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a b s t r a c t
Michaelis and Menten’s mechanism for enzymatic catalysis is remarkable both in its simplicity and
its wide applicability. The extension for reversible processes, as done by Haldane, makes it even
more relevant as most enzymes catalyze reactions that are reversible in nature and carry in vivo ﬂux
in both directions. Here, we decompose the reversible Michaelis–Menten equation into three terms,
each with a clear physical meaning: catalytic capacity, substrate saturation and thermodynamic
driving force. This decomposition facilitates a better understanding of enzyme kinetics and highlights the relationship between thermodynamics and kinetics, a relationship which is often
neglected. We further demonstrate how our separable rate law can be understood from different
points of view, shedding light on factors shaping enzyme catalysis.
Ó 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

1.1. Reversible uni-molecular reactions

The kinetic rate law of simple irreversible enzymatic reactions –
introduced by Victor Henri [1] and later rationalized by Michaelis
and Menten [2], Briggs and Haldane [3,4] – is a hallmark of quantitative biochemistry [5]. Haldane extended this rate law to reversible reactions to reach a mathematical description, often referred
to as reversible Michaelis–Menten kinetics (the history of the ﬁeld
is clearly summarized in [6]).
Here, we present a new decomposition of the reversible
Michaelis–Menten rate law. By rewriting Haldane’s formula as a
product of three factors – the maximal rate, the enzyme saturation
level and the thermodynamic driving-force – we analyze the relative importance of different factors affecting enzyme kinetics. The
original irreversible rate law (i.e. Michaelis–Menten kinetics)
emerges naturally when assuming a thermodynamically highly
favorable reaction and low product concentration.

Reversible Michaelis–Menten kinetics is given by the following
mechanism:
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(R. Milo).
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E þ S  ES  EP  E þ P:

ð1Þ

The steady-state assumption is formulated by equating the time
derivatives of the concentrations of the enzyme complexes to zero,
i.e.:

E ¼ ½Efree  þ ½ES þ ½EP
d½ES
¼ k1  s  ½Efree  þ k4  ½EP  ðk2 þ k3 Þ  ½ES
dt
d½EP
¼ k6  p  ½Efree  þ k3  ½ES  ðk4 þ k5 Þ  ½EP:
0¼
dt

0¼

ð2Þ

E being the total enzyme concentration; [Efree], [ES] and [EP] corresponding to the concentrations of the free enzyme, the enzyme
bound to the substrate and the enzyme bound to the product,
respectively; s and p represent the concentrations of the substrate
(S) and the product (P). Solving these equations for s and p yields
the following rate law [7]:
þ

v¼E



kcat  s=K s  kcat  p=K p
:
1 þ s=K s þ p=K p
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ð3Þ
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+
The apparent enzymatic parameters, i.e. kcat
, kcat
, Ks and Kp, are directly derived from the mass-action kinetic parameters by [7]:

k2 k4 þ k2 k5 þ k3 k5
k1 ðk3 þ k4 þ k5 Þ
k2 k4 þ k2 k5 þ k3 k5
Kp ¼
k6 ðk2 þ k3 þ k4 Þ
k3 k5
þ
kcat ¼
k3 þ k4 þ k5
k2 k4

kcat ¼
:
k2 þ k3 þ k4

þ

v¼



E  kcat
1
k =K p
:

 s  p  cat
þ
1 þ s=K s þ p=K p
Ks
kcat =K s

ð6Þ

To simplify this equation, they deﬁned the rate capacity V+/Ks
þ
(where V þ  E  kcat ) and the binding term H  1/(1 + s/Ks + p/Kp).
Using
the Haldane relationship, the last term was reduced to

s  p=K 0eq . Therefore, the reaction rate is:

Ks ¼

v
ð4Þ

The kcat values are the maximal forward and backward rates per
unit of enzyme (E), and Ks and Kp are the Michaelis constants, denoted more generally by KM.
In his original paper, Haldane noticed an inherent dependency between the kinetic parameters and reaction thermodynamics [7].
When assuming a reaction has reached equilibrium, and equating
Eq. (3) to zero, the ratio between enzyme efﬁciencies, i.e. kcat/KM, in
both directions equals K 0eq – a thermodynamic constant representing
the ratio between the concentrations of the product and the substrate
at equilibrium [8]. This was later denoted the Haldane relationship:
þ

kcat =K s
¼ K 0eq :

kcat =K p

ð5Þ

!
Vþ
p
¼
H s 0 :
Ks
K eq

Rohwer and Hofmeyr [9,10] highlighted the fact that the reversible Michaelis–Menten equation can be rewritten as

ð7Þ

The initial rate of reactions in the linear regime, i.e. when s  Ks
and p = 0, is approximated by v  (V+/Ks)  s. Therefore, the rate
capacity can be directly measured as the slope of v as a function
of s in such conditions.
2. Decomposing the reversible Michaelis–Menten rate law
2.1. A separable rate law
We choose to rewrite the reversible rate law to reﬂect the
combined effect of the maximal rate, the enzyme saturation level and the thermodynamic driving-force. We recast Hofmeyr’s
Eq. (7) by moving Ks from the ﬁrst term to the second term,
like in Refs. [11,12], and moving s from the third term to the
second:

1.2. Rohwer–Hofmeyr decomposition

v ¼ E kþcat 



!

s=K s
p=s
 1 0
1 þ s=K s þ p=K p
K eq

ð8Þ
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Fig. 1. The capacity, saturation and thermodynamic terms in the separable rate law as a function of the concentration of S and the driving force (DrG0 ). The yellow and red lines
show the value of the capacity term (V+) and the net rate (v) in units of lmol mg1 min1. The green and blue lines show the values of the saturation (j) and thermodynamic terms
0
(c) – which are without units. The parameters used for the plot are T = 300 K, V+ = 10 lmol mg1 min1, Ks = 3 lM, Kp = 100 lM, and DrG  = 0. The concentration of product (p) is
1 lM in (a), 0.1 lM in (b), and 10 lM in (c). The places on the x-axis where the reaction is at equilibrium are highlighted in blue, i.e. where the reaction driving force is 0. With the
0
DrG  chosen in this example, this occurs when the substrate and product concentrations are equal. Any point with a lower concentration of S will have a negative net rate (v < 0) –
not shown in this plot. These examples show that, depending on the concentration of the product, the response of the reaction net rate (v) to changes in the concentration of
0
substrate can be dominated by thermodynamics (c), saturation (b), or both (a). Similarly, the values of DrG , Ks, and Kp have similar effects on the relationships between the curves.
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Notably, the resulting last term is the extent of thermodynamic disequilibrium, i.e. the driving force for the biochemical reaction S  P
(as appears in [13] – Eq. 4). To see this, we take the formula for the
change in Gibbs energy of a reaction [14]:

Dr G0 ¼ Dr G0 þ RT lnðp=sÞ

ð9Þ

where Dr G0 ¼ RT ln K 0eq ; R is the gas constant, T is the temperature, and assuming the activity coefﬁcients of S and P are both 1.
0
It is therefore evident that Kp=s
¼ eDr G =RT and hence:
0
þ
kcat

v¼E

eq



s=K s

1 þ s=K s þ p=K p



0

 ð1  eDr G =RT Þ

ð10Þ

v¼V

It is useful to investigate the decomposition’s behavior in cases
where the concentrations of the substrate and/or the product are
saturated ( KM) or much below saturation (KM). We consider
here four interesting cases.
2.3.1. Enzyme is both substrate and product sub-saturated: s  Ks and
p  Kp
In this case, the denominator of the fractional saturation term
(j) is approximately 1 and therefore j  s/Ks. The kinetics in such
a condition will be:

jc

ð11Þ

0

v  E kþcat  s=K s  ð1  eD G =RT Þ:
r

Using this separable rate law, we can identify three factors
whose product determines the rate:
þ

2.3. Saturation effects

ð16Þ

This kinetics is identical to that assumed for the linear regime of an
irreversible enzyme [15], modulated by the driving force of the
reaction.

where
þ

V þ  E kcat

j

s=K s
1 þ s=K s þ p=K p
0

c  1  eDr G =RT

ð12Þ
+

We denote (V ) as the capacity term, (j) as the fractional saturation term, and (c) as the thermodynamic term. Examples for how
the three terms vary as a function of the substrate concentration

are given in Fig. 1. Note that kcat
does not explicitly appear in Eq.
(12), since it is replaced by DrG0 through the use of the Haldane
relationship.
It makes more sense to use Eq. (12) when the reaction proceeds in the S ? P direction (i.e. DrG0 6 0) as in such conditions
v is positive and the thermodynamic term is bounded: 0 6 c < 1.
Nevertheless, this equation holds just as well when the reaction
proceeds in the opposite direction. In such conditions, v will be
negative and c can be any negative number. Hence, we recommend switching the roles of S and P (and noting that DrG0 is negated) so that the rate law is written in the favorable (originally
reverse) direction:

v reverse ¼ E kcat 



p=K p
1 þ p=K p þ s=K s

 

0
 1  eDr G =RT

ð13Þ

Dr G !1



s=K s
1 þ s=K s þ p=K p


ð14Þ

Interestingly, the denominator in the fractional saturation term
contains p/Kp, which is absent in the irreversible Michaelis–Menten
rate law. This is an outcome of the reversible binding step
EP  E + P, which decreases the amount of available free enzyme
as a function of p. Michaelis and Menten derived their formula for
initial rates, i.e. the rate of reaction at the initial state before the
product has started to accumulate. In this setting, we can assume
p  Kp and arrive at the well-known irreversible Michaelis–Menten
rate law:

v ¼ E kþcat 

s
:
s þ Ks

r

ð17Þ

Note that, in this case, the net reaction rate is not affected by the
concentrations of the substrate or the product, except through the
+
Gibbs energy of the reaction. In addition, kcat
is the only kinetic
parameter left in the formula. This approximation is especially useful for thermodynamic metabolic models which typically ignore
saturation effects.
2.3.3. Enzyme is product saturated but substrate sub-saturated: s  Ks
and p
Kp
This mirrors the previous condition, reversing the roles of S and
P. Therefore, we can use Eq. (13) for the reverse reaction and again
approximate the fractional saturation term by 1, i.e.
v reverse  E kcat  ð1  eDr G0 =RT Þ. Note that the value of vreverse is negative when DrG0 < 0, as expected. The rate of the original reaction
is:
r

One outcome of our proposed formulation appears when considering very favorable reactions, i.e. when DrG0 ? 1. Under this
assumption, c = 1 and the rate law becomes

v ¼ E kþcat 

0

v  V þ  c ¼ E kþcat  ð1  eD G =RT Þ:

0

v ¼ v reverse  E kcat  ðeD G =RT  1Þ:

2.2. Relation to the irreversible Michaelis–Menten equation

lim
0

2.3.2. Enzyme is substrate saturated but product sub-saturated: s
Ks
and p  Kp
If the net ﬂux through an enzyme is always in the forward
direction (S ? P), we expect its Ks and Kp to be selected by evolution to achieve this condition. In this case, s/Ks
1 + p/Kp, and
therefore the fractional saturation term j will approach 1 and
thus:

ð15Þ

Note that we can use the limit DrG0 ? 1 here since it is trivially
satisﬁed by p ? 0.

ð18Þ

2.3.4. A generalization in which the enzyme is substrate or product
saturated (or both): s
Ks and/or p
Kp
In this last condition, we show how a simpliﬁed formula can be
derived for the reaction rate whenever at least one of the reactants
(the substrate and/or the product) is saturated. Note that Sections
2.3.2 and 2.3.3 are special cases of this more general condition.
s
Here, the saturation term is j  s=Ks=K
and, therefore, we can
s þp=K p
rewrite the entire rate law as:

v E



þ

kcat s=K s
p=K p þ s=K s



0

 ð1  eDr G =RT Þ


0
þ
þ 1
¼ E  p=s  1=kcat  K s =K p þ 1=kcat
 ð1  eDr G =RT Þ

ð19Þ

From the Haldane relationship,
in Eq. (5), we can replace

þ

1=kcat  K s =K p with 1= K 0eq  kcat so we now get

v E

p=s 1
1
  þ
K 0eq kcat kþcat

!1

0

0

 ð1  eDr G =RT Þ ¼ E

1  eDr G =RT
0
 :
þ eDr G =RT =kcat

þ
1=kcat

ð20Þ
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Since this result generalizes Eqs. (17) and (18), both kcat+ and
kcat play a part in it. It is interesting to note that all three cases
lead to a rate law where concentrations of S and P only appear
implicitly through their effect on DrG0 .

(a)

steady state:

3. The thermodynamic term c and the ﬂux–force relationship

(b)

enzyme-substrate complexes

The ﬂux–force relationship [16,17] states that the thermodynamic driving force determines the ratio of forward and backward
reaction rates in the following way:

v þ D G =RT
¼e
v
r

0

ð21Þ

where the forward rate (v+) is deﬁned as the rate in which a free
substrate molecule (S) binds to an enzyme (ES), undergoes some
arbitrary path as a bound enzyme–substrate complex (i.e. within
the shaded cyan box in Fig. 2) and is eventually released as a free
product molecule (P). The backward rate (v) is similarly deﬁned
as the rate in which P binds to the enzyme to form EP, undergoes
an arbitrary path as a complex and eventually is released as S.
The net reaction rate v is the difference between these two rates:

v ¼ vþ  v

E

E

S

P

(c)

reaction coordinates

ð22Þ

If we follow Haldane’s derivation of the reversible rate law, as appears in Eq. (3), we ﬁnd that the expressions for v+ and v are:
þ

kcat  s=K s
1 þ s=K s þ p=K p

kcat  p=K p
¼E
1 þ s=K s þ p=K p

vþ ¼ E

ð23Þ

v

ð24Þ

not
counted

The forward rate is equal to the product of the ﬁrst two terms in
the separable rate law, v+ = V+  j. The last term, c is equivalent to
the ratio between the net rate and the forward rate [18]:

v vþ  v
v
¼
¼ 1  þ ¼ 1  eD G =RT ¼ c
þ
þ
v
v
v
r

0

ð25Þ

This all comes together in the simple formula for the separable rate
law:

v ¼ vþ 

v
¼ Vþ  j  c
vþ

ð26Þ

Thus, the last term in the separable rate law, c, can be interpreted in
two ways: (a) as the multiplicative term in the separable rate law
which depends only on DrG0 or (b) as the ratio between the net rate
and the forward rate using the ﬂux–force relationship.
A similar approach focuses on the net rate as a fraction of the
total, i.e. the sum of the forward and backward rates [19]:

v
v

þ

þv

1  vv þ 1  eDr G =RT
c
¼
 ¼
0
1 þ vv þ 1 þ eDr G =RT 2  c




¼

0

ð27Þ

Since the ﬂux–force relationship described in Eq. (21) holds for any
biochemical reaction at steady state, this approach is useful even
when considering non-Michaelis–Menten reaction mechanisms.
By assuming the total rate is proportional to the amount of enzyme
(v+ + v / E), the rate law becomes a simple function of the thermodynamic term:

v /E

c
2c

ð28Þ

3.1. Sensitivity analysis through the elasticity coefﬁcients
Elasticity coefﬁcients quantify the effect of changing the concentration of a substrate (or other effectors, such as products or
allosteric regulators) on the rate of a reaction, while keeping all

not
counted

Fig. 2. Deﬁnition of the forward and backward rates in a reversible reaction. In
general, a reaction mechanism consists of a series of reversible steps (a). In steady
state, the net ﬂux is constant thus determining the difference between forward and
backward ﬂuxes, but their absolute values in each step can vary. It is then essential
to make a rigorous deﬁnition of the forward and backward ﬂux for the whole
reaction (for example, to be used in the ﬂux–force relationship). The naïve
deﬁnition of the forward rate as ES ? EP (as is typically done for irreversible
reactions) is not suitable, both because ES and EP can refer to various different
complexes, as shown in panel (b), and because these are bound states whose
energetics is different from that of the overall reaction. (c) This can be solved by
deﬁning v+ as the rate at which E binds to S and remains as an enzyme–substrate
complex until a product molecule is released. Thus, for instance, a binding of E to S
giving ES that subsequently decomposes back into E + S is not counted for the
forward (or backward) ﬂux. Similarly, binding of S to E to give ES that is transformed
to EP but then reverts back to ES and then S + E without product release, is also not
counted. This deﬁnition is robust to the choice of how to represent the internal
reaction mechanism in terms of the ES and EP micro-states.

other factors constant. The deﬁnition of the scaled elasticity coefﬁcient with respect to the substrate concentration is:

evs 

@ ln v
@ ln s

ð29Þ
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Elasticity coefﬁcients are used extensively in Metabolic Control
Analysis [20–23], a mathematical framework that describes, for instance, how the activity of a single enzyme controls the pathway
ﬂux. Since control coefﬁcients [20,21,24] are essentially derived
from the elasticity coefﬁcients (and the network topology), understanding the different factors that determine the elasticity in different regimes may help to get a more intuitive understanding of the
control of ﬂux in multi-enzyme systems. We provide here the formulas for the reaction elasticity coefﬁcient using the terms deﬁned
in the previous sections (namely c and j), but leave it to the motivated reader to make use of these results in the broader context of
Metabolic Control Analysis.
As pointed out by Rohwer and Hofmeyr [10], the multiplicative
nature of the decomposition enables us to express evs as a sum of
the elasticities of the three terms:
þ

eVs ¼ 0
ejs ¼

ð30Þ

þ

kcat

v¼E

Y
Y
þ

m
ðsi =K s;i Þmi þ kcat ðpj =K p;j Þ j
i

1þ

Y

j

þ

ðsi =K s;i Þmi þ

i

ð31Þ

ecs ¼

@ lnð1  p=s 
@ ln s

¼ c1  1

þ

evs ¼ eVs þ ejs þ ecs ¼ c1  j

ðpj =K p;j Þ

m
j

ð34Þ

j

where for each substrate si is its concentration, mþ
i is its stoichiometric coefﬁcients, and Ks,i – its Michaelis–Menten constant (and similarly for products pj).
By applying the same methodology as in Section 2.1, we intro
duce DrG0 , eliminate kcat
using the Haldane relationship and rewrite Eq. (34) to arrive at a separable form:

1
Y
ðsi =K s;i Þmi
C
B
þ
i
Dr G0 =RT
C
¼ E kcat  B
Þ
@1 þ Yðs =K Þmi þ Yðp =K Þmj A  ð1  e
i
s;i
p;j
j

v

i

K 0eq1 Þ

Y

0

@ lnðs=K s Þ  lnð1 þ s=K s þ p=K p Þ
s=K s
¼1
@ ln s
1 þ s=K s þ p=K p

¼1j

products. Therefore, we show how our decomposition can be extended to describe the kinetics of such enzymes, but focus on a
simple case where the enzyme can only exist in one of three distinct states: free, all substrates bound, or all products bound. Under
this assumption, the reaction rate v is given by the following rate
law [25]:

j

ð35Þ
ð32Þ
3.3. Summary

ð33Þ

Fig. 3 illustrates how these elasticity coefﬁcients change with
the substrate concentration. At low driving forces, the total elastic 

c
ity evs is dominated by thermodynamics ejs  es and can therefore be determined without knowing any of the kinetic constants.
3.2. Generalization for a simpliﬁed form of multi-substrate/multiproduct reactions
The derivations performed in this work have all been made for
enzymatic reactions with one substrate and one product. However,
most enzymes catalyze reactions with multiple substrates and

Elasticity coefficient [unitless]

Driving Force [kJ/mol]

The formulation presented here – a rate law as a product of the
capacity, saturation and thermodynamic terms – provides an easy
conceptual framework to understand how different factors affect
the net reaction rate. We highlight the didactic value by showing
how the simple and well-studied irreversible rate law is derived
easily by taking the limit p ? 0.
In addition, the separable rate law helps clarify the often ignored connection between thermodynamics and rate. It is a common misconception to assume that the Gibbs energy change only
determines whether a reaction is feasible, but does not affect the
kinetics. This misconception might arise from to the fact that enzymes cannot change the equilibrium constant of areaction. However, reaction thermodynamics does limit the net ﬂux by imposing
a counter-productive backward ﬂux. In a recent report [26], we
compared the Embden–Meyerhoff–Parnass (EMP) pathway with
the Entner–Doudoroff (ED) pathway and demonstrated how the
relationship between thermodynamics and ﬂux affects the efﬁciency of whole pathways. By utilizing the separable rate law described in Eq. (35) to formulate a protein cost function, we were
able to show that the ED pathway is expected to require severalfold less enzymatic protein to achieve the same glucose conversion
rate as the EMP pathway.
We hope that the decomposition presented here will be useful
for teaching about reversible Michaelis–Menten kinetics as well
as for research purposes – by clarifying the interrelationships between enzyme kinetics, capacity, fractional binding saturation
andthe reaction thermodynamics.
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dominated by substrate binding.

This work was funded by the European Research Council
(260392 – Project SYMPAC); Israel Science Foundation (Grant
750/09); Helmsley Charitable Foundation; the Larson Charitable
Foundation; Estate of David Arthur Barton; Anthony Stalbow Charitable Trust, and Stella Gelerman (Canada); and the German Research Foundation (Ll 1676/2-1). E.N. is grateful to the Azrieli
Foundation for the award of an Azrieli Fellowship. R.M. is the
incumbent of the Anna and Maurice Boukstein Career Development Chair.

E. Noor et al. / FEBS Letters 587 (2013) 2772–2777

References
[1] Henri, V. (1903) Lois générales de l’action des diastases, Librairie Scientiﬁque
A. Hermann.
[2] Michaelis, L. and Menten, M.L. (1913) Die Kinetik der Invertinwirkung.
Biochem. Z. 49 (352), 333–369.
[3] Briggs, G.E. and Haldane, J.B.S. (1925) A note on the kinetics of enzyme action.
Biochem. J. 19 (2), 338–339.
[4] Haldane, J.B.S. (1930) The Union of Enzyme with its Substrate and related
Compounds Enzymes, pp. 28–53, Longmans, Green and Co., London. Chapter
III.
[5] Cornish-Bowden, A. (2013) The origins of enzyme kinetics. FEBS Lett. 000
(000). 000–000.
[6] Cornish-Bowden, A. (2012) Fundamentals of Enzyme Kinetics, fourth ed, Wiley
VCH.
[7] Haldane, J.B.S. (1930) The course of enzymatic reactions, and its mathematical
theory Enzymes, pp. 74–92, Longmans, Green and Co., London. Chapter V.
[8] Alberty, R.A., Cornish-Bowden, A., Goldberg, R.N., Hammes, G.G., Tipton, K. and
Westerhoff, H.V. (2011) Recommendations for terminology and databases for
biochemical thermodynamics. Biophys. Chem. 155 (2–3), 89–103.
[9] Hofmeyr, J.-H.S. (1995) Metabolic regulation: a control analytic perspective. J.
Bioenerg. Biomembr. 27 (5), 479–490.
[10] Rohwer, J.M. and Hofmeyr, J.-H.S. (2010) Kinetic and thermodynamic aspects
of enzyme control and regulation. J. Phys. Chem. B 114 (49), 16280–16289.
[11] Reich, J.G. and Sel’kov, E.E. (1981) Energy Metabolism of the Cell: a Theoretical
Treatise, Academic Press, New York, London.
[12] Morandini, P. (2013) Control limits for accumulation of plant metabolites:
brute force is no substitute for understanding. Plant Biotechnol. J., 1–15.
[13] Hofmeyr, J.-H.S. and Cornish-Bowden, A. (1997) The reversible Hill equation:
how to incorporate cooperative enzymes into metabolic models. Comput.
Appl. Biosci. CABIOS 13 (4), 377–385.
[14] Alberty, R.A. (2003) Thermodynamics of Biochemical Reactions, vol. 215, John
Wiley & Sons, Hoboken, NJ.

2777

[15] Fersht, A. (1998) Structure and Mechanism in Protein Science: a Guide to
Enzyme Catalysis and Protein Folding, ﬁrst ed, W.H. Freeman.
[16] Westerhoff, H.V. (1987) Thermodynamics and Control of Biological Freeenergy Transduction, Elsevier Science Ltd..
[17] Beard, D.A. and Qian, H. (2007) Relationship between thermodynamic driving
force and one-way ﬂuxes in reversible processes. PloS One 2 (1), e144.
[18] Rolleston, F.S. (1972) A theoretical background to the use of measured
concentrations of intermediates in study of the control of intermediary
metabolism. Curr. Top. Cell. Regul. 5, 47–75.
[19] Stitt, M. (1989) Control of sucrose synthesis: estimation of free energy
changes, investigation of the contribution of equilibrium and non-equilibrium
reactions, and estimation of elasticities and ﬂux control coefﬁcients in:
Techniques and New Developments in Photosynthesis Research (Barber, J. and
Malkin, R., Eds.), Springer, US, Boston, MA.
[20] Kacser, H. and Burns, J.A. (1973) The control of ﬂux. Symp. Soc. Exp. Biol. 27,
65–104.
[21] Heinrich, R. and Rapoport, T.A. (1974) A linear steady-state treatment of
enzymatic chains. general properties, control and effector strength. Eur. J.
Biochem. 42 (1), 89–95.
[22] Heinrich, R. and Schuster, S. (1996) The Regulation of Cellular Systems,
Chapman & Hall, New York.
[23] Fell, D. (1996) Understanding the Control of Metabolism, 1st ed, Portland
Press.
[24] Burns, J.A., Cornish-Bowden, A., Groen, A.K., Heinrich, R., Kacser, H., Porteous,
J.W., Rapoport, S.M., Rapoport, T.A., Stucki, J.W., Tager, J.M., et al. (1985)
Control analysis of metabolic systems. Trends Biochem. Sci. 10 (1), 16.
[25] Liebermeister, W., Uhlendorf, J. and Klipp, E. (2010) Modular rate laws for
enzymatic reactions: thermodynamics, elasticities, and implementation.
Bioinformatics (Oxford, England) 26 (12), 1528–1534.
[26] Flamholz, A., Noor, E., Bar-Even, A., Liebermeister, W. and Milo, R. (2013)
Glycolytic strategy as a tradeoff between energy yield and protein cost. Proc.
Natl. Acad. Sci. USA 110 (24), 10039–10044.

