undertook our earlier experi
ments without regulators, and it was thus possible that the results were
somewhat inaccurate. The experiments were therefore repeated in a
manner corresponding to our present requirements. To achieve good
extraction, the amounts of kaolin taken were very large, much larger
than is necessary in practice for purification of invertin.

Experiment IA with the usual enzyme solution.
Experiment 1B with enzyme solution of which 20 cm3 was

shaken with 4 g kaolin.
Experiments 2A and 3A with the usual enzyme solution.
Experiments 2B and 3B after shaking 20 cm3 of the same with

6 g kaolin.

Composition of all experimental solutions: 20 cm3 5% sucrose
solution, 0.5 cm3 1 molll sodium acetate, 0.5 cm 3 1 molll acetic acid,
5 cm3 enzyme. Temperature 36°. 5 cm3 samples were withdrawn and
mixed with 2 cm 3 10% soda solution. We satisfied ourselves, by
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measurements, that the amount of regulator mixture was sufficient to
bring all solutions to the desired accurately defined [H+].

In the two first experiments the inversion veloci ty is calculated, to [409J

allow better comparison of the activity of the two solutions, and in
view of the small extent of reaction is expressed as the quotients:
extent of reaction/time.

The experiments show that kaolin has in fact a capacity for
adsorption of invertin, although slight. How weak it is may be seen by
the following comparison. The amount of kaolin used in Experiment 1
is sufficient to completely deproteinise a ~% protein solution27

without leaving any residue, whereas it has removed only 1/8 of the
total amount of invertin present in a solution whose absolute
concentration is quite unknown, but is certainly much smaller. Kaolin
adsorbs not the slightest trace of strictly electronegative compounds,
such as eosin. Thus the adsorption properties of kaolin agree well with

the amphoteric nature (of invertin).

We carried out the electrical transport experiments on a large scale,
but they did not give any decisive result, so we will not describe the
experiments in detail. The greatest difficulty was that in the highly acid
region of greatest interest to us, the spontaneous destruction of the
enzyme was too great. Thus definite proof of a uniform cathodic
migration is not available. But it was striking that at [H +] = 10 -5 the
migration of invertin gave fluctuating, poorly reproducible results, so
that we can at least affirm that the migration properties are not in
conflict with the assumed amphoteric nature of invertin.

The base dissociation constant of invertin, which we can obtain in a
manner similar to the above, is in the region of 10 -12, since the half
height of the ordinate corresponds to a [H +] of abou t 10 -2, thus to a
[OH-] =10-12 .

Summmy28
[412]

Invertin is an amphoteric electrolyte, as previously stated by
Hudson. The acid dissociation constant is 2 X 10 -7 - quite different
from Hudson's figure - and the base' dissociation constant is approxi
mately 10-

12
. The sucrose-hydrolysing action of invertin is due only to

the undissociated fraction. The optimum for its action therefore
corresponds to its isoe1ectric point. Since ka X kb is much greater than
kw this is expressed only as a broad isoelectric zone from about 10-5

to 10 -3. Invertin anion lacks enzyme activity. The cation is likewise
inactive and is also readily destroyed.

The action of hydrogen ions on the enzymic hydrolysis of sucrose is
thus traceable wholly to the dependence of the acid-base dissociation of
invertin on [H+].

NOTES

1 In the present-day administrative district of Kreuzberg, West Berlin.
2 This Joumal21 (1909) 131. (i.e. the preceding translation, Ed.)
3 J. A mer. Chem. Soc. 32 (1910) 774.
4 See the review by L. Michaelis, "Die Kinetik der fermentativen Zuckerin

version" (Kinetics of enzymatic inversion of sucrose). Biochem. Centra/bi.
7 (1908) 629 (authors' note). (Page numbers are 629-645, verified by
University of Birmingham Library.)

5 This part of the research was completed long before S0rensen's publication
(authors' note).

6 In view of the extensively tabulated definitive experiments below, we give
here only abbreviated results of these preliminary experiments (authors'
note).

7 "Regulatorgemisch" - almost equivalent to "buffer", but the authors avoid
the use of this latter term. Throughout the paper [H +I is expressed
interchangeably as a simple molar concentration, its logarithm or as the
hydrogen ion exponent; one has the impression that the authors are at first
reluctant to use S0rensen's terminology or symbolism. In this translation,
the symbolic form for writing hydrogen ion exponent (in the original, "PH")
is used only where it was so used in the original.

8 Titrated as a dibasic acid with phenolphthalein (a procedure which we have
since abandoned). Detennination of [H+] was through measurement of
phosphate mixtures with gas cells. These determinations were done some
tinle previously, and errors of several millivolts are thus possible, but that is
without significance for this work. (Authors' note)

Use of this titration procedure must leave some doubt about the exact
phosphoric acid concentration. Therefore, exceptionally, the original ter
minology and symbol (N, for "normal". Original uses n) is allowed to stand
here. 0.57 N " 0.285 mol/I? By "gas cell" is meant a cell including the
hydrogen electrode (Ed.).

9 Original has Expt. 16, but this must be an error. Best guess is that "Expt.
IS" was intended.

10 That is, [W] =10-5 (Ed.).
11 Tompson's name is again mis-spelled, as on the second page (the spelling

"Thompson" is, of course, very much more common); but O'Sullivan's name
is now given correctly.

12 Calculated for the volume before adding alkali (authors' note). That is,
corrected for dilution (Ed.).

13 Solutions containing ammonia give false results with the hydrogen electrode,
therefore not measured (authors' note).

14 A = "primary phosphate", B = "secondary phosphate". The abbreviations A
and B are used here because the salts employed are not further specified in
the original. Thus in this case there is ambiguity, rather than imprecision,



about the phosphate solutions employed, but it was again felt best to
retain the use of the original terminology (c.f Note 8). N = 'normal'; N/3 =
one third normal, etc. Rather inconsistently, normality here probably means
molarity in terms of phosphate, since calculations on this basis give
reasonably concordant pH values.

15 Because of the very small extent of reaction, this figure is given only half
weight in calculating the mean value (authors' note).

16 The addition of KCI was done in order to depress as much as possible the
diffusion potential (against the interposed KCI solution) in the hYdrogen
electrode measurement undertaken simultaneously (authors' note).

17 This figure is doubtless already somewhat too low by reason of self
destruction; it is therefore omitted in calculating the mean (authors' note).

18 Calculated by graphical extrapolation. xlt was represented graphically as a
function of t and thereby Lim (xIOt=o obtained by extrapolation since the
curve was fully justified to the eye. We come back to these curves later
(authors' note).

19 In tubes 18.94 mm long, because we had available a great many of these
tubes of about 5 cm' capacity (authors' note).

20 The experiments concerned are not described in the papers by Henri
translated above but do appear in his book of 1903, c.r Chapter 7, Note 2.

21 Sorensen, "Enzyme Studies II", loco cit. (authors' note).
22 Because the enzyme reaction does not follow the monomolecular rate law.

Under appropriate conditions rate is almost independent of substrate
concentration; and is therefore faster than predicted by that law - as found
by Henri.

23 "Acetatgehalt = n/50" (possibly ambiguous).
24 Throughout, k is calculated from the data referring to the beginning of the

experiment and the extent of reaction under consideration, whereas
Sorensen took k values from each succeeding pair of observations (authors'
note).

25 In the original Table IV, the two numbers are given separately "als Bruch",
in addition to the ratio calculated therefrom. In the original Fig. 4 the
ordinate is labelled tiT, which must be an error.

26 L. Michaelis, this Journal 33 (1911) 182.
27 "Eiweisslosung" - possibly here again the meaning is specifically egg-white

(ovalbumin). c.f Sorensen.
28 In the original, an appendix of some 2% pages is inserted before the

Summary. This relates to emulsin, adds nothing to the principal objective of
the paper, and is omitted here.

29 Table X, Expt. 3. Signs are reproduced as in the original, but there must be
several errors here!
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11 Michaelis & Menten (1913)

Confirmation of Henri's conclusions by unobjectionable
experiments, and re-expression of the rate law in a more
convenient form. Measurement of the apparent dissociation
constant (Km ) and competitive inhibition constants of an
enzyme

THE AUTHORS: Maud Lenore Menten (1879-1960) was born in
Canada, took her first medical degree at Toronto in 1907, her M.D. in
1911, and Ph.D. (Chicago) in 1916. She was pathologist at the
Children's Hospital, Pittsburgh, from 1926-50 and undertook a heavy
teaching commitment to the University, ending her career as a full
professor. Dr. Menten published in many different scientific fields and
the paper translated here is not the only one showing a touch of genius.
Plainly, it originated in a short attachment to Michaelis' laboratolY as
she sought to develop her scientific career.

A brief biographical note appeared in American Men of Science,
9th edition, and an obituary in Nature 189 (1961) 965.

Leonor Michaelis (1875-1949) was also medically qualified, worked
originally as a physician, and came to fundamental science through a
period of personal evolution which began with appointment to the
bacteriology laboratOly of a Berlin municipal hospita1. His ability was
recognized early in that he was made Professor Extraordinarius at the
University of Berlin in 1908. But only a few years after the end of
World War I he found it necessary to leave his native country and take
up a specially created post at the new prefectural Medical School in
Nagoya (1922-6). During this time, apparently, he had a strongly
favourable influence on the development of Japanese biochemistry, but
nevertheless he moved on after only a few years to a post as "Resident
Lecturer" at Johns Hopkins University, Baltimore, and then again in
1929, to New York where he worked at the Rockefeller Institute until
retiring in 1940. He made other profound contributions to chemistly
and biochemistry - notably in connection with flavins and free radicals
- in addition to his work on enzymes and on hydrogen ions.

A brief biographical note appears in Marquis, and more complete
accounts in History of the Rockefeller Institute 1903-1953, by
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Corner, Biographical Memoirs of the National Academy of Sciences
vol. 31 (1958) and in prefaces to The Chemistry ofFlavins edited by
Yagi, University of Tokyo Press, 1975.

Her fonner colleague, Dr. Carpenter, was able to confirm that·Dr.
Menten revived contact with Michaelis during his period in New York.

THE PAPER AND ITS CONTRIBUTION: This paper offered no difficulty
in translation, although rather long and heavily burdened with algebraic
formulae. To save space, nearly all the Tables have been omitted. The
results are anyway more clearly presented in graphical form. The
original gives both, and it was necessary to modify the Legends to
Figures to provide the information otherwise given only in Table
headings.

This again has proved to be a paper of immense influence, not so
much because of its originality as because it concluded a controversy
and in principle freed other workers to proceed to subsequent steps
along the road of discovery. Nevertheless, it is usually said that full
acceptance was delayed until the 1930s! As indicated elsewhere, the
authors gave full credit to Henri for his elucidation of the kinetic
behaviour of enzymes. This makes it all the more remarkable that the
simple rate law which he first advanced is now universally known under
the name of the Michaelis-Menten equation, and the apparent dissocia
tion constant of the enzyme-substrate complex as the Michaelis
constant. Writing k for this constant and using m as defined by Henri, k
= 11m. It may be noted here that Henri's definition is in accord with
the accepted convention in physical chemistry, in which the equili
brium constant of a reaction is wtitten with the concentrations or
activities of the products as numerator,
thus, A + B ~ C + D

[C]· [D]
K eq = [A]·[B]

Michaelis and Menten chose to work with the dissociation constan t of
the complex. That is, the constant is correctly defined according to
convention because the reaction considered is ES ~ E + S. This is
convenient in many ways, for example the constant then has
dimensions of concentration instead of inverse concentration. But it is
an odd choice if one considers that the overall reaction sequence under
study is to be represented as

E + S ~ ES --+ products

Naturally enough, many workers over the years have preferred to adopt
the same convention as Henri and employ constants corresponding to
11k.

It should be mentioned here also that the universal modern
convention is to use capital K for equilibrium constants (whereas
Michaelis and Menten used the lower-case letter, k), and small k for rate
constants (whereas Henri used K).

Michaelis and Menten finally and conclusively disposed of the
objections to Henri's work, given that the papers of S0rensen and
Michaelis & Davidsohn had already effectively answered the doubts
raised by his failure to measure or control [H+]. What were the really
novel features of their work? (a) They developed a sound method for
determining the "Michaelis constant". It is not used today, simpler
methods have been found, but they did not define or estimate the
constan t as the substrate concentration at half the observed maximum
velocity. (b) They presented a comprehensive theory of competitive
inhibition, complete with measurements of inhibition constants. Other
specific modes of inhibition were unknown at the time, and not even
guessed at. Some hint of their existence appears here under the guise of
solvent effects.

The kinetics of invertin action
by L. Michaelis and Miss Maud L. Menten
Biochemische Zeitschlift 49 (1913) 333-69

Enzyme kinetics has been most studied with invertin where the reaction
may be followed so simply and easily that there are especially good
prospects of reaching the goal of kinetics research. That is, to
understand the essence of a reaction by means of observations on its
course. The most important work up to now has been by Duclaux, I

Sullivan and Thompson (sic),2 A.J. Brown3 and particularly V. Henri.4

The investigations of Hen~i are especially important because starting
from reasonable ideas on the nature of enzyme action he arrives at a
mathematical formulation of the course of enzyme action which fits
the facts quite well. In this work, we also start out from these ideas of
Henri. We undertook to re-investigate the whole work because Henri
did not take into account two influences which are of very great
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importance and the neglect of which in Henri's work now appears so
serious that a new investigation is worth while. The first is the effect of
hydrogen ion concentration ([H+]), the second the effect of muta
rotation.

The effect of hydrogen ion concentration is today fully clarified, [334]

through the work of S0rensens and Michaelis and Davidsohn. 6 In all his
work, Henri took no account of [H+], so that if his experiments were
actually at constant [H+] this could only have been by chance. In the
present work this has been taken into account simply by adding an
acetate mixture, which gave the solution the H+ -concentration 2 X
10 -s , which on the one hand is the optimal [H +] for the action of the
enzyme and on the other is the [H+] where accidental minor deviations
of [H +] are least Significant, since in the region of the optimal [H+J
the dependence of enzyme action on [H+J is minimal.

But hardly less important is Henri's neglect of the fact that, during
inversion, glucose is first produced in its muta-rotating form and
eventually spontaneously converts into the normal form. Thus if one
observes the course of inversion by observations of the angle of rotation,
the true picture of inversion is distorted in that inversion of sucrose and
the change of rotation of newly formed glucose are superposed. One
could take this into account by calculating the change of rotation due
to glucose. But this is not very practical since very complicated
functions are involved which can be avoided more easily experi
mentally. The best way is to take samples of the mixture from time to
time during the course of inversion, to interrupt the enzyme action and
await arrival of the normal rotation of glucose before taking readings.
S0rensen used sublimate; we use a soda solution which simultaneously
renders invertin inactive and completes mutarotation within a few
minutes.

Hudson 7 had already used the method of eliminating mutarotation [335]

by the action of alkali, but arrived at a quite different conclusion from
ours on the course of invertin action. He claims, in fact, that if one
eliminates mutarotation, inversion by invertin becomes a simple
logarithmic function like that of inversion by acid. This result stands in
contradiction to all earlier observations and also does not once agree
with our experiments, within even coarse approximation. Although the
researches of Henri are doubtless capable of improven1ent, this error is
not so great as Hudson claims. (S0rensen has also already found that
the results of Hudson are discrepant.) We claim, on the contrary, that
the assumptions from which Henri set out are thoroughly reasonable

and we shall therefore attempt to set out from the same foundations
and to control the methods better. It turns out that in principle at least
Henri's ideas are completely correct, and the observations agree with
them even better than Henri's own experiments.

Henri had already shown that the lysis products of inversion, glucose
and fructose, have an inllibitory influence on invertin action. As a
matter of plinciple we have worked here in such a way that the
inhibitory influence of the lysis products - at least to begin with - is
not corrected for by calculation but eliminated experimentally. As the
influence is not very large, it is easy to carry out this principle. At
various initial concentrations of sucrose, one follows the inversion only
to the point where the influence of the lysis products formed is still not
detectable experimentally. Thus, at first, in all experiments we follow
only the initial velocity of inversion at various initial concentrations of
sucrose. The action of the lysis products in special experiments is then
easily observed.

[336] 1. The Initial Velocity of Inversion at varying Sucrose Concentrations
The influence of sucrose concentration upon enzymatic inversion

has already been studied by all the above-cited authors with results
something like the following: At certain intermediate sucrose concen
trations, the velocity of inversion is scarcely dependent at all on the
amount of sugar, it is constant for a given amount of enzyme, but
diminishes at lower and also at higher sugar concentrations. Our own
experiments were carried out as follows. A chosen amount of a known
sucrose solution was mixed with 20 cm 3 of a mixture of equal parts of
1/5 mol/l acetic acid and 1/5 mol/l sodium acetate, with a fixed
amount of enzyme, and water to bring to a constant volume of
150 cm 3

. All solutions were well warmed in advance in a large water
bath, accurate to 25.0 ± < 0.050°, and held at this temperature during
the reaction. The first sample was removed as quickly as possible after
mixing the solutions, and then further samples taken at suitable
intervals. Each sample, of 25 cm3

, was mixed in a flask with 3 cm 3 of a
~ mol/l soda solutionS and the enzyme action thus interrupted. The
solution was measured polarimetrically after about ~ hour. The initial
rotation was extrapolated from the first effective reading. Since this
extrapolation was at most a few hundredths of a degree, it was
permissible in all cases. Most importantly, it was checked that the
mutarotation of the sugar was effectively complete by repeating the
reading after ~ hour. The reading given in the results is the mean of 6



This quantity must thus always be proportional to the initial
velocity of inversion, v, that is

Here [S] is the concentration of free sucrose, or, since only a
vanishingly small part of the sucrose is segregated by the enzyme, also
the total concentration of sucrose; ep is the total molar enzyme
concentration, ¢ the concentration of bound enzyme or of enzyme
sugar compound. Thus (ep - 1J) is the concentration of free enzyme. k
is the dissociation constant. Hence it follows that

where C is the proportionality factor. Since we measure v experi
mentally in an arbitrary system of units (change of rotation per minute)
and since ep will be held constant in one series of experiments, we can

write ~ep simply as V. V is thus an arbitrary function, but one which is

proportional to the true initial velocity.
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2.3026 = 0.576
4

p
'4

dV- (for V = 12)
ds

p
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lOS
V = lOS + k

or, if we set 10 = eP , where p is the modulus of the decadic system of

logarithms (2.303),

e PS
V=

ePs + k

By differentiation we obtain

dV p.k.ePs

dS = (e PS +k?
This differential expression represents the tangent of the slope of the

section of the curve concerned. Now, the dissociation curve has a
section whose slope is particularly easily determined, since this section
displays almost exactly a straight line over a long stretch. ~his is the
middle part of the curve, particularly the point where the ordmate = 12.
We know (c.f. the above-cited work) that this ordinate corresponds to
the point log k on the abscissa. If we now set V equal to 12 and s equal
to log k (or e Ps equal to k in our differential expression) then

[H+]

[W] +k

and we can best represent it graphically, as earlier, by placing the
logarithm of the independent variable on the abscissa. We thus
represent Vas a function of log [S], and must obtain the well-known
dissociation curve. Here, we still do not know what to select as the unit
for the ordinate. We know only that the maximal value of V (estimated
asymptotically) must be 1 and that the perpendicular from the
ordinate having the value 12 must indicate the logarithm of k. To
determine this scale we use the following graphical procedure.

First assume that we have obtained a number of experimental
points, which give a curve of the form of a dissociation curve. Since the
scale in which we measure the ordinates of these points is arbitrary, it is
assumed that this scale is different from that of the abscissa. The
function which we represent graphically is, if s =log [S]

This function is formally the same as the dissociation curve of an

acid l2

[3461

[345]

[344]

[343]

... (3)

... (2)

... (1)

.. , (4Y 1
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[S]
V = [S] + k

[S] [ep - cP] = kcP

V=c.ep~
[S] + k

¢ _ ep [S]
[S] + k

Thus
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individual readings which only differed by a few 9 hundredths of a
degree. If we show the increase in rotation as a function of time in an
individual experiment we see that for a reasonable distance after the
outset, rotation increases with time in a linear manner. We take as
initial velocity of inversion the decrease in rotation per minute during
this initial period when it can still be regarded as linear. 10

To interpret these experiments we shall make the assumption, with
Henri, that invertin forms a compound with sucrose which is very labile
and breaks down into free enzyme, glucose and fructose. From our
experiments, we shall test whether this assumption is justified. If this
assumption is correct, the velocity of inversion must be proportional to
the instantaneous concentration of sucrose-enzyme compound.

If 1 mole of enzyme plus 1 mole of sucrose yields 1 mole of
sugar-enzyme compound, the Law of Mass Action states,
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30~ --, ---, -,

Fig. 1. Abscissa: Time in minutes. Ordinate: Decrease in rotation in
degrees. Each curve corresponds to one experinlent with the
indicated initial concentration of sucrose, Experiment 3 is made
up of two parallel experiments 3a and 3b. Amount of enzyme is
the same in every case.

Agreement is good, even though the individual series of experiments
were carried out with different amounts of enzyme. l

3 We have here for
the first time a picture of the magnitude of the affinity of an enzyme
for its substrate, and we have measured here for the first time a
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each of the 4 cases, such that the observed points agree with it within
the range of expelimental error, even though the 4 series of
experiments were carried out with quite different amounts of enzyme.

The dissociation constants of the invertin-sucrose compound found
by these graphical methods were, in the individual experiments:

[348]

Thus the middle, almost linear, section of the curve has a slope of
0.576 (that is, a slope of almost exactly 30

0
). This holds, naturally, for

the assumption that ordinate and abscissa were measured in the same
units. Now we join up the experimental points of the middle part of the
curve with a straight line and find, say, that the tangent to its slope =v.
Thence we can conclude that the ratio of the ordinate units to abscissa
units must be 0.576/v, that is, the ordinate unit is v/0.576 times the
abscissa unit. Now we can mark off the correct scale on the ordinate
(c.f Fig. la, 2a, 3a, 4a: "rational units"). We first fix the position of
the point 0.5 using this new scale. The ordinate corresponding to this
point gives, at its perpendicular to the abscissa, the value oflog k. Now
we know k and can graphically construct the whole dissociation curve
point for point. We do this and shall examine whether all the
observations fit this curve well, and above all, that the value 1 is not
significantly exceeded. Ifwe use this procedure for our experiments, we
determine for each curve a value of v; we then construct the curves and
obtain very good superposition of the observed points with the
calculated, with one exception to be mentioned soon.

A second method for graphical determination of the scale of the [347]

ordinate is as follows. If at the right-hand end of the curve there are
several well-determined points of which one can say that for practical
purposes they attain the maximal value of the ordinate, one may simply
set the appropriate ordinate = 1. One then again constructs the oblique
middle part of the curve by joining together the observed points in this
section with a straight line and determines which of these points

corresponds to ordinate 0.5 in the new scale. Thus again we obtain all
the data for construction of the curve.

The first method is chosen if the middle points of the curve are
better defined, the second if the points towards the right-hand end are
experimentally better established. Where pOSSible, both methods are
used. Equality of the results is then convincing; failing this, in the case
of a small difference in the measured dissociation constants, the mean
of the two graphical results is chosen as the most probable value. All
the curves shown were obtained by these two methods. In each of the 4
cases (curves la, 2a, 3a, 4a) a family of dissociation curves was thus
constructed, for all possible values of the scale units of the ordinate
which feli within the range of probabili ty on the basis of graphical
estimations by the two methods described, and the best fit sought for
each by shifting it to right and left, up and down, until all tlle observed
points fitted it as well as possible. It is possible to find thus a curve in

..,.-------------- ..._------_._---_.
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Fig. 3. Amount of enzyme about half as much as in Fig. 1.
Representation as Fig. 1.
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[349] here no longer dealing with the properties of a dilute solution. It is to
be expected that the above law has only a certain range of validity. The
failure of the law at higher sugar concentrations can be attributed to
various conditions, whose precise influence we cannot state quanti
tatively. The most important influence is that which one can summarize
as "alteration of the nature of the solvent". In molar, that is 34%,
sucrose solution we no longer have to consider simply water as the
solvent, in that the sugar itself is already changing the nature of the
solvent. Connected with this, the affinity constant of the enzyme for
sugar would also change, and probably also the velocity constant of the
breakdown of this compound. As an example of the change of an
affinity constant when the character of the solvent was changed by
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from other, better, experiments that we are permitted to interpret the
curves in general as dissociation curves,

The agreement of the theoretical curves with the observed points is
satisfactory for observations from the lowest usable concentrations of
sucrose up to about 0.4 molll (corresponding to the logarithm -0.4).
At higher concentrations there was a deviation, in that the velocities
became smaller again, instead of remaining constant.

We have no doubt, looking back over those deviations, that we are

Fig. 3a. Representation as Fig. la, calculated from the
experiments of Fig. 3.

Fig. 4. Amount of enzyme nearly equal
to that of the experiments of Fig. 1.
Representation as Fig. 1.
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Fig. 7.
I. Experiment with 0.0833 mol/l sucrose.

n. Experiment with 0.0833 mol/I sucrose +
glucose.

III. Experiment with 0.0833 mol/l sucrose +
fructose.

The initial slope shown by broken lines.

Oi
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co 0'" .-.... ....
(J co

(3 ~

Fig. 6. Influence of glucose.
I. Sucrose 0.133 mol/I.

II. Ditto + glucose 0.133 mol/I.

tangent to this curve judged by eye, at the zero time point. No claim
can be made to great accuracy for this, the only possible mode of
procedure, but it certainly gives us a correct idea of the order 'of
magnitude of the numbers concerned. These (geometric) tangents are
given as broken lines in Fig. 5. The ratio of the corresponding
trigonometric tangents Tang IITang II, obtained by measurement from
Fig. 5, is 1.18; the ratio Tang IITang III ::;: 1.29.

Thus from this experiment vo/v for glucose is 1.18, for fructose it
equals 1.29. Using formula (3) of p. 351 we calculate krJucoselksucrose

504010 20 30

Time (min)

Fig. 5. Influence of glucose and fructose.
1. Sucrose 0.1 mol/I.

II. Ditto + glucose 0.1 mol/I.
III. Ditto + fructose 0.1 mol/I.

o

C>

C '".- :g
5l c
co 0'" ..... ....
u co'" ....d 2

1° r----,-----,-----,---,----,,;~

Accurate Descliption of Experiments on the inhibitOly influence of
other substances (Fructose and Glucosel s

The legends to Figs. 5-9 show the experimental conditions. In each [353J
case the progress of hydrolysis is compared in solutions having the same
concentrations of sucrose and enzyme, run at optimal acidity and the
same temperature, and differing only in the content of glucose or
fructose or the lack of these substances. There are limits to the choice
of experimental conditions. Firstly one must avoid too high carbo
hydrate concentrations, in order not to change the nature of the
solvent. In general, it is not advisable to go above a total concentration
of 0.3 molll in respect of carbohydrates. Thus it becomes necessary to
work with relatively low concentrations of sucrose. But it follows,
unfortunately, that the velocity of the reaction does not remain
constant for long but instead the curve begins to deviate from a straight
line rather quickly, so that determination of the initial velocity is based
on only a small change in rotation or on a graphical extrapolation, in
which a certain arbitrariness cannot be avoided. This deviation from
linearity is often more serious with pure sucrose (for example, Fig. 8, I)
than in experiments with mixtures (Fig. 8, II), since the concentration
of inhibitory lysis products changes relatively more rapidly in
experiments with pure sucrose than in those experiments where a
certain amount of inhibitory substances was already present at the
outset. Initial velocities usable for calculations could only be obtained
by this graphical extrapolation: the observed points are employed to [354 J
construct a curve by eye and the initial velocity is considered to be the
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1°,--1----,-----,------, and thus kglucoselksucrose = 6.7.
From the experiments of Fig. 8, it appears Tang I/Tang II = 1.33

and thus kfructoselksucrose = 4.3.
Bringing all these results together yields

o 10 20

Time (min)

30 40

k glucoselk sucrose
k fructoselk sucrose

4.7
3.0

4.6
3.2

5.3
3.3

6.7
4.3

Average

5.3
3.45

Fig. 8. Influence of fructose.
I. Sucrose 0.0416 mol/I.

II. Ditto + fructose 0.0833 mol/I.

And thus from (3), p. 351, the dissociation constants are: of the
glucose-invertin compound 0.088, of the fructose-invertin compound
0.058.

The inhibitOly influence of several other substances was measured in
the same way. But first we checked the validity of the calculations by
showing that foreign substances which certainly cannot have any
chemical affinity to invertin also exert no inhibitory influence on
sucrose hydrolysis as long as their concentration is not sufficient to
change the nature of the solvent. Thus we showed that potassium
chloride at a concentration of 0.1 mol/l had not the slightest inhibitOly
influence (Fig. 10, B) nor even any definite inhibitory influence in
molar concentration (Fig. 13, f). Ethyl alcohol gave no trace of
inhibition at a concentration of 0.2 mol/l (Fig. 10, D). However, a slight
inhibition was present at molar concentration (Fig. 10, C), which is
without doubt attributable to the change in the nature of the solvent
and not to an affinity of the enzyme for the alcohol. If one regards this
inhibition in the sense of an affinity and calculates graphically the ratio
k alcohollksucrose the result is 36. Such a weak affinity can be put equal
to zero within experimental error (that is, k alcohol is put = 00),
especially when we consider that another inhibitory influence, namely
the alteration of the nature of the solvent, certainly exists.

It was of particular interest to investigate the influence of other
carbohydrates or higher polyfunctional alcohols, and especially lactose

(Fig. 11). Its inhibitory action turns out to be so weak that we could
scarcely distinguish it from experimental error. If the very small
deviations are actually used for calculation, we obtain

[357]

[359J

[358J

[355]

[356]

2010

Time (min)

0.75

'"'" I::E!
c 0.5
0

';3 H'"e m
E

'" 0.25'"'"~
u

'"0

= 4.8 and k f t Ik - 3 aruc ose sucrose - . .
A.pplying the same procedure to the experiment of Fig. 7, we

~btaln Tang I/Tang II = 1.18 and Tang I/Tang III = 1.26 and thus
glucoselksucrose = 4.6 and kfructoselksucrose = 3.2.

In the experiment of Fig. 9, there was no deviation from a linear
course. We obtain Tang I/Tang II = 1.27 and Tang IITang III = 1 43
whence k I Ik - 5 3 d k I . ,F g ucose s~crose - . an fructose ksucrose = 3.3.

rom the expenments of Fig. 6, it appears Tang I/Tang II = 1.133

Fig. 9. Influences of glucose and fructose
I. Sucrose 0.0416 mol/I. .

n. Ditto + glucose 0.0832 mol/I.
III. Ditto + fructose 0.0832 mol/I.

I
(

"

k lactoselk sucrose

Experiment 1

at least 30

Experimen t 2

36
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Figs. 10-15. Each of these figures shows a set of progress curves with observed
~hange of rotation as ordinate (0 ) and time as abscissa (min.). The conditions
ill general are as for Figs. 1-4 and 5-9. Details of the concentrations of sucrose
and potential inhibitors are given under each Figure. I'

60504030
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Fig. 12. (Both contain sucrose 0.1 mol/I.)
d. no addition.
e. + mannose 0.2 mol/I.
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We cannot be sure whether calculations based on such small
deviations are valid and must be content with establishing that the
affinity of lactose for invertin is not measurable with certainty. This
corresponds with expectation in that we might anticipate that binding
of a disaccharide to invertin would lead to hydrolysis, whereas lactose
in fact is not split by invertin.

60504020 30

Time (min)

Fig. 10. (All contain sucrose 0.1 mol/I.)
A. no addition.
B. + KCl 0.1 mol/I.
C. + ethanol 1.0 mol/I.
D.. + ethanol 0.2 mol/I.
V. + glycerol 0.1 mol/I.
(c.t Fig. 14.)
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Fig. 13. (All contain sucrose 0.1 mol/I.)
I. no addition.

II. + mannitol 0.1 mol/I.
III. + mannitol 0.25 mol/I.
IV. + mannitol 0.5 mol/I.
V. + mannitol 0.75 mol/I.
f. + KCI1.0 mol/I.
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Fig. 11. (All contain sucrose 0.05 mol/I.)
a. no addition.
b. + lactose 0.1 mol/I.
c. + lactose 0.2 mol/I.
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Fig. 15 and one other

30

Time (min)

2010o

Glycerol
We consider the experimental series of

individual experiment (Fig. 10, V). We find

5040302010o

Oi
Q)
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Cl
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Fig. 14. (All contain sucrose 0.05 mol/I.)
g. no addition.

VI. + mannitol 0.1 mol/I.
VII. + mannitol 0.2 mol/I.

Fig. 15. (All contain sucrose 0.166 mol/I.)
I. no addition.

II. + glycerol 0.111 mol/I.
III. + glycerol 0.453 mol/I.
IV. + glycerol 0.906 mol/I.

Thus, contrary to expectation, glycerol has a high affinity for invertin.
If we gather the dissociation constants together, we have

Mannose

Fig. 12 shows kmannose/ksucrose == 5.0.
Repetitions are necessary for more accurate estimation; however it

may already be seen that the affinity of mannose is about equal to that
of glucose.

Experiment

k glYCeroI!k sucrose

II

3.4

III

5.6

N

3.9

V

5.1 (mean 4.5)

In view of the very small differences in velocity the agreement is not
bad, and thus it is reasonable to give the mean value k . /k

13 . . . f ' manmtol sucrose
== , as gIVIng a sabs actory picture of the situation.

Mannitol

The inhibi~ory influence was very slight. An attempt was made, for
on~e,. to estImate a weak affinity quantitatively, by appropriate
vanatlOns of the experimental conditions. From Figs. 13 and 14 we see
the following: the influence of 0.1 mol/l mannitol upon the lysis of
0.1 moIlI sucrose is not measurable with certainty. By raising the
amo~nt of mannitol while the amount of sucrose remains unchanged
the mfluence gradually becomes distinct. Following the above pro
cedure we can calculate

Experiment

k mannitot/ksucrose

III

17

N

13.4

V

10.5

VI

11.4

VII

11.4

[360] Sucrose k == 0.0167 or 1/60
Fructose k == 0.058 or 1/17

[362] Glucose k == 0.089 or 1/11
Mannose k = 0.083 or 1/12
Glycerol k = 0.075 or 1/13
Mannitol k == 0.22 or 1/4.5
Lactose k = at least 0.5 or 16 (probably close to 00)

To understand these numbers, recall that a rise of dissociation
[363] constant corresponds to a fall of affinity of the enzyme for the

substance concerned. The affinity for sucrose is thus by far the greatest.
If the dissociation constant of the invertin-sugar compound is

defined by the magnitude

[Enzyme] X [Sugar] /[Enzyme-Sugar compound], we can designate
the reciprocal value [Enzyme-Sugar compound] /[Enzyme] X [Sugar]
as the affinity constant of the enzyme for the sugar. This is, thus, for
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We can eliminate l/Jl and l/J2' because we first obtain by division of
(2) and (3):

Sucrose
Fructose
Glucose
Mannose
Glycerol
Mannitol
Lactose
Ethyl alcohol

60
17
11
about 12
13
4.5
o
o (that is, unmeasurably small)

[364J S(<P-¢-l/Jl -l/J2)
F(<p - ¢ - l/Jl - l./Jz)
G(<P-¢-l/Jl -l/J2)

From (1)

· .. (1)
· .. (2)
· .. (3)

.. , (4)

so that

Now let us abbreviate by writing

1 1- + - = q
k 1 k 2

... (4y7

Substituting this in (4) and solving for ¢,

S
¢ = <p. S + k(1 +qF)

so

Now we can obtain a differential equation. Let
a be the initial amount of sucrose
t the time
x the amount of fructose or glucose existing at time t, and
therefore a - x is the amount of sucrose still existing at time t.

Then the rate of decomposition at time t is defined as

dx
vt dt

k 1
l/J2 = k

2
l/Jl

and by division of (1) and (3):

k F
l/Jl =k;·¢·S

* That is, the concentration with reference to sugars in the free state, which is,
however, practically the same as the total concentration of the sugars.

3. The reaction equation for enzymatic lysis of cane sugar
On the basis of these data, we are now in a position to solve the old

problem of the reaction equation of invertin in a rational manner and
without the help of more than one arbitrary constp.nt. V. Henri made
the closest approach to this solution of all authors to date and we can
consider our derivation as an expanded modification of Henri's, on the
basis of newly acquired knowledge.

The basic assumption of this derivation is that the rate of
decomposition is at every instant proportional to the concentration of
the sucrose-invertin compound and that at every instant the concen
tration of this compound is determined by the concentrations of
ellzyme, of sucrose and of those lysis products which bind to the
enzyme. But while Henri employed an "affinity constant of the lysis
products", we work separately with the dissociation constants of the
sucrose-enzyme compound, k = 1/60, the fructose-enzyme com
pound, k 1 = 1/17, and the glucose-enzyme compound, k 2 = 1/11.

We employ, further, the following symbols
<P total enzyme concentration
¢ concentration of sucrose-enzyme compound
l/J 1 concentration of fructose-enzyme compound
l/J2 concentration of glucose-enzyme compound,
S concentration of sucrose*
F concentration of fructose *
G concentration of glucose*

Since the lysis always yields equal quantities of fructose and glucose, [365]

G is always equal to F.
By the Law of Mass Action we have, at every instant
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From the initial assumptions this is proportional to ¢, so that using
equation (4) our differential equation becomes

Now one can incorporate k into the constant on the right-hand
side of the equation, giving

1111 alII 1- (- + - + - ) . a . Qn -- +-( - - - - -)x = const.
t a k 1 k2 a - x t k k 1 k2

· .. (7) MeanKx/aTime (t)

.. a x
For ease III calculatIOn, we replace log -- by - 10g(1 - - )

a-x a
This constant must be proportional to enzyme concentration. That

it is, is shown by all previous researches and in particular it was shown
by L. Michaelis and H. Davidsohn (loc. cit p. 398-400) that an
equation of the following form is correct:

amount of enzyme X time = f(a, x) ... (10)
The undetermined function of the right-hand side of the last

equation finds a definite form through our present equation (8).
Besides this, nothing else is changed. One can see from equations (8)
and (10) that the constant of equation (8) must be proportional to
enzyme concentration.

It is thus superfluous to test the validity of equation (9) again, for
varying amounts of enzyme, yet it must still be tested whether this

constant remains the same with equal amounts of enzyme but various
amounts of sugar, and whether it is in general independent of time
within a single experiment.

For this purpose we use experimental series 1 and we must first
calculate the value of x in moles. Until now we have expressed it in
arbitrary polarimetric units. We make use of the assumption that if a
sucrose solution gives a rotation of m0

, the theoretical final angle of
rotation 18 of the inverted solution is ~0.3l3 mO.

[366J

· .. (5)

· .. (6)

1
-)x = Ck2

a
C· t = k(1 +aq). Qn -- + (1 - kq)x

a-x

kIll a kl 1
-(-+-+-).a.Qn-~+-(- 
t a k 1 k2 a - x t k k 1

dx a-x
dt = C· a + k - x(1 - kq)

where C represents the single arbitrary constant, which is proportional
to amount of enzyme.

The general integral of the equation is
C·t = (1 - kq)x - k(1 + aq) Qn(a - x) + const.

To eliminate the constant of integration, we similarly integrate the
corresponding equation for the initial state of the process, for which
x = 0 and t = 0:

o = k(1 + aq) Qn a + const.
and by subtraction of the last two equations we finally obtain the
definite integral

or, substituting the value of q:

It is characteristic of this function, as of Hemi's, that it is a
combination of logarithmic and linear functions, of the form

where the significance of m and n is obvious from the last equation:
they are factors whose magnitude can be determined from the
individual dissociation constants and the initial amounts of the sugars.

Substituting the values ascertained by us for k, k 1 and k2 at the
experimental temperature of 25°, we obtain

m • Qn _a_ + n . x = t • const.
a-x

1 a 1
-(1 + 28 a). 2.30310g1o -- + -·32·x = const.
t a - x t

· .. (8)

· .. (9)

[367]

1. Sucrose 0.333 mol/l

7 0.0164
14 0.0316
26 0.0528
49 0.0923
75 0.1404

117 0.2137
1052 0.9834

II. Sucrose 0.1667 mol/I

8 0.0350
16 0.0636
28 0.1080
52 0.1980
82 0.3000

103 0.3780

0.0496
0.0479
0.0432
0.0412
0.0408
0.0407

(0.0498)

0.0444
0.0446
0.0437
0.0444
0.0445
0.0454

0.0439

0.0445
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III. Sucrose 0.0833 molll
4~5 Q352
90.0 0.575

125.0 0.690
151.0 0.766
208.0 0.900

IV. Sucrose 0.416 molll

10.25 0.1147
30.75 0.3722
61.75 0.615
90.75 0.747

112.70 0.850
132.70 0.925
154.70 0.940

1497.00 0.972

Time (t) x/a K

0.0482
0.0447
0.0460
0.0456
0.0486

0.0406
0.0489
0.0467
0.0438
0.0465
0.0443
0.0405

(0.0514)

Mean

0.0465

0.0445

and glucose, and for several other higher alcohols (mannitol, glycerol)
and carbohydrates, but not for lactose. But this affinity is considerably
less than for sucrose. These compounds are not labile, thus they do not
lead to a chemical lysis of fructose, etc., but are manifested only in an
inhibitory effect of fructose, etc. on the sucrose-invertin process.

The concentrations of all these compounds may be calculated from
the Law of Mass Action and for each of them the dissociation constant
has been obtained fairly accurately, most accurately for the sucrose
invertin compound.

Since the breakdown of the sucrose-invertin compound must be a
monomolecular reaction, the velocity of decomposition of sucrose is
simply proportional to the concentration of sucrose-invertin
compound.

From all these assumptions, a differential equation may be derived
for the course of sucrose lysis, whose integral fits the observations well.

V. Sucrose 0.0208 mol/I

17 0.331
27 0.452
38 0.611
62 0.736
'95 0.860

1372 0.990

0.0510
0.0464
0.0500
0.0419

(0.0388)
(0.058) 0.0474

Overall average 0.0454

The values for the constant agree well in all experiments, and apart from the
slight fluctuations show scarcely any trend either with time or with sugar
concentration, so that we can consider it as satisfactorily invariant.

SUMMARY [368]

The course of invertin action on sucrose may be understood on the
basis of the following assumptions:

Sucrose binds with invertin to form a compound of which the
dissociation constant is 0.0167.

This compound is labile, decomposing according to the equation

1 mol sucrose-invertin compound ---+ 1 mol fructose + 1 mol glucose
+ 1 mol invertin

Invertin also has detectable affinity for the lysis products, fructose [369J



316 Michaelis & Menten

13

~ .< T4
0

15

16

Qf
17
18

J-.,

NOTES

1 Duclaux, "Traite de Microbiologie", 1899, Vol. 2 (authors' note). (Published
by Masson in 4 vols., 1898-1901.)

2 C. O'Sullivan and F.W. Tompson, J. Chem. Soc, 57 (1890) 834-931, i.e. ref.
S0rensen 74. In the original footnote, the names are again misspelt.

3 A.J. Brown, J. Chem. Soc. (1902) 373.
4 Victor Henri, "Lois generales de l'action des diastases" (Laws of Enzyme

Action). Paris, A. Hermann, 1903. (Publisher omitted in the original.)
5 S.P.L. S0rensen, "Enzymstudien II", this journal 21 (1909) 131. (A transla

tion is included in this book.)
6 L. Michaelis and H, Davidsohn, this journal 35 (1911) 386. (A translation is

included in this book.)
7 C.S. Hudson, J. A mer. Chem. Soc. 30 (1908) 1160 and 1564,

31 (1909) 655, 32 (1910) 1220 and 1350.
8 "soda" here means sodium carbonate, Na2CO,. Original gives the concen

tration as V2n, which is ambiguous. Best guess is 0.5 moili.
9 "urn wenige".

10 There now follow, in the original, 8 pages of results presented both in
tabular and graphical form. Here, the Tables are omitted and the text and
Legends to Figures modified as necessary. The authors give a textual note
that the rotations set out in Tables I-IV (corresponding to Figs. 1-4) are
corrected for the null point of the polarimeter and the very small rotation
due to the enzyme solution itself.

11 Vas here defined is the ratio of actual to "maximal velocity", if one may use
anachronistic terminology. That is, V = vlvmax'

12 1. Michaelis, this journal 33 (1911) 182. See also, "Die universal Bedeutung
der Wasserstoffjonen Konzentration", etc. (The universal importance of
[H +j), by the same author, in Oppenheimer's "Handbuch der Biochemie",
supplementary volume, Jena, G. Fischer, 1913. (Publisher and place of
publication omitted in the original.)
The amounts of enzyme used in the experimental series 1, 2, 3 and 4 can be
calculated from the initial velocities as almost exactly 1:2 :0.5: 1 (authors'
note).

. 0 venllerz, Zeitsch,.. f physikal. Chem. 20 (1896) 283 (i.e., ref. S0rensen
57).
In the original there now follow five sets of Tables and corresponding
Figures. Here, the Tables are omitted, as before: the Figures speak for
themselves, being primary experimental plots resembling Figs. 1-4.
Where an experimental series was allotted a particular symbol in the original,
this is retained here, but lower case letters are supplied. There are some
misprints and discrepancies in the original, emended here.
Two equations are labelled (4) on p. 365 of the original.
See S rensen, lac. cit. p. 262. (Authors' note) (The corresponding place in
the French version of S0rensen's paper (marginal numbers in the trmslation
above) is p. 128.)
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The author: The name Boyde has been spelled that way

for 700 years and indicates descent from a family originating

in the Isle of Man, though the author was himself born in
London, the second son of a doctor, and largely educated

there. He studied Medicine at University College Hospital
and practised for some years both as a clinician and as a
pathologist before following an interest in matters chemical

to the point of taking a degree in the subject at King's College,
Newcastle. He has taught in four Universities and was Professor
of Biochemistry at Makerere University before translating to

Hong Kong seven years ago.

He is the author of some forty research papers, besides

other works, but finds time also for the absorbing study of

how to make boats go as fast as possible without the aid of

sails or motors.




