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KEYWORDS Abstract

Michaelis-Menten The year 2013 marked the centenary of the paper of Leonor Michaelis and Maud Menten (Michaelis
kinetics; and Menten, 1913), and the 110th anniversary of the doctoral thesis of Victor Henri (Henri, 1903).
enzyme-catalysis; These publications have had an enormous influence on the progress of biochemistry, and are more

initial-rate equation;
steady-state kinetics;
Henry-Michaelis-Men-
ten equation

often cited in the 21st century than they were in the 20th. Henri laid the groundwork for the
understanding of enzyme mechanisms, but his experimental design was open to criticism. He reached
essentially correct conclusions about the action of invertase, but he took no steps to control the
hydrogen-ion concentration, and he took no account of the spontaneous mutarotation of the glucose
produced in the reaction. Michaelis and Menten corrected these shortcomings, and in addition they
introduced the initial-rate method of analysis, which has proved much simpler to apply than the
methods based on time courses that it replaced. In this way they defined the methodology for steady-
state experiments that has remained standard for 100 years.

© 2015 The Author. Published by Elsevier GmbH. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).
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Introduction but it still has considerable industrial importance because it

Many milestones in the history of biochemistry have had
anniversaries in 2013, starting with the birth of Claude Bernard
in 1813, continuing with Victor Henri's thesis in 1903 (Henri,
1903) the protonic theory of acid-base catalysis in 1923
(Bronsted, 1923), the introduction of flow methods for inves-
tigating fast reaction kinetics in the same year (Hartridge and
Roughton, 1923), the determination of the structure of DNA in
1953 (Watson and Crick, 1953), the concept of allosteric
regulation (Monod et al., 1963) and Cleland's rationalisation of
multi-substrate kinetics in 1963 (Cleland, 1963), and the
introduction of metabolic control analysis in 1973 (Kacser and
Burns, 1973). One other is of special importance for enzymol-
ogists, as 100 years ago Leonor Michaelis and Maud Menten
placed kinetic studies on a firm experimental and theoretical
base (Michaelis and Menten, 1913).

Their paper is the subject of the present chapter. | shall
discuss the historical context in which it was written, and will
also mention the other contributions made not only by these
authors, but also by their distinguished predecessor Victor
Henri. Much of the information to be given is based on other
recent papers (Cornish-Bowden, 2013; Deichmann et al., 2014;
Cornish-Bowden et al., 2014).

The historical context: enzyme catalysis
before 1913

Michaelis and Menten (1913) did not, of course, find enzyme
kinetics in a virgin state, and they built on the work of Adolphe
Wurtz (1880), O'Sullivan and Thompson (1890), Adrian Brown
(1902), and, most important of all, Victor Henri (1902, 1903).

Wurtz introduced the idea of an enzyme-substrate complex,
Brown used it to explain enzyme saturation, and Henri was the
first to write the equation commonly called the Michaelis-
Menten equation’. This obviously raises the question of why
Michaelis and Menten tend to be the ones mainly remembered
today. Their contribution was indeed important, but not to the
point where their predecessors should be forgotten.

Much of the early work was done with invertase,
an extracellular enzyme from yeast that catalyses the hydrolysis
(“inversion”) of sucrose to “invert sugar”, a mixture of glucose
and fructose. It plays little part in modern academic research,

'In this chapter | shall call it the Henri-Michaelis-Menten equa-
tion, for reasons that will become apparent.

provides a simple and convenient method of producing choco-
lates with liquid centres, using the fact that invert sugar is more
soluble in water than sucrose: a solid filling of sucrose to which
a little invertase is added at the last moment becomes liquid
after the chocolate coating has hardened. This was not of
course the reason why it was so much studied at the end of the
19th century and the beginning of the 20th. Its importance then
was that it catalysed one of the only reactions that could be
assayed very easily. Although primitive colorimeters had been
available since 1827 (Warner, 2006) their operation would have
been too time-consuming for following reactions even if the
enzyme-catalysed reactions now studied spectrophotometri-
cally had been known, and nothing resembling a pH-stat
existed. The inversion of sucrose, however, was easy to follow
in a polarimeter, as sucrose is dextrorotatory whereas invert
sugar is laevorotatory.

In his thesis (Henri, 1903), therefore, Henri's main focus was
on understanding the kinetics of the invertase-catalysed reac-
tion, but he also considered the reactions catalysed by emulsin
and amylase, primarily to confirm that his conclusions with
respect to invertase had some generality. His major objective
was to show that enzyme-catalysed reactions followed the laws
of physical chemistry—something that seems obvious today, but
was still controversial at the beginning of the 20th century.
Although Buchner's experiments (Buchner, 1897) are now
considered to have sounded the death-knell of vitalism
(Friedmann, 1997), their effect on biochemical thinking was
not instantaneous, and Henri was working at a time when
vitalistic ideas were far from dead. Moreover, at that time
almost nothing was known about the molecular nature of
enzymes. This was the heyday of colloids, and there were
doubts as to whether enzymes could be regarded as molecules
at all, and, even after the crystallisation of urease (Sumner,
1926) and pepsin (Northrop, 1930), the protein nature of
enzymes continued to be controversial.

Like all of his predecessors, Henri tried to analyse the time
course of the reaction. This approach was known to work very
well with simple chemical reactions, and even some catalysed
reactions, such as the effect of hydrogen iodide on the
reaction between potassium persulphate and phosphorous
acid, but the time was not yet ripe for it to be applied with
success to enzyme-catalysed reactions. Henri derived an
equation equivalent to the Henri-Michaelis-Menten equation

K3G

Initial rate =
14+ma

(M
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in which a is the initial amount of the substrate sucrose, K3 is
a constant proportional to the enzyme concentration, and m
is another constant. He obtained this as a special case at time
zero of a more general equation

dx K3 (a—x)

dt ~ 1+m(@—x)+nx @

in which x is the amount of product at time t, and n is a
constant. Henri noted that Eq. (1) predicted a hyperbolic
dependence of initial rate on the amount of sucrose and
added that that was what he observed experimentally, but he
did not illustrate the curve?, and he did not take what today
seems the obvious next step of analysing his data in terms of
the initial-rate equation. Instead he preferred to use the
integrated form of Eq. (2).

Michaelis and Menten's contribution

As we have seen, Henri derived the equation for the initial
rate of an enzyme-catalysed reaction, but he did not use it,
and Michaelis and Menten (1913) were the first to recognise
the advantages that would result from analysis in terms of it:

1. Complications due to the progress of the reaction vanish:
inhibition by accumulated products, loss of catalytic
activity, and, in the special case of the polarimetric
methods used for studying invertase, spontaneous mutar-
otation of the products.

2. The reverse reaction can be ignored, because it cannot
occur until some products have had time to accumulate.

3. Initial-rate equations are easier to derive and use than
integrated equations for the progress of reaction.

4. There is no drift in the pH, temperature or other
conditions at zero time.

The introduction of initial-rate methods was thus the most
important contribution of Michaelis and Menten to the theory
and practice of methods of studying enzyme-catalysed reac-
tions, and the principal reason why they are still remembered
today. However, it was not their only contribution, and in
addition they had two criticisms of Henri's experiments (though
without contesting his conclusions).

1. The «-p-glucose released in the reaction catalysed by
invertase is not stable in aqueous solution: it changes
spontaneously into an equilibrium mixture of «-p-glucose
and B-p-glucose in which the latter predominates, and
although this is also dextrorotatory it is much less so. The
result is that the optical rotation of the products changes
spontaneously, a process known as mutarotation.® Henri
took no account of this in his experiments with invertase®.

2He had no figures in his thesis.

30ther terms used in the older literature are birotation (Henri,
1903) and multirotation (Michaelis and Menten, 1913).

“Curiously, he did take account of it in his experiments on
emulsin, which were done later. So it is possible that he did allow
for mutarotation in his experiments on invertase but failed to
mention it, or maybe he did not become conscious of the problem
until after the studies of invertase were completed.

2. Henri took no steps to control the pH of his reaction
mixtures. Although the pH scale was not proposed until
several years later (Segrensen, 1909), the concept of
“acidity” was certainly known to Henri, and had already
been used in experiments on invertase (O'Sullivan and
Thompson, 1890), and the use of indicators for estimat-
ing the hydrogen-ion concentration was described shortly
after Henri's thesis was written (Friedenthal, 1904).

For these various reasons Michaelis and Menten thought it
essential to re-examine the invertase reaction, and in doing so
they defined the methodology for experimental study of
enzyme catalysis that has remained standard for 100 years.
Contrary to what seems to be widely believed, they did not
estimate their kinetic parameters from the rectangular hyper-
bola obtained by plotting the initial rate against the substrate
concentration (i.e., the curve described but not illustrated by
Henri (1903)), but instead plotted the rate against the loga-
rithm of the substrate concentration. This may seem a trivial
point, but it enabled them to avoid the difficulties inherent in
locating the asymptote of a curve when the observations do not
approach it closely. It is probably at least in part for this reason
that when Johnson and Goody (2011) applied modern methods
of data analysis to Michaelis and Menten's data they found that
they could reproduce the conclusions. It seems quite unlikely
that this would have been the case if the original analysis had
been made in terms of the hyperbola, as it was not until much
later that satisfactory methods for direct fitting of the hyper-
bola were introduced (Cleland, 1967; Johansen and Lumry,
1961; Wilkinson, 1961).5

Although the plot of initial rate against the logarithm of
the substrate concentration has not survived as a method of
parameter estimation, it remains indispensable for one
purpose, as it provides the only satisfactory way of display-
ing data for enzymes with very different kinetic properties
in a single graph with a single scale. For example, the four
isoenzymes of hexokinase found in rat liver differ in affinity
for glucose by more than 300-fold, but they can easily be
compared with a semi-logarithmic plot (Cardenas, 1995).

Landmarks in the development of steady-state
enzyme kinetics

The main advances in steady-state enzyme kinetics, both
theoretical and experimental, are presented in many text-
books, so here | shall simply note some of the principal
landmarks.

5This is not entirely fair, as Lineweaver and Burk sought advice
from the distinguished statistician Deming and described a valid
method much earlier, in a paper with Deming (Lineweaver et al.,
1934) published in the same year as their more famous paper
(Lineweaver and Burk, 1934) (and referred to in it), but the
influence on the progress of biochemistry of this earlier paper
was essentially non-existent. The many authors who refer to the
later one (nearly 12000 citations listed in the Web of Science) and
claim to have used the “method of Lineweaver and Burk” show
little sign of having read what they actually did.
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The steady-state hypothesis

Michaelis and Menten, like Henri before them, regarded
formation of the enzyme-substrate complex as an equili-
brium process, but almost at the same time Van Slyke and
Cullen (1914) treated it as irreversible. A decade later
Briggs and Haldane (1925) pointed out that both interpreta-
tions were special cases of the steady-state hypothesis, and
this is now regarded as the correct starting point for
deriving the Henri-Michaelis-Menten equation.

Two-substrate reactions

Haldane gave a brief account of the kinetics of reactions
with two substrates in his influential book Enzymes
(Haldane, 1930), but these were not thoroughly analysed
until the 1950s (Alberty, 1958; Dalziel, 1957; Segal et al.,
1952). A major difficulty, however, came from the obvious
fact that the relevant equations are more complicated, and
hence more difficult to derive and analyse, than those for
one-substrate reactions, but this was greatly eased by the
graphical method of King and Altman (1956). Later Cleland
(1963) organised and systematised all of this work, and
circulated computer programs to facilitate the statistical
analysis (Cleland, 1967), with a great influence on the
subsequent development of the subject.

Specificity

The last major advance in understanding steady-state
kinetics was made by Fersht (1974), who introduced for
the first time a meaningful definition of specificity. Everyone
had always agreed, of course, that this was a vitally
important property of enzymes, but there was little agree-
ment of which of the parameters of the Henri-Michaelis-
Menten equation is the most appropriate measure of it. The
equation can be written with modern symbols as follows:

_ keat€oa

=~ K.ta A3)

in which k. is the catalytic constant, ey is the enzyme
concentration, a is the substrate concentration and K, is
the Michaelis constant. Higher values of k.4, lower values of
Km, and higher values of k.,:/K, were all regarded at one
time or another as indications of greater specificity. For a
substrate A with parameters k%, and K the rate vj
measured in the presence of a competing substrate B with

parameters k2, and K& is as follows:

A
k., c€0a

"= Ka (1 +b/KS ) +a

“4)

with an analogous expression for the rate v of the competing
reaction. Division of one expression by the other gives

Va _ kcAat/Kg a 5
Ve~ K KB D )
Ve kcat/Km b

Fersht pointed out that kcat/Km, is thus the parameter
that measures the capacity of an enzyme to discriminate

between substrates that are available simultaneously, and
so it provides the only meaningful physiological definition of

specificity. For that reason the International Union of
Biochemistry and Molecular Biology has recommended the
name specificity constant for this ratio (International Union
of Biochemistry, 1982).

Fast reactions

Before 1923 no method was known for studying reactions that
occurred in the millisecond range or faster, but this became
possible surprisingly early, with the introduction of the
continuous-flow method (Hartridge and Roughton, 1923). In
its original form this was only suitable for proteins available in
very large quantities, such as haemoglobin, but it formed the
starting point for developing other flow methods, including the
stopped flow method (Gibson and Milnes, 1964), which has
become the method of choice for the study of fast reactions.

Integrated rate equations

As already mentioned, Henri and his predecessors tried to
analyse invertase kinetics in terms of integrated rate
equations that could, at least in principle, describe the
whole time course of a reaction. This approach was largely
discarded after Michaelis and Menten showed that it was
much simpler to analyse enzyme kinetics in terms of initial
rates. Some biochemists, such as Niemann (Jennings and
Niemann, 1955), and other authors more recently (Boeker,
1984, 1985; Cornish-Bowden, 1975; Goudar et al., 1999;
Schiller et al., 1996), have attempted to revive interest in
it, but it has remained little used.

Other work of the main participants

Henri, Michaelis and Menten are all known primarily to
biochemists for the work described above, the development
of the Henri-Michaelis-Menten equation. However, all three
of them made other important contributions. This section
will briefly describe their lives and other work, but more
detail can be found elsewhere (Deichmann et al., 2014;
Cornish-Bowden et al., 2014).

Victor Henri (1872-1940)

Victor Henri was born in Marseilles, but his family background
was wholly Russian.® His parents were not married, and came to
France to ensure that he would be born there, and thus benefit
from the much greater rights of illegitimate children in France,
compared with Russia. He was then adopted by his father and
his wife, the sister of his natural mother, and after several years
in France he received most of his education in St Petersburg.
Henri's mothers came from the scientifically very distinguished
Lyapunov family, of whom the best-known was their cousin, the
mathematician Alexander Lyapunov. His niece married Peter
Kapitsa, who discovered superfluidity and developed low-
temperature physics, work for which he received the Nobel
Prize for Physics in 1978.

A misleading account that described him as being orphaned
when very young was circulated for 130 years, with the aim of
preventing the scandalous truth from becoming known.
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Henri himself pursued an extremely varied career. Before
his studies of enzymes he worked in experimental psychology,
and was the first collaborator of Alfred Binet, the pioneer of
intelligence testing. He received his second doctorate in 1903
on the basis of his thesis on diastases (Henri, 1903), but he
appears to have done no further work on invertase. He was
Professor of Physiology in Paris, and afterwards was respon-
sible for the organisation of the chemical industry of Russia
for defence. After the First World War he spent ten years at
the University of Zirich, after which he was to be incharge of
a planned great institute of petrochemistry at Berre L'Etang
(near Marseilles). However, he moved to Science Faculty in
Liege before this was finished. His later work was mainly in
physical chemistry, with a particular interest in the use of
absorption spectra as a source of information about mole-
cular structures. He died in Bordeaux in 1940.

Leonor Michaelis (1875-1949)

Leonor Michaelis was born into a Jewish commercial family in
Berlin. He started his career as assistant to Paul Ehrlich, and at
whose insistence he qualified as a physician. Subsequently he
undertook his own research, but in very unsatisfactory condi-
tions: as an unpaid professor at the University of Berlin, he lived
on his earnings as a doctor in a city hospital, and carried out his
research in a small laboratory in the hospital that he and his
friend Peter Rona had built themselves. Nonetheless, he was
highly productive, and in the five years preceding the First
World War he had nearly 100 publications, some of them still
cited today. His major motivation, like Henri's, was to put
studies of enzymes on a firm foundation of physical chemistry,
with a particular interest in hydrogen-ion concentration
(Michaelis and Davidsohn, 1911). He was the first to distinguish
between different kinds of inhibition, in the context of the
different effects of glucose and fructose on the reactions
catalysed by maltase (Michaelis and Rona, 1914) and invertase
(Michaelis and Pechstein, 1914). His division of these into
competitive inhibition, characterised by its effect on K, and
non-competitive inhibition, characterised by its effect on kgat,
remains widely used. That is unfortunate, however, as it is now
understood that competitive inhibition is better described as an
effect on kee/Kn with no effect on k., and that the other
extreme is uncompetitive (not non-competitive) inhibition, with
an effect on ke but not on K../Km (Cornish-Bowden, 2012).
When both effects occur simultaneously we have mixed inhibi-
tion, and classical non-competitive inhibition is the special case
of mixed inhibition in which the two effects are equal.’
Michaelis's lack of possibilities for promotion to a real
academic position in Germany, coupled with the problems
created by a scientific dispute that he had with Emil
Abderhalden, one of the leading figures in physiology at
that time (Deichmann et al., 2014), led him to accept an
invitation to go to Japan as Professor of Biochemistry at
Nagoya. He spent four years there, and had a major
influence on the development of biochemistry in Japan
(Nagatsu, 2013). Afterwards he moved to the USA, first to
Johns Hopkins University in Baltimore, and then to the
Rockefeller Institute in New York, where he worked for the

’Some authors follow Cleland (1963) in using the term “non-
competitive inhibition” for any variety of mixed inhibition, without
requiring the two inhibition constants to be equal.

remainder of his life. In that period he was primarily
interested in biological redox reactions, and advocated
the view that radical semiquinones were intermediates in
these reactions, a view that is today well accepted, but was
highly controversial when Michaelis proposed it.

Maud Leonora Menten (1879-1960)

Maud Leonora Menten was born in Ontario, but grew up in
British Columbia. She studied at the University of Toronto,
and was one of the first Canadian women to be qualified to
practise medicine. She had already published work on the
distribution of chloride and potassium ions (Macallum and
Menten, 1906; Menten, 1912) and co-authored a book on
animal tumours (Flexner et al., 1910) before she went to
Berlin to work with Michaelis. She was probably motivated to
do that by a desire to learn how to measure and control the
hydrogen-ion concentration, knowledge that she applied soon
after her return to the USA (Menten and Crile, 1915).

As Menten's primary interest was in experimental pathology,
and her research at the University of Pittsburgh was mainly in
this area, she rather faded from the view of biochemists.
Among her various important contributions one can mention
her development of a method of histochemical detection of
alkaline phosphatase in the kidney (Menten et al., 1944) that
was considered by a major textbook of the 1950s (Pearse,
1953) to have revolutionised the field, and the use of
sedimentation and electrophoresis for detecting haemoglobin
variants (Andersch et al., 1944) that anticipated Pauling's
much better known work (Pauling et al., 1949) on sickle-cell
disease by several years.

Impact of the early work today

As may be seen from Figure 1 the papers at the origin of
steady-state enzyme kinetics have been well cited since
about 1950, but what is especially striking is the large
increase during the 21st century. This is especially notice-
able for Michaelis and Menten (1913), but the same trend
can be seen for Henri (1902, 1903) (taking the 1902 paper
and the thesis together): in both cases the year with the
highest number of citations is 2013. The occurrence of the
centenary of Michaelis and Menten (1913) in 2013 is of
course partly responsible for this, but only partly, as the
steep increase started at the beginning of the century.

How can we explain this? Various topics in biochemistry
have grown substantially since the beginning of the century,
such as systems biology and studies of single molecules, and
others, such as drug development—which in the 20th
century was even more obsessed with structure than it still
is today—pay much more attention to kinetics than they did.
However, even taking all of these together they do not
account for all of the growth in citations to the early
papers, and so there seems to be a general revival of
interest in enzymes and their properties.

For several reasons, in fact, the Henri-Michaelis-Menten
equation remains crucial for understanding biochemistry:

1. It is the starting point for teaching any aspect of
enzymology.
2. It provides the basis for studying fast reactions.
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Figure 1 Citations to Henri (1902, 1903) and Michaelis and Menten (1913). The data were obtained from the Web of Science on 18

December, 2013, so the values for 2013 are not complete and probably need to be increased by about 10%.

3. It is the basis for studying mechanisms of enzyme catalysis.

4. It provides a point of reference for understanding
enzyme regulation, including non-classical kinetics, as
seen in allosteric and cooperative interactions.

5. It is essential for adequate progress in drug develop-
ment, which is increasingly understood to be more than
just a matter of structure.

6. It is the basis of enzyme engineering, and technological
uses of enzymes in general.

7. It is necessary for understanding the properties of single
molecules.

So far as non-classical kinetics are concerned, we may
wonder why it took so long for deviations from Henri-
Michaelis-Menten kinetics to be recognised, about 30 years
from the introduction of the steady-state hypothesis (Briggs
and Haldane, 1925) to the discovery of feedback inhibition
in threonine deaminase (Umbarger, 1956) and aspartate
transcarbamoylase (Yates and Pardee, 1956). The point,
however, is that deviations from classical behaviour could
not be recognised until the classical behaviour itself was
well defined, and that required time. At the beginning
of the century almost nothing was known about the
chemical nature of enzymes, very few enzymes had been
characterised, and very little was known about metabolic
pathways. It is not surprising, therefore, that it was not
until the 1950s that deviations from classical kinetics came
to be recognised, and associated with metabolic regulation
(Cardenas, 2013).

Conflict of interest

The author declares that there is no conflict of interest.

Acknowledgements

This work was supported by the Centre National de la
Recherche Scientifique. | thank Maria Luz Cardenas for
helpful comments on the text.

References

Alberty, R.A., 1958. On the determination of rate constants
for coenzyme mechanisms. J. Am. Chem. Soc. 80, 1777-1782.
http://dx.doi.org/10.1021/ja01541a001.

Andersch, M.A., Wilson, D.A., Menten, M.L., 1944. Sedimentation
constants and electrophoretic mobilities of adult and fetal
carbonylhemoglobin. J. Biol. Chem. 153, 301-305.

Boeker, E.A., 1984. Integrated rate equations for enzyme-catalysed
first-order and second-order reactions. Biochem. J. 223, 15-22.

Boeker, E.A., 1985. Integrated rate equations for irreversible
enzyme-catalysed first-order and second-order reactions. Bio-
chem. J. 226, 29-35.

Briggs, G.E., Haldane, J.B.S., 1925. A note on the kinetics of
enzyme action. Biochem. J. 19, 338-339.

Bronsted, J.N., 1923. Einige Bemerkungen Uber den Begriff der
Sauren und Basen. Recul. Trav. Chim. Pays-Bas 42, 718-728.
http://dx.doi.org/10.1002/recl.19230420815.

Brown, A.J., 1902. Enzyme action. J. Chem. Soc., Trans. 81,
373-388. http://dx.doi.org/10.1039/CT9028100373.

Buchner, E., 1897. Alkoholische Gahrung ohne Hefezellen. Berichte
der deutschen chemischen Gesellschaft, 30, 117-124. http://dx.
doi.org/10.1002/cber.18970300121.

Cardenas, M.L., 1995. “Glucokinase”: Its Regulation and Role in
Liver Metabolism. R.G. Landes, Austin, Texas.

Cardenas, M.L., 2013. Michaelis and Menten and the long road to
the discovery of cooperativity. FEBS Lett. 587, 2767-2771. http:
//dx.doi.org/10.1016/j.febslet.2013.07.014.

Cleland, W.W., 1963. Kinetics of enzyme-catalyzed reactions with
two or more substrates or products. 1. Nomenclature and rate
equations. Biochim. Biophys. Acta (BBA) - Specialized Section on
Enzymological Subjects 67, 104-137.

Cleland, W.W., 1967. The statistical analysis of enzyme kinetic
data. Adv. Enzymol. Relat. Areas of Mol. Biol. 29, 1-32. http:
//dx.doi.org/10.1002/9780470122747.ch1.

Cornish-Bowden, A., 1975. The use of the direct linear plot for
determining initial velocities. Biochem. J. 149, 305-312.

Cornish-Bowden, A., 2012. Fundamentals of Enzyme Kinetics, fourth
ed Wiley-Blackwell, Weinheim.

Cornish-Bowden, A., 2013. The origins of enzyme kinetics. FEBS Lett.
587, 2725-2730. http://dx.doi.org/10.1016/j.febslet.2013.06.009.

Cornish-Bowden, A., Mazat, J.-P., Nicolas, S., 2014. Victor
Henri: 111 years of his equation. Biochimie 107, 161-166.
http://dx.doi.org/10.1016/j.biochi.2014.09.018.


dx.doi.org/10.1021/ja01541a001
dx.doi.org/10.1021/ja01541a001
dx.doi.org/10.1021/ja01541a001
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref2
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref2
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref2
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref3
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref3
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref4
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref4
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref4
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref5
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref5
dx.doi.org/10.1002/recl.19230420815
dx.doi.org/10.1002/recl.19230420815
dx.doi.org/10.1002/recl.19230420815
dx.doi.org/10.1039/CT9028100373
dx.doi.org/10.1039/CT9028100373
dx.doi.org/10.1039/CT9028100373
dx.doi.org/10.1002/cber.18970300121
dx.doi.org/10.1002/cber.18970300121
dx.doi.org/10.1002/cber.18970300121
dx.doi.org/10.1002/cber.18970300121
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref9
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref9
dx.doi.org/10.1016/j.febslet.2013.07.014
dx.doi.org/10.1016/j.febslet.2013.07.014
dx.doi.org/10.1016/j.febslet.2013.07.014
dx.doi.org/10.1016/j.febslet.2013.07.014
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref11
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref11
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref11
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref11
dx.doi.org/10.1002/9780470122747.ch1
dx.doi.org/10.1002/9780470122747.ch1
dx.doi.org/10.1002/9780470122747.ch1
dx.doi.org/10.1002/9780470122747.ch1
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref13
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref13
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref14
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref14
dx.doi.org/10.1016/j.febslet.2013.06.009
dx.doi.org/10.1016/j.febslet.2013.06.009
dx.doi.org/10.1016/j.febslet.2013.06.009
dx.doi.org/10.1016/j.biochi.2014.09.018
dx.doi.org/10.1016/j.biochi.2014.09.018
dx.doi.org/10.1016/j.biochi.2014.09.018

Michaelis-Menten kinetics

Dalziel, K., 1957. Initial steady state velocities in the evaluation of
enzyme-coenzyme-substrate reaction mechanisms. Acta Chem.
Scand. 11, 1706-1723. http://dx.doi.org/10.3891/acta.chem.
scand.11-1706.

Deichmann, U., Schuster, S., Mazat, J.-P., Cornish-Bowden, A.,
2014. Commemorating the 1913 Michaelis-Menten paper Die
Kinetik der Invertinwirkung: three perspectives. FEBS J. 281,
435-463. http://dx.doi.org/10.1111/febs.12598.

Fersht, A.R., 1974. Catalysis, binding and enzyme-substrate
complementarity. Proc. R. Soc. B: Biol. Sci. 187, 397-407.
http://dx.doi.org/10.1098/rspb.1974.0084.

Flexner, S., Jobling, J.W., Menten, M.L., 1910. Tumors of Animals.
Rockefeller Institute for Medical Research, New York.

Friedenthal, H., 1904. Die Bestimmung der Reaktion einer Flussigkeit
mit Hilfe von Indikatoren. Z. Elektrochem. Angew. Phys. Chem. 10,
113-119. http://dx.doi.org/10.1002/bbpc.19040100805.

Friedmann, H.C., 1997. From Friedrich Wohler's urine to Eduard
Buchner's alcohol. In: Cornish-Bowden, A. (Ed.), New Beer in an
Old Bottle. Universitat de Valencia, Spain, pp. 67-122.

Gibson, Q.H., Milnes, L., 1964. Apparatus for rapid and sensitive
spectrophotometry. Biochem. J. 91, 161-171.

Goudar, C.T., Sonnad, J.R., Duggleby, R.G., 1999. Parameter
estimation using a direct solution of the integrated Michaelis-
Menten equation. Biochim. Biophys. Acta (BBA) - Protein Struct.
Mol. Enzymol. 1429, 377-383. http://dx.doi.org/10.1016/s0167-
4838(98)00247-7.

Haldane, J.B.S., 1930. Enzymes. Longmans Green, London.

Hartridge, H., Roughton, F.J.W., 1923. A method for measuring the
velocity of very rapid chemical reactions. Proc. R. Soc. A: Math.,
Phys. Eng. Serv. 104, 376-394. http://dx.doi.org/10.1098/
rspa.1923.0116.

Henri, V., 1902. Théorie générale de ’action de quelques diastases.
C. R. Hebd. Séances Acad. Sci. 135, 916-919. http://dx.doi.org/
10.1016/j.crvi.2005.10.007.

Henri, V., 1903. Lois Générales de l'action des Diastases. Hermann,
Paris.

Jennings, R.R., Niemann, C., 1955. The evaluation of the kinetic
constants of enzyme-catalyzed reactions by procedures based on
integrated rate equations. J. Am. Chem. Soc. 77, 5432-5483.
http://dx.doi.org/10.1021/ja01625a077.

Johansen, G., Lumry, R., 1961. Statistical analysis of enzymic
steady-state rate data. C. R. Trav. Lab. Carlsberg 32, 185-214.

Johnson, K.A., Goody, R.S., 2011. The original Michaelis constant:
translation of the 1913 Michaelis-Menten paper. Biochemistry
50, 8264-8269. http://dx.doi.org/10.1021/bi201284u.

Kacser, H., Burns, J.A., 1973. The control of flux. Symp. Soc. Exp.
Biol. 27, 65-104.

King, E.L., Altman, C., 1956. A schematic method of deriving the
rate laws for enzyme-catalyzed reactions. J. Phys. Chem. 60,
1375-1378. http://dx.doi.org/10.1021/j150544a010.

Lineweaver, H., Burk, D., 1934. The determination of enzyme
dissociation constants. J. Am. Chem. Soc. 56, 658-666. http:
//dx.doi.org/10.1021/ja01318a036.

Lineweaver, H., Burk, D., Deming, W.E., 1934. The dissociation
constant of nitrogen-nitrogenase in Azotobacter. J. Am. Chem.
Soc. 56, 225-230. http://dx.doi.org/10.1021/ja01316a071.

Macallum, A.B., Menten, M.L., 1906. On the distribution of chlor-
ides in nerve cells and fibres. Proc. R. Soc. B: Biol. Sci. 77,
165-193. http://dx.doi.org/10.1098/rspb.1906.0008.

Menten, M.L., 1912. The relation of potassium salts and other
substances to local anaesthesia of nerves. Am. J. Physiol. 31, 85-93.

Menten, M.L., Crile, G.W., 1915. Studies on the hydrogen-ion
concentration in blood under various abnormal conditions. Am.
J. Physiol. 38, 225-232.

Menten, M.L., Junge, J., Green, M.H., 1944. A coupling histochem-
ical azo dye test for alkaline phosphatase in the kidney. J. Biol.
Chem. 153, 471-477.

Michaelis, L., Davidsohn, H., 1911. Die Wirkung der Wasserstoffio-
nen auf das Invertin. Biochem. Zeitung 35, 386-412.

Michaelis, L., Menten, M.L., 1913. Kinetik der Invertinwirkung.
Biochem. Zeitung 49, 333-369.

Michaelis, L., Pechstein, H., 1914. Uber die verschiedenartige Natur der
Hemmungen der Invertasewirkung. Biochem. Zeitung 60, 79-90.
Michaelis, L., Rona, P, 1914. Die Wirkungsbedingenungen der Maltase
aus Bierhefe: Ill. Uber die Natur der verschiedenartigen Hemmungen

der Fermentwirkungen. Biochem. Zeitung 60, 62-78.

Monod, J., Changeux, J.-P., Jacob, F., 1963. Allosteric proteins and
cellular control systems. J. Mol. Biol. 6, 306-329. http://dx.doi.
org/10.1016/50022-2836(63)80091-1.

Nagatsu, T., 2013. In memory of Professor Leonor Michaelis in
Nagoya: great contributions to biochemistry in Japan in the
first half of the 20th century. FEBS Lett. 587, 2721-2724. http:
//dx.doi.org/10.1016/j.febslet.2013.04.020.

Nomenclature Committee of the International Union of Biochem-
istry, 1982. Symbolism and terminology in enzyme kinetics.
Recommendations 1981. Eur. J. Biochem. 128, 281-291. http:
//dx.doi.org/10.1111/j.1432-1033.1982.tb06963..x.

Northrop, J.H., 1930. Crystalline pepsin. I. Isolation and tests of
purity. J. Gen. Physiol. 13, 739-766. http://dx.doi.org/10.1085/
jgp.13.6.739.

O'Sullivan, C., Thompson, F.W., 1890. Invertase: a contribution to
the history of an enzyme or unorganised ferment. J. Chem. Soc.,
Trans. 57, 834-931. http://dx.doi.org/10.1039/CT8905700834.

Pauling, L., Itano, H.A., Singer, S.J., Wells, I.C., 1949. Sickle cell
anemia, a molecular disease. Science 110, 543-548. http://dx.
doi.org/10.1126/science.110.2865.543.

Pearse, A.G.E., 1953. Histochemistry: Theoretical and Applied, first
ed Churchill, London.

Schiller, M.R., Holmes, L.D., Boeker, E.A., 1996. Analysis of wild-
type and mutant aspartate aminotransferases using integrated
rate equations. Biochim. Biophys. Acta (BBA) - Protein Struct.
Mol. Enzymol. 1297, 17-27. http://dx.doi.org/10.1016/0167-
4838(96)00083-0.

Segal, H.L., Kachmar, J.F., Boyer, P.D., 1952. Kinetic analysis of
enzyme reactions. |. Further considerations of enzyme inhibition
and analysis of enzyme activation. Enzymologia 15, 187-198.

Serensen, S.P.L., 1909. Etudes enzymatiques. Il. Sur la mesure et
I’importance de la concentration des ions hydrogéne dans les
réactions enzymatiques. C. R. Trav. Lab. Carlsberg 8, 1-168.

Sumner, J.B., 1926. The isolation and crystallization of the enzyme
urease. J. Biol. Chem. 69, 435-441.

Umbarger, H.E., 1956. Evidence for a negative-feedback mechan-
ism in the biosynthesis of isoleucine. Science 123, 848. http:
//dx.doi.org/10.1126/science.123.3202.848.

Van Slyke, D.D., Cullen, G.E., 1914. The mode of action of urease
and of enzymes in general. J. Biol. Chem. 19, 141-180.

Warner, D.J., 2006. The Dubosq colorimeter. Bull. Sci. Instrum. Soc.
88, 68-70.

Watson, J.D., Crick, F.H.C., 1953. Genetical implications of the
structure of deoxyribonucleic acid. Nature 171, 964-967. http:
//dx.doi.org/10.1038/171964b0.

Wilkinson, G.N., 1961. Statistical estimations in enzyme kinetics.
Biochem. J. 80, 324-332.

Wurtz, A., 1880. Sur la papaine: nouvelle contribution a lhistoire des
ferments solubles. C. R. Hebd. Séances l'Acad. Sci. 91, 787-791.
Yates, R.A., Pardee, A.B., 1956. Control of pyrimidine biosynthesis in
Escherichia coli by a feed-back mechanism. J. Biol. Chem. 221,

757-770.


dx.doi.org/10.3891/acta.chem.scand.11-1706
dx.doi.org/10.3891/acta.chem.scand.11-1706
dx.doi.org/10.3891/acta.chem.scand.11-1706
dx.doi.org/10.3891/acta.chem.scand.11-1706
dx.doi.org/10.1111/febs.12598
dx.doi.org/10.1111/febs.12598
dx.doi.org/10.1111/febs.12598
dx.doi.org/10.1098/rspb.1974.0084
dx.doi.org/10.1098/rspb.1974.0084
dx.doi.org/10.1098/rspb.1974.0084
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref19
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref19
dx.doi.org/10.1002/bbpc.19040100805
dx.doi.org/10.1002/bbpc.19040100805
dx.doi.org/10.1002/bbpc.19040100805
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref21
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref21
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref21
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref22
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref22
dx.doi.org/10.1016/s0167-4838(98)00247-7
dx.doi.org/10.1016/s0167-4838(98)00247-7
dx.doi.org/10.1016/s0167-4838(98)00247-7
dx.doi.org/10.1016/s0167-4838(98)00247-7
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref24
dx.doi.org/10.1098/rspa.1923.0116
dx.doi.org/10.1098/rspa.1923.0116
dx.doi.org/10.1098/rspa.1923.0116
dx.doi.org/10.1098/rspa.1923.0116
dx.doi.org/10.1016/j.crvi.2005.10.007
dx.doi.org/10.1016/j.crvi.2005.10.007
dx.doi.org/10.1016/j.crvi.2005.10.007
dx.doi.org/10.1016/j.crvi.2005.10.007
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref27
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref27
dx.doi.org/10.1021/ja01625a077
dx.doi.org/10.1021/ja01625a077
dx.doi.org/10.1021/ja01625a077
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref29
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref29
dx.doi.org/10.1021/bi201284u
dx.doi.org/10.1021/bi201284u
dx.doi.org/10.1021/bi201284u
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref31
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref31
dx.doi.org/10.1021/j150544a010
dx.doi.org/10.1021/j150544a010
dx.doi.org/10.1021/j150544a010
dx.doi.org/10.1021/ja01318a036
dx.doi.org/10.1021/ja01318a036
dx.doi.org/10.1021/ja01318a036
dx.doi.org/10.1021/ja01318a036
dx.doi.org/10.1021/ja01316a071
dx.doi.org/10.1021/ja01316a071
dx.doi.org/10.1021/ja01316a071
dx.doi.org/10.1098/rspb.1906.0008
dx.doi.org/10.1098/rspb.1906.0008
dx.doi.org/10.1098/rspb.1906.0008
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref36
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref36
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref37
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref37
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref37
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref38
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref38
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref38
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref39
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref39
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref40
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref40
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref41
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref41
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref42
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref42
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref42
dx.doi.org/10.1016/S0022-2836(63)80091-1
dx.doi.org/10.1016/S0022-2836(63)80091-1
dx.doi.org/10.1016/S0022-2836(63)80091-1
dx.doi.org/10.1016/S0022-2836(63)80091-1
dx.doi.org/10.1016/j.febslet.2013.04.020
dx.doi.org/10.1016/j.febslet.2013.04.020
dx.doi.org/10.1016/j.febslet.2013.04.020
dx.doi.org/10.1016/j.febslet.2013.04.020
dx.doi.org/10.1111/j.1432-1033.1982.tb06963.x
dx.doi.org/10.1111/j.1432-1033.1982.tb06963.x
dx.doi.org/10.1111/j.1432-1033.1982.tb06963.x
dx.doi.org/10.1111/j.1432-1033.1982.tb06963.x
dx.doi.org/10.1085/jgp.13.6.739
dx.doi.org/10.1085/jgp.13.6.739
dx.doi.org/10.1085/jgp.13.6.739
dx.doi.org/10.1085/jgp.13.6.739
dx.doi.org/10.1039/CT8905700834
dx.doi.org/10.1039/CT8905700834
dx.doi.org/10.1039/CT8905700834
dx.doi.org/10.1126/science.110.2865.543
dx.doi.org/10.1126/science.110.2865.543
dx.doi.org/10.1126/science.110.2865.543
dx.doi.org/10.1126/science.110.2865.543
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref49
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref49
dx.doi.org/10.1016/0167-4838(96)00083-0
dx.doi.org/10.1016/0167-4838(96)00083-0
dx.doi.org/10.1016/0167-4838(96)00083-0
dx.doi.org/10.1016/0167-4838(96)00083-0
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref51
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref51
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref51
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref52
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref52
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref52
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref53
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref53
dx.doi.org/10.1126/science.123.3202.848
dx.doi.org/10.1126/science.123.3202.848
dx.doi.org/10.1126/science.123.3202.848
dx.doi.org/10.1126/science.123.3202.848
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref55
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref55
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref56
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref56
dx.doi.org/10.1038/171964b0
dx.doi.org/10.1038/171964b0
dx.doi.org/10.1038/171964b0
dx.doi.org/10.1038/171964b0
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref58
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref58
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref59
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref59
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref60
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref60
http://refhub.elsevier.com/S2213-0209(14)00062-7/sbref60

	One hundred years of Michaelis-Menten kinetics
	Introduction
	The historical context: enzyme catalysis before 1913
	Michaelis and Menten's contribution
	Landmarks in the development of steady-state enzyme kinetics
	The steady-state hypothesis
	Two-substrate reactions
	Specificity
	Fast reactions
	Integrated rate equations

	Other work of the main participants
	Victor Henri (1872–1940)
	Leonor Michaelis (1875–1949)
	Maud Leonora Menten (1879–1960)

	Impact of the early work today
	Conflict of interest
	Acknowledgements
	References




