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a role for allostery in enzyme catalysis
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Many enzymes undergo conformational changes and are allosteric, with catalytic
activities depending on their conformation. We show how such allostery can be es-
sential for overcoming limitations in catalytic efficiency due to a generic chemical
constraint, the strong similarity between the different states that reactants adopt
as they are chemically transformed from substrate to product. Focusing for clarity
on single-step irreversible unimolecular reactions, we analyze different forms that
chemical similarities between reactant states can take, and derive in each case the
limitations that they impose on catalytic efficiency. We first consider catalysts with
no internal degree of freedom, and then show how catalysts with a particular form
of two-state allostery can overcome their limitations. Our results confer a funda-
mental role to conformational changes as a means to specifically stabilize transition
states, and therefore ensure efficient catalysis. They also clarify previous explana-
tions regarding the contribution of substrate “handles”, parts of substrates that are
not chemically transformed but whose interactions with enzymes can be critical to
catalysis. Additionally, we present links to studies in heterogeneous catalysis, where
limitations arising from chemical similarities between reactant states pose well-known
challenges.

I. INTRODUCTION

Two widespread but puzzling features distinguish enzymes from chemical catalysts such as small
molecules or large solid surfaces. First, many enzymes undergo conformational changes on the same
timescale as catalysis [1-3], but the role of these conformational changes in catalysis is much debated [4—
6], because our mechanistic understanding of chemical processes suggest that rigid active sites provide
optimal environments for chemical transformations [7, 8]. Second, many enzymes catalyze reactions in
which the reactant comprises a “handle”, i.e., a non-reactive part that is not transformed chemically
but whose interaction with the enzyme is critical to efficient catalysis [9]. Examples include phosphate
groups in glycolysis [10], coenzyme A in fatty acid metabolism [11], and amino acid chains extending
the cleaved peptide bond in proteolysis [12]. The contribution to catalysis of these handles is not
obvious given Pauling principle [13] that explains catalysis by a specific stabilization of transition states.
Since these handles are unchanged, they indeed bind uniformly to substrates and transition states. For
multi-molecular reactions, they can contribute to catalysis by bringing and keeping together multiple
substrates, but substrate handles are as common in the enzymatic catalysis of unimolecular reactions
where this mechanism of catalysis by proximity cannot be invoked [14].

Several unrelated explanations have been proposed to explain conformational changes and substrate
handles in enzymatic catalysis. One class of explanations view conformational changes as a means to
achieve conflicting geometrical requirements. For instance, a catalytic transformation may be optimized
by totally surrounding the reactant with the enzyme, which is incompatible with binding and release [15,
16]. Or, multiple transitions states may be present along the chemical transformation, each requiring
a different geometry [17, 18]. Other types of constraints have also been invoked, including demands
for substrate specificity, as in the induced-fit model [19, 20], or for regulation, as in many models of
allostery [21]. Similarly, several explanations have been proposed for the role of substrate handles. For
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instance, phosphate groups on many metabolites are justified by the negative charge that they confer,
which prevents metabolites to which they are attached from diffusing outside cells [22]. More generally,
however, two proposals were made in the 1970s that directly link substrate handles to catalytic efficiency,
both based on the fundamental principle that catalysis relies on the capacity to bind differentially the
substrate(s) and the transition state(s).

One proposal is due to Albery and Knowles and arises from their extensive study of triosephosphate
isomerase [23], a very efficient enzyme that catalyzes an essential unimolecular reaction in glycolysis,
the conversion between two triosephospate isomers that harbor the same phosphate handle. Albery and
Knowles classified binding mechanisms contributing to catalysis by the degree of discrimination that
they can achieve, considering first less discriminative mechanisms which they viewed as evolutionarily
more accessible [24]. From this standpoint, uniform binding to a substrate handle, which does not
achieve any discrimination, is the easiest mechanism to evolve. Next, they considered the possibility of
further improvement through “differential binding” where the binding affinity to a transition states is
constrained to be intermediate between the binding affinities of the two states preceding and following
it. Finally, they considered improvements through the most general possibility of arbitrary binding
to each state, which they called “catalysis of elementary steps”. For triosephosphate isomerase, they
argued that uniform binding through the phosphate handle is responsible for most of the improvement
over catalysis by a simpler carboxylate base, with differential binding and catalysis of elementary steps
making only smaller additional contributions [24]. In their model, a key assumption is that catalysis is
present without the handle, and a key variable is the ambient substrate concentration. The increased
binding affinity provided by the handle indeed acts to retain the substrate close to the active site until
it is chemically transformed, but does not change the activation barrier for the chemical transformation
itself. Only for sufficiently low substrate concentrations, when substrate unbinding is limiting, is their
model therefore relevant.

In terms of Michaelis-Menten kinetics, uniform binding to the substrate handle increases catalytic
efficiency in this first scenario by reducing the Michaelis constant K,; without affecting the catalytic
constant k.. In many cases, however, altering the interaction of the enzyme with the handle has the
very opposite effect: K, is unchanged but ke, is reduced [9]. This puzzling observation motivated
Jencks to elaborate a radically different explanation for the ubiquity of substrate handles. Most relevant
to our focus on catalytic efficiency in the context of unimolecular reactions is his proposal that the
discrimination between a substrate and the transition state can be mainly achieved by destabilizing the
substrate rather than by stabilizing the transition state [9, 25]. In this view, the role of the handle is
to provide sufficient negative interaction free energy to compensate for the positive free energy involved
in substrate destabilization. In Jencks’ words, substrate handles provide a large “intrinsic binding
energy” which is not apparent in measured binding energies but is “used as the currency to pay for
substrate destabilization” [9]. In contrast to Albery and Knowles’ proposal, Jencks’ proposal is therefore
independent of the substrate concentration and does involve a lowering of the activation barrier for the
chemical transformation. His proposal finds support in several case studies [26, 27|, including studies
of triosephosphate isomerase [28]. However, the conditions under which substrate destabilization is
preferable over transition-state stabilization, and the extent to which it can contribute to catalysis have
never been formally established.

This constitutes another difference with Albery and Knowles’ proposal, which rests on the quantitative
analysis of a model that makes explicit an optimality criterion and the constraints under consideration.
Albery and Knowles’ formalism, which views catalysis as a modulation of free energy profiles in the
graphical form of kinetic barrier diagrams [29], is widely used [30-35]. Here, we adopt this formalism
to extend their analysis to new constraints and to catalysts that can exist in multiple conformations.
Focusing on unimolecular reactions for clarity and because they pose the most significant challenges to
explain substrate handles [14], we first derive limits on the cycling time of catalysts that exist only in
one conformation. We then show that allostery, defined as the capacity of a catalyst to have different
affinities for a same ligand when occupying different conformational states [36], can lift some of these
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limitations. This provides a general formulation of a principle that we previously illustrated with a
minimal physics model [37], and which may also be viewed as a formalization of Jencks’ mechanism
of substrate destabilization [9]. By integrating Jencks’ and Albery and Knowles’ explanations in a
common formalism, the relation and difference between these two explanations for the role of substrate
handles are thus clarified. Besides, we make a link to heterogeneous catalysis where chemical constraints
have been particularly studied and where the limitations on catalytic efficiency that they imply raise
well-recognized challenges [38, 39].

II. MODEL AND METHODS
A. Spontaneous reaction

We consider for simplicity a unimolecular reaction described by a single-step mechanism,

5L p (1)
k—o

where S represents the substrate, P the product, kg the first-order rate constant for the forward reaction
and k_g the first-order rate constant for the reverse reaction. The rate of product formation is then
vy = O[P]/ot = —0[S]/0t = ko[S] — k_o[P] where [S] and [P] are, respectively, the concentrations of
substrate S and product P. To model a cellular context, we study this reaction in a non-equilibrium
steady state where these concentrations are maintained at fixed values.

To reason about catalysis, it is convenient to consider (free) energies rather than rates [34]. We
therefore introduce a parametrization of the two rates ki by two free energies, an activation free energy

AGE ... > 0 and a free energy of formation of one molecule AGC,__ such that

—_AGH _ I _A@o
ko f— Ae AGuncat/j%,l—‘7 k-_o — Ae (AGuncat AC;reac)/I%T‘7 (2)

where R is the universal gas constant, T the temperature, and A a frequency factor (A = kgT'/h in
transition state theory, kg being Boltzmann constant and i Planck constant). To simplify the formulas,
we set the unit of energy to have RT = 1 and the unit of time to have A = 1. The two quantities AGH

uncat

and AG°,__ are, by definition, independent of the concentrations of S and P. AGH > 0 represents

reac uncat
a positive activation energy for the forward reaction S — P while AGY,,, is a free energy of formation
related to the equilibrium constant K., = ko/k_o by Keq = e 2Creac (note that we define AGS,,. per
molecule rather than per mole as more common in chemistry). It is also convenient to introduce the
free energy of reaction AGieac when the substrate and product concentrations are fixed to the arbitrary
values [S] and [P],
AGreac = AGY,. +1n % (3)

AGS,,. can be of any sign, and we only need to impose AGS,,. < AGY, ... for the reverse reaction
P — S to have a positive activation energy, and therefore for the two states S and P to be well defined.
These parameters for the spontaneous reaction are represented in a kinetic barrier diagram [29, 33]
with three states, the two stable states S and P, whose levels differ by AG®,,, and a transition state S*
whose level differs from that of S by AGE, .. (Fig. 1A).

For clarity, we make two further simplifying assumptions: no product is present, [P] = 0, and the
reaction is irreversible, k_y = 0 or, equivalently, AGS,,. = —oo (a generalization to arbitrary AGY,,. is
presented in SI). These assumptions imply that the rate of product formation due to the spontaneous

reaction is simply vy = ko[S].
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B. Catalysis

Catalysis occurs if a substrate is converted more quickly in the presence than in the absence of a
substance — the catalyst — which is left unchanged in the process. We first consider a catalyst C' with
no internal degree of freedom that follows a catalytic cycle with two intermediate states, described by a

Markov chain of the form

k1 ko k3

cS cP

k,l k?72 k—3

c+S c+P (4)
where k; = kp[S] and k_3 = kp[P] are pseudo-first-order rate constants that depend on the ambient
concentrations of substrate and product and on a diffusion rate constant kp, while the other rates k;
are first-order rate constants that depend on properties of the catalyst.

We take the mean time T, to complete one catalytic cycle, i.e., to reach C'+ P from C'+ S in Eq. (4),
as a measure of catalytic efficiency. The smaller the cycling time 7., the more efficient catalysis. In
conditions where [P] = 0, this cycling time is equivalent to the catalytic efficiency y introduced by Albery
and Knowles [40]. If, furthermore, the contribution of the spontaneous reaction to the rate of product
formation, v = 0[P]/0t, is negligible, T, is equivalent to [C]/v, where [C] is the total concentration of free
and bound catalysts [41, 42]. For the catalytic cycle described by Eq. (4), the rate of product formation
follows Michaelis-Menten equation, v = ket [S][C]/ (K + [S]) [43], and we can therefore express the
dependence of T, on the substrate concentration [S] in terms of a catalytic constant k., and a Michaelis

constant Kj;, as
1 Ky >
T.=— 14+ — 5
(T ©)

where, for the catalytic cycle described by Eq. (4) (see SI1 or [24]),

LS S
kcat B k2 kS k2k3

(6)

and

b o\ R T ks ")
We assumed here N = 2 intermediate states, C'S and C'P, but Eq. (5) extends to unidimensional chains
of transitions with an arbitrary number N of intermediate states, with appropriate redefinitions of k¢t
and Ky (see SI1).

Since T, quantifies the time to complete a catalytic cycle with no reference to the spontaneous
reaction, its value does not reveal if catalysis is taking place, i.e., if the reaction in the presence of the
catalyst is faster than in its absence. In particular, as T, represents a turn-over time per catalyst, it
is not comparable to the mean spontaneous reaction time 1/ky per substrate. To assess the presence
of catalysis, we must either compare the reaction time 1/kq per substrate in the absence of catalysts
to another reaction time in the presence of catalysts, or compare the cycling time T, per catalyst in
the presence of the catalyst of interest to a another cycling time where the catalyst is substituted for
an inactive substance. The two approaches lead to the same simple criterion valid for any number N
of intermediate states: catalysis occurs if and only if kg < kcay, where kent is the catalytic constant in
Eq. (5). Remarkably, this criterion is independent of Kj;, whose value impacts the cycling time 7. but
has no bearing on the occurence of catalysis per se [42].

As for the spontaneous reaction, we can re-parametrize the elementary rates ky; in Eq. (4) with free
energies and represent the catalytic process in a kinetic energy diagram. To this end, each transition is

Ky 1( ks klkg)

k
associated with a transition state. The first transition C'+ S —= O is associated with a first transition
k_1

state (i = 1) denoted C--S to represent a substrate just about to bind to the catalyst. The second

k .
transition C'S == C'P is associated with a second transition state (i = 2) denoted C'S* to represent
k_2
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FIG. 1: Kinetic barrier diagrams. A. Diagram for the spontaneous reaction S = P, described by two stable
i

unca
= —o0 if considering an irreversible reaction (more generally, AG

states, S and P, a transition state, S*, and two parameters, an activation barrier AG
AG? Here AG?,,. < 0 but AG?

reac* reac reac

. and a reaction barrier

?eac can
be of any sign as long as AG?mcat + AGS,,. < 0). B. Diagram for the catalytic process described by Eq. (4).
The stable states, C + S, C'S, CP and C + P are represented as local minima with energies G; (i = 1,2,3,4),

separated by transition states C--S, CS* and C--P, with energies G;E (i = 1,2,3). The heights of the barriers
represent the transition rates. For instance, the rate from CS to C'P is kg = ¢G3=G2 while the reverse rate from
CPtoCSisk_o= ¢G3=Gs_ The cycling time T, expressed in Eq. (9) depends on the forward barriers between
successive states, G? — G;, as well as on the forward barriers between non-successive states G§ — G; with j > 1.
In total, this corresponds to the 6 barriers represented by green or red arrows. Of these 6 barriers, 2 are set
by extrinsic parameters independent of the catalyst (in green) and 4 are modulated by parameters intrinsic to
the catalyst (in red). Some barriers may have negative values (downward-pointing arrows) and therefore not
constitute barriers stricto sensu. In particular, G3 — Gg — —oo when the reaction is irreversible. Note also
that G4 — —oo when products are maintained at vanishing concentration. C. When considering irreversible
reactions, only 3 barriers are dependent on properties of the catalyst, AGind,AGict,AGfel, represented by
the 3 red arrows. We describe the properties of the catalyst by three intrinsic parameters, AGg, AGg:, AGp,
represented by the 3 blue arrows. They are defined by making a comparison with a non-interacting catalyst
which differs from an interacting catalyst in the internal section of the diagram, where its profile is that of the
spontaneous reaction (pink dotted lines).

the transition-state-catalyst complex. The third transition CP —= C + P, finally, is associated with a
k_3

third transition state (i = 3) denoted C'-P to represent a product just about to be released from the
catalyst. We define free energies G; for the stable states (i = 1 for C'+ S, ¢ = 2 for C'S, i = 3 for CP
and i = 4 for C + P) and Gf for the transition states (i = 1,2, 3), so that

k; = 6—(G§—Gi)7 k_; = e_(Gf_Gi+1)7 (8)

which allows the catalytic cycle of Eq. (4) to be represented by a kinetic barrier diagram (Fig. 1B) [29, 33].
In this diagram, the energy difference between the last state C' 4+ P and the first state C' + S coincides
with the free energy change AGc, defined in Eq. (3) (due to the assumption that the substrate and the
product have same diffusion constant kp).

In terms of these free energies, the cycling time 7T, takes, when assuming [P] = 0, a simple form (see

SI1 or [34]), i
T. = Z eGjiGiv (9)

1<i<G<N+1
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where the sum is over each pair ¢ < j of transition state j following a stable state 7. Typically, one
term dominates the sum and T, ~ e2%r= where AGgpan = maX1§i§j§N+1(G§ — @) is known as the
energetic span [34]. We shall work in this approximation where estimating the cycling time amounts to
estimating the limiting barrier G;- — G, that determines the energetic span AGqp,,. Importantly, this
limiting barrier is not necessarily associated with a limiting step (¢ = j) but can involve a transition state
that does not follow immediately the intermediate state (i < j). When N =2 (N +1)(N +2)/2=6
barriers, represented by the 6 vertical arrows in Fig. 1B, have to be compared to determine which is
largest. Some of these barriers, however, may have negative values and be therefore negligible. When
considering an irreversible reaction, or more generally when considering as in Fig. 1B a reaction with a
large activation barrier for the reverse reaction, this is the case of the two barriers G5 — Gy and G} — Gy,
represented in Fig. 1B by downward-pointing arrows.

Similarly to T, the catalytic constant k.., that defines whether catalysis is present (if ke > ko) is
given by

kcat

2<i<jSNA+1
With N = 2 intermediate states, ket is therefore determined by the largest of N(N +1)/2 = 3 barriers.

C. Intrinsic and extrinsic barriers

When considering constraints on catalytic efficiency, an important distinction is between intrinsic
barriers which depend on properties of the catalyst (in green in Fig. 1), and extrinsic barriers which
do not (in red in Fig. 1), and depend instead exclusively on the parameters AGY .. and AGC,_ of the
spontaneous reaction and on the ambient concentrations [S] and [P]. In the catalysis of an irreversible
reaction with no product and N = 2 intermediates, only three barriers are intrinsic and non-negative,
represented by the three red upward-pointing arrows in Fig. 1B. Given the essential role of these barriers

in what follows, it is convenient to give them short names (Fig. 1C),

AGE | = G — @y,
AG, = Gl -Gy, (11)

act

AGE, = GL—Gs.

rel

AGfmd is a binding barrier controlling the transition C'+.5 — C'P, and is all the higher that the substrate

concentration is lower (small G) and the activation energy is higher (large Ga). AG,. is an activation

barrier for the chemical transformation in presence of the catalyst, controlling the transition C'S — C'P.

AGfel, finally, is associated with product release, and controls the transition CP — C' + P.
With these notations, Eq. (9) can be rewritten as

i i H i 1 i
TC — Text —I— eAGbnd + eAGact + eAGrel ~ Text _I_ emaX(AGbn(bAGact’AGrel) (12)

where T, a lower bound on the cycling time that is set by the extrinsic parameters and is therefore
independent of the catalyst itself; for irreversible reactions, T.. is simply the mean time needed for a
substrate to diffuse towards a catalyst. Similarly,

1

i i i
eAGact + eAGfel ~ emaX(AGaCUAGreI) (13)
kcat

D. Intrinsic parameters

If the three intrinsic barriers AGind, AG! AGfel can be lowered arbitrarily, perfect catalysis with a

act»
minimal cycling time T, = T, is achievable. The difficulties for a catalyst to discriminate between the
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reactant states S, S* and P (Fig. 1A) may, however, prevent this optimum to be reached. To analyze
the trade-offs at play, we need to relate the three intrinsic barriers AGind, Acht, AGfel to physical
parameters reporting the affinity of the catalyst to the three reactant states.

To this end, we take as reference a non-interacting catalyst subject to the same extrinsic conditions.
By definition, its kinetic barrier diagram differs only in its internal section, as represented by the pink
dotted lines in Fig. 1C: it has an activation barrier identical to that of the spontaneous reaction (AGﬁLCt =
AGY, o), 10 barrier for release (AG, = 0), and a binding barrier entirely controlled by diffusion
(AGE | = —In(kp[S])). An actual catalyst differs from this non-interacting catalyst by the extent to
which the free energies of the three states C'S, C'S* and C'P are lowered, which we quantify with the
three intrinsic parameters AGg, AGg: and AGp represented by blue arrows in Fig. 1C. These three
parameters, which can be thought as binding free energies are, by definition, independent of reactant
concentrations and have necessarily negative values.

In terms of the three intrinsic parameters AGg, AGg:, AGp, the three intrinsic barriers controlling
T, are given by

AGi‘:)nd = = ln(kD [S]) + AGitmcat + AGSia

AC;ict = AC;:tmcat + AGg — AGs, (14)
AGY, = —AGp.
We use below these expressions to study how the limiting barrier max(AG}_,, AGL,, AGY)) in Eq. (12)

is minimized as AGg, AGg: and AGp are varied.

E. Conditions and fundamental limits to catalysis

From Eqs. (2) and (13), it follows that catalysis (keas > ko) requires max(AGE, AG)) < AGE ..,
which, given Eq. (14), corresponds to
AGg: < AGg,
AGp > —AGH ... (15)

The first condition embodies Pauling principle [44]: the catalyst must bind more strongly to the tran-
sition state than to the substrate to reduce the activation energy. The second condition imposes the
product not to bind too strongly, to allow for efficient product release. Neither minimizing each of the
three barriers in Eq. (14) nor satisfying Eq. (15) involve any trade-off: minimizing AGg: while maximiz-
ing AGg and AG p contributes to minimize each barrier in Eq. (14) and permit to satisfy Eq. (15). In this
model, the maximal value of keny (keay = 2) is for instance achieved with AGg = 0, AGg: = —AGfmcat,

AGp = 0. This limit corresponds to so-called perfect catalysis, where the limiting process is the diffusion
of a substrate towards a catalyst [40].

IITI. CONSTRAINTS AND LIMITATIONS ON SINGLE-STATE CATALYSIS

We propose to understand general design principles of enzymes as arising from generic but non-
thermodynamical constraints to which the parameters AGg, AGg: and AGp are subject. We ignore
constraints from geometry, specificity or regulation, and focus instead on constraints arising from the
chemical similarity of the three reaction states S, S* and P. We model these constraints by imposing a
positive correlation between AGg, AGg: and AGp. First, we follow Albery and Knowles and re-analyze
the cases of uniform binding, where the three free energies are imposed to be the same, and of differential
binding, where AGg: is assumed to lie between AGg and AGp [24]. Next, we introduce and justify a


https://doi.org/10.1101/2023.10.18.562872
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.18.562872; this version posted October 20, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

new type of constraint that we call discriminative binding, where the specificity to the transition state
AGg: — AGg is positively correlated to the affinities to the substrate and product AGg and AGp.
Two other constraints are also analyzed in SI, one capturing the notion of substrate destabilization in
enzymology [25] and another capturing the scaling laws observed in heterogeneous catalysis [45, 46].
Throughout this section, we assume single-state catalysts described by Eq. (4) before analyzing in the
next section the benefit of catalysts with an internal degree of freedom and allosteric properties.

A. Single-state uniform binding

The most restrictive constraint is to assume uniform binding, where the interaction between the
reactant and the catalyst is independent of the state of the reactant and described by a single parameter
AG, <0, such that

AGs = AGgi = AGp = AG,,. (16)

This constraint represents, in particular, the interaction of an enzyme with a non-reactive substrate

handle, which is independent of the chemical state of the reactive part of the substrate. Since catalysis

(keas > ko) requires AGY .. < AGE,, and since uniform binding leaves AG, ., unchanged [see Eq. (14)],

such uniform binding cannot confer catalysis [14]. As proposed by Albery and Knowles [24], it can,

however, be beneficial when complementing a pre-existing catalytic mechanism. Adding uniform binding

AG, <0 to a pre-existing catalytic mechanisms with intrinsic barriers AG%);d’ AGE’;d and AGf; indeed
leads to

AG.y = AGE, +AG,

AGict = AGiZt» (17)

AGfel = AGfZl — AG,,
i.e., a reduction of the binding barrier AGind at the expense of an equal increase of the release barrier
AGfel. This is advantageous when AGind is limiting. Since AGfmd is all the larger than the substrate
concentration [S] is lower, this scenario depends critically on the substrate concentration and applies
when this concentration is sufficiently low, namely when AG%;;d > AGY, (Fig. 2 and SI 4). The optimal
value of AG, is reached when AGibnd = AGfel. Albery and Knowles argued that this effect explains

most of the improvement of triosephosphate isomerase provides over a non-enzymatic catalyst [24].

B. Single-state differential binding

A less stringent constraint than uniform binding is differential binding which accounts for an empirical
observation known in chemistry as the Bell-Evans-Polanyi principle [47, 48]. This principle generally
relates the difference of activation energies of two related reactions, AAGE ... to the difference of their
reaction energies, AAGS,, ., by a linear relationship AAGY .. = MAAG?,,. with 0 < A < 1. In our model
where we are comparing reactions in the context of different catalysts, this amounts to assuming that

AGg: is constrained to lie between AGg and AGp, which can also be expressed by a linear relationship,
AGg: = (1 — N)AGs + AAGp. (18)

This constraint formalizes the notion that the transition state S* has chemical properties that are
intermediate between those of the substrate S and the product P. In this view, A reports the degree to
which the transition state S* is more similar to the product P than to the substrate S. Two independent
intrinsic parameters are left, AGg and AGp.
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FIG. 2: Single-state uniform binding. A. A pre-existing catalytic mechanism is assumed where AG%;I q> AGI;.
B. Adding uniform binding to this pre-existing mechanism lowers AGfmd at the expense of a larger AG%QI.

Given AG%;;d > AG%;, the value of AG, < 0 that minimizes the maximum of these two barriers is such that

AGlind = AGfel. This leads to a shorter cycling time, but AGiCt is unchanged, and, as in the case represented
here, may remain the limiting barrier.

In contrast to uniform binding, differential binding can confer catalysis on its own, but, as we now
show, only to a limited extent. To derive this limitation, we express the two kinetic barriers that control
keat as a function of the two degrees of freedom AGg and AGp,

AGict = AGfmcat + )‘(AGP - AGS),

rel
This makes apparent a trade-off between activation and release, which depend with opposite signs on
AGp. Increasing |AGp| decreases AGE, but increases AGY, (since AGp < 0). This trade-off reflects a
well-known principle in heterogeneous catalysis, Sabatier principle, which states that an optimal catalyst
must strike a balance between sufficient strong interaction to activate the reactant and sufficient low

interaction to facilitate product release [49, 50].
If |AGp| is low, the barrier limiting ke, is AGfm while if it is large it is AG* | The maximal value

rel”

of keat is obtained when the two barriers AGiCt and AGfel are equivalent, which corresponds to

A AG} s — MAGs
AG - uncat ) 20
d 1+ A (20)
Given AGg < 0, this implies an upper bound on ke,
kcat S eiAG%mcat/(1+>‘)' (21)
Under constraints of differential binding, catalysis can thus reduce the activation barrier AGfmcat by a

factor (1 + A) < 2 at most, which excludes in particular perfect catalysis. This conclusion is verified
numerically by sampling the space of possible parameters (Fig. S3A).

C. Single-state discriminative binding

Here we introduce another form of constraint between AGg, AGg: and AGp, which we propose to
better capture an essential trade-off to which enzymes are subject. Perhaps the simplest mechanism
by which binding can contribute to enzymatic catalysis is indeed a precise and rigid positioning of the


https://doi.org/10.1101/2023.10.18.562872
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.18.562872; this version posted October 20, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

10

reactant, in a configuration that defines an optimal chemical environment for the reaction. However, such
precise positioning typically necessitates tight binding of the substrate (high |AGg|), which cannot be
achieved through interactions limited to the small reactive part of the substrate. Instead, it must involve
other, non-reactive parts of the substrate that are also present in the product, implying that |[AGp| is
also high. This type of mechanism therefore involves a trade-off between the specificity AGg: — AGg
and the affinities AGg and AGp. A similar trade-off is expected if considering catalysis through a strain
mechanism, where again high strain is typically coupled to tight binding, irrespectively of the reactant
state. To formalize in simple terms this trade-off we propose to consider that AGg, AGg: and AGp are
dependent on a single degree of freedom AG, < 0 with

AGs = AGp = AG, (22)
AGsi = (1 +04)AGU

where a < 0 is a fixed parameter that quantifies the potential for transition-state specificity, with uniform
binding (no specificity) corresponding to the limit & — 0. Here, AG,, represents uniform binding to the
substrate and product, but not to the transition state for which the additional contribution aAG, is
present. We previously studied a simple physics model which displays exactly this type of constraints
with a = 1 [37]. More generally, we could assume AGg: = AG, + f(AG,) where f(AG,) < 0 is an
increasing function of AG, that can take arbitrary low values. However, as in the case of differential
binding where we limited the analysis to a linear relationship, the phenomenology is already captured
by the linear function f(AG,) = aAG,.

Under the constraints of Eq. (22), which we call discriminative binding, the two barriers controlling
keatr are

AGict = AGincat +QAGU (23)
AGEH = —AG,.

rel
A trade-off consistent with Sabatier principle is again obtained, where a decrease of the activation barrier
is coupled to an increase of the release barrier. As previously, the minimum of max(AGi AGH ) is

act» rel
obtained when AGY . = AGH

et +o; Which corresponds to AG, = AGinm /(14 «). This implies an upper
bound on kc.i, namely keap < e~ AClncar/ (1+) "and therefore a lower bound on the cycling time, as can also

be verified numerically (Fig. S3C). In particular, perfect catalysis is again excluded under this scenario.

IV. CONSTRAINTS AND LIMITATIONS ON TWO-STATE CATALYSIS

Enzymes can adopt different conformations with different binding free energies for a same ligand, a
property that is key to allostery [36]. Here, we analyze how the presence of two such conformations can
contribute to overcome the limitations of catalysts with a single conformation. We take the two states of
the catalyst, denoted Cy and (1, to be associated with different sets of binding free energies, respectively
AGY, AGgi, AGY and AGE, AG}gi, AGY, and we assume that constraints due to chemical similarity
between reaction states apply independently in each state of the catalyst. Cj is taken to represent the
state of lowest free energy and we describe the transition between the two catalytic states similarly to

the spontaneous reaction as

Co === (. (24)

k_c

Again, we parametrize the rates with a free energy difference AG¢ > 0 and an internal barrier AGiC >0,
such that (Fig. 3A)
ko = 6—(AGC+AG¢C)’ ko, = o AGE (25)
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FIG. 3: Two-state catalysis. A. A catalyst can be in two states, a low-free-energy conformation Cy and a
high-free-energy conformation C7. The transitions between these states are parametrized by the free energy
differences AG¢c > 0 and AGiC > 0. B. Kinetic barrier diagram representing the transitions within each
state of a two-state catalyst. The transitions between the two conformations — corresponding to the horizontal
transitions of the two-dimensional network of Eq. (26) — are not represented, which would require introducing
a third dimension. As in Fig. 1, the intrinsic parameters are represented by blue arrows and the energy levels
for a non-interacting catalyst subject to the same extrinsic conditions are represented by pink dotted lines.
C. Particular case where Cj is inactive (AGY = AG%i = AGOP = 0) and where binding in C; compensates for
the cost of the conformational change (AGL = AGE = —AG(), so that CpS and C;S have same free energy,
and so do CoP and C1P. Assuming further that AGIC = 0, each of these pairs of states can be treated as a
single state, here denoted C'S and CP.

Generalizing Eq. (4), a catalyst in presence of substrates can be in eight possible states that are inter-
connected in a two-dimensional network of transitions of the form

Ci+ 5« > (S < sCh1P+—C,+ P

[ [ [ 20

Co+ 5« > (S < > CoP «+—— Cy + P.

The number of intrinsic parameters, which was 3 for single-state catalysts, is 8 for two-state catalysts,
namely AGg, AGIC and AG% for X = 5,8 P and o = 0,1 (blue arrows in Fig. 3A-B).

The network of Eq. (26) contains many paths from Cy + S to Cy + P but one typically drives most
of the flux, which makes possible an approximation of the dynamics by a one-dimensional succession of
transitions. This is the case in the limit in which we focus here, where AG¢ is sufficiently large for the
states C7 + .5 and C; 4+ P to have negligible probabilities compared to Cy + S and Cy + P, and where
AGY — AGY, < AGE .. so that Cj is catalytically inactive and the transition CopS — CyP therefore
negligible. In this limit, the dominant path in Eq. (26) is
k1

ko k3 ks

Co+5 == oS =2 15 qpﬁaap%é%+a (27)

and the cycling time can be computed using Eq. (9) with N = 4 intermediate states.

With further assumptions, however, the dynamics can be described by an even simpler model with
just N = 2 intermediate states. For Cy + S — C; + S to be negligible but not CpS — C1.5, the “cost”
AG¢ of the conformational change must indeed be offset by a nearly equivalent gain in binding free
energy, with AGo+AGY ~ AGY%. When this compensation takes place and when AGiC is negligible, the
interconversion CyS = (1S occurs on a fast time scale, and the two states CypS and C1.S can be treated
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as a single state C'S. If, further, AG% ~ AGY and AG) ~ AGY, as it is necessarily the case when
considering either uniform or discriminative binding, the same argument applies to the interconversion
CoP = (1P, and the number of intermediate states is reduced to N = 2. Under these different

assumptions that may be summarized by

AGE = (Cy — Cy occurs instantaneously) (28)
AGY = AGY, = AG) =0 (state Cj is inactive) (29)
AGL = AGL = —AGe (binding in C; compensates for the conformational change) (30)

where equalities can be relaxed to differences of order RT', the dynamics is effectively described by

Co+ S 7’%_ [SEEer] IL— (1P = CoP| ZL* Co+ P, (31)

where the states within brackets are not distinguished, and define two effective states C'S and C'P
(Fig. 3C). Formally, the kinetics is then equivalent to that describing single-state catalysis in Eq. (4).

In enzymes, the compensation between AG¢ and AGYL = AGL required for Eq. (30) to hold can for
instance take the form of an enthalpy-entropy compensation [51] between a high-entropy “open” state
CoS where S is loosely bound to a flexible conformation Cj of the catalyst, and a high-enthalpy “closed”
state where S is tightly bound to a rigid conformation C' of the catalyst, in which case AG¢ represents
an entropic cost. Alternatively, or additionally, AG¢ can represent a desolvation free energy from a
solvated conformation Cj to a desolvated conformation Cy [52].

As we now show, it is precisely in the conditions described by Eqgs (28)-(29)-(30) where the kinetics
of two-state catalysis is formally equivalent to that of single-state catalysis that the presence of two
underlying states makes an essential difference. While Eq. (4) applies in both cases, the way in which
the kinetic rates depend on intrinsic parameters are not the same, and the trade-offs at play are radically
different.

A. Two-state uniform binding

With single-state catalysts, we saw that uniform binding cannot confer catalysis by itself but can
improve on a pre-existing catalytic mechanism by decreasing AGind at the expense of AGfel, which is
valuable when the substrate concentration is low (Fig. 2). With two-state catalysts, uniform binding
within each state cannot confer catalysis either, but, as we now show, it can improve on a pre-existing
catalytic mechanism in the opposite case where release is limiting, by decreasing AGfel at the expense
of AGind, which is valuable when the substrate concentration is high.

This is achieved under the assumptions of Eqgs. (28)-(29)-(30) that lead to an effectively unidimen-
sional catalytic process with N = 2 states described by Eq. (31) and Fig. 3C. Under these assumptions
the only free intrinsic parameter is AG¢ > 0. This parameter modifies the intrinsic barriers AG}:E;ld,

AGY and AGfZl of a pre-existing catalytic mechanism into (Fig. 4).
AGlind - AGlj:;);d + AGe (32)
AGh = AGL, (33)
AG, = AGY — AGe. (34)

We thus obtain that AG¢ > 0 plays exactly the same role as the uniform binding energy AG, < 0 for
a one-state non-allosteric catalyst (Eq. (17) and Fig. 2), except that it has opposite sign and therefore
opposite effects (Fig. 4): it lowers the release barrier at the expense of the binding barrier. Provided

AGf; > AGﬁld, which occurs for sufficiently high substrate concentrations, a two-state mechanism is
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FIG. 4: Two-state uniform binding. A. A pre-existing catalytic mechanism is assumed where AGf; > AG%;; 4
a situation opposite to Fig. 2A. B. Under the conditions of Fig. 3C with the further assumption that Cj
1

binds uniformly to all reaction states, i.e., AGL = AG g = AG}D = —AG, the only designable parameter is
AG¢ > 0, which can be chosen to have AGind = AGfel < AG¥, thus effectively reducing the cycling time T..

rel’
It does not affect, however, AGiﬁt which, as in the case represented here, may remain the limiting barrier.

B AGP)/2. Further-
more, while uniform binding can only lower k.,; in the context of a single-state catalyst, it can increase it
in the context of a two-state catalyst, since k., depends on AGfel but not on AGind. This is an example
of a possibility that allostery offers beyond what rigid catalysts can possibly achieve. However, in this
scenario as in Albery and Knowles’ original scenario [24], AGﬁat remains unchanged, and a pre-existing
catalytic mechanism must be assumed for any catalysis to take place.

therefore advantageous, with an optimal value of AG¢ given by AGe = (AGi*

B. Two-state differential binding

For a single-state catalyst, we saw that the constraint of differential binding sets a lower bound
on the cycling time of the form 7, > ¢AGlncar/ (142 which excludes, in particular, perfect catalysis.
As can be shown analytically and numerically (ST5 and Fig. S3D), the same bound applies to a two-
state catalyst when each of its states is subject to the same constraint of differential binding, i.e.,

AGY = (1= N)AGY + AAGY and AG, = (1 — \)AGy + AMAG). Under such constraints, the presence
of two states cannot alleviate the fundamental limitations of single-state catalysts.

C. Two-state discriminative binding

In contrast, under constraints of discriminative binding where, in each state of the catalyst, arbitrary
specificity to the transition state can be achieved at the expense of tight binding to the substrate
and product, a two-state catalyst can overcome the limitations of single-state catalysis. Formally, the
constraints of Eq. (22) are extended to two-state catalysts by imposing AGY, = aAGY = aAGY)
and AGY, = aAGy = aAGp. Catalytic “perfection” can even been reached (Fig. S3E). This is again
achieved under the assumptions of Egs. (28)-(29)-(30) that lead to an effectively unidimensional catalytic
process with N = 2 states described by Eq. (31) and Fig. 3C. These assumptions leave only one designable
parameter, namely AG¢c > 0. As illustrated in Fig. 5 for the case AGY,,. < 0, choosing this parameter
to satisfy AGH < aAGe < AGH — AG® = —00),

Tncat ncat © acy 1-€., if the reaction is irreversible (AG?

reac

AGC > AGincat/a (35)
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FIG. 5: Perfect catalysis with two-state discriminative binding. We consider as in Fig. 3C a design verifying the
conditions of Egs. (28)-(29)-(30) so that the interconversions CypS = C1.S and CoP = C1 P are instantaneous

and define two effective states C'S and C'P. Under constraints of discriminative binding, the difference AGEI —
AGYL = —aAGc can take arbitrary low values provided AG¢ is large enough. A value of AG¢ can thus be
chosen so that C1.S — C}P is barrier-less. In cases where AGp,,.

kinetic barrier the barrier associated with the diffusion of the substrate towards the catalyst, Cy + S — CyS.
Perfect catalysis is then achieved that is only diffusion-limited.

< 0, as illustrated here, this leaves as only

makes negative all barriers along the path Cy + S — CyS — C1.5 — C1P — CyoP — Cy + P, except
for the inevitable extrinsic barrier associated with diffusion at the first step Cy + S — CpS. Further, no
state outside of this path is a kinetic trap: C; 4+ .S relaxes to Cy+ S without kinetic barrier and similarly
for CyS* to €15 and Cy + P to Cy + P.

This design can be understood as decoupling the activation and release steps, which are in trade-off in
the other scenarios: activation is made to occur in one state of the catalyst — the active state C; with a
large binding free energy AG}gI — while product release is made to occur in a different state — the inactive
state Cy with negligible binding free energy AG%. The switch between the two states is itself made
barrier-less by introducing a large energy difference AG¢ between Cy and C; that compensates for AGY
and AG%, thus making the transitions CpS — C1S and C; P — CyP barrier-less. By this mechanism,
Sabatier principle is abolished and perfect catalysis reached despite constraints of discriminative binding
within each state of the catalyst. We previously illustrated this principle in a simple physics model [37]

where we assumed AGY,. < 0, but it applies more generally to spontaneous reactions with arbitrary

values of AGC, . < AG! ... including cases where AGS,, . > 0, in which case Eq. (35) must be replaced
by AGH .0 — AG,. < aAGe < AGE .., and perfect catalysis can be limited by the thermodynamical

barrier AG?,,. when this barrier exceeds the diffusion barrier — In(k4[S]) (ST 3).

reac

V. DISCUSSION

Following and extending previous works by Albery and Knowles [24, 29|, we analyzed the principles
underlying enzymatic activities by treating catalysis as a modulation of kinetic barriers under constraints
on the capacity to discriminate transition states from substrates and products. In absence of such
discrimination, unimolecular reactions cannot be catalyzed [14], but Albery and Knowles proposed that
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adding a non-discriminative interaction to a pre-existing catalytic mechanism was the predominant
mechanism by which enzymes surpass small molecules [24, 29]. They further noted that such “uniform
binding” was readily evolutionarily accessible through interactions with non-reactive “handles” that
are part of many biological reactants. They contrasted this form of uniform binding with “differential
binding”, where the affinity to the transition state is constrained to be intermediate between the affinities
to the substrate and to the product, as commonly observed in chemistry [47, 48]. Here, we revisited this
constraint of differential binding to demonstrate that it sets an upper bound on catalytic efficiency which
excludes “perfect” catalysis, where rate acceleration is only limited by thermodynamics and diffusion.
This limitation stems from the same trade-off between activation and release that is widely observed in
heterogeneous catalysis where it underscores Sabatier principle of optimal catalysis [53].

To explain how enzymes can escape this trade-off and possibly reach perfection, we extended the
model in two ways. First, we proposed that enzymes are better understood as subject to another form
of constraints, which we called discriminative binding, where arbitrary specificity to the transition state
is achievable but at the expense of increasingly large affinities to the substrate and product. This
constraint formalizes the notion that high specificity to the transition state requires precise and rigid
positioning of the substrate, which is possible only through strong interactions with non-reactive parts
of the reactant that are common to the substrate and product. Second, we extended the analysis to cat-
alysts that can be in several states, with different affinities to reactants in their different conformational
states. This formalizes the observation that many enzymes undergo conformational changes and have
catalytic activities that depend on their conformation, a property associated with allostery [21]. Our
main conclusion is that allosteric catalysts can overcome the limitations of non-allosteric catalysts when
subject to constraints of discriminative binding, but we also showed that allosteric catalysts can exploit
uniform binding to achieve the opposite effect of non-allosteric catalysts, namely facilitating product
release at the expense of a weaker enzyme-substrate association.

Our results demonstrate how conformational changes and allostery can play an essential role in catal-
ysis, given constraints from chemical similarity between reaction states alone. This is to be contrasted
with explanations for conformational changes in enzymes that refer to other types of constraints, e.g.,
constraints from substrate specificity, as in Koshland’s induced fit model [19, 20], constraints from ge-
ometry, as in models where a conformational change allows the enzyme to enclose a substrate without
compromising its binding and release [15, 54|, or constraints from regulation, as in many justifications of
allostery [21]. This is also to be contrasted with proposals where conformational changes accelerate the
chemical step through rate-promoting vibrarions [55]. In our model, conformational changes only make
the optimization of the chemical step C'S — C'P compatible with the optimization of the other steps of
the catalytic cycle, in particular product release CP — C + P. Our model is therefore consistent with
rigid active sites being optimal for the chemical step [7, 8].

The allosteric architecture that we find conducive to perfect catalysis is peculiar, with a weakly
interacting state coexisting with a strongly interacting state of higher free energy. This architecture
echoes the description of many enzymes as switching between an entropy rich inactive state and a rigid
active state [56], a feature that has directly been observed in single molecule experiments [57]. The model
also sets constraints on the free energy cost of the conformational change, which must be commensurate
with the activation energy of the spontaneous reaction. To be precise, conformational changes are not
strictly necessary to achieve the effects that our model describes: what matters is primarily a free energy
difference between two states of the substrate-enzyme complex, which, for instance, may also be achieved
through a distortion of the substrate. In any case, our model indicates that the role played by allostery is
difficult to discern when considering only the (effective) kinetics of the catalytic cycle, since this kinetics
can be formally equivalent to the Michaelis-Menten kinetics of non-allosteric catalysts. This may explain
why the contribution of allostery to enzymatic catalysis is often overlooked.

What we called allostery is the presence of two states with different affinities for a same ligand [36].
More commonly, allostery is associated with indirect interactions between distinct binding sites [21].
Our model is conform to this definition when viewing the substrate as made of two pieces, a reactive
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part and a non-reactive part, which bind to distinct sites of the catalyst, a binding site and an active site.
In this “split-site” model [32], the non-reactive part acts as an allosteric effector “communicating” with
the reactive part. In this view, non-reactive substrate handles have a very different role than in Albery
and Knowles’ mechanism of uniform binding: they act as allosteric activators rather than entropic traps.
Notably, for triosephosphate isomerase, the enzyme on which Albery and Knowles built their analysis,
but also for several other enzymes, Richard and collaborators have performed experiments where the
substrate is cut in two pieces, with results showing that the dissociated non-reactive handle allosterically
controls the catalysis of the isolated reactive part [10, 58]. These experiments provide direct evidence
that substrate handles can act as allosteric activators.

This view of substrate handles as enabling allosteric catalysis is closely related to Jencks’s proposal
that these handles enable the expression in the transition state of an “intrinsic binding energy” which
is only partially realized in the substrate-catalyst complex [9]. Our model may in fact be seen as a
formalization of this proposal. This formalization provides at least three clarifications. Firstly, our model
identifies the constraints under which this mechanism is necessary, namely constraints of discriminative
binding ultimately originating from the chemical similarity between reaction states. Secondly, our model
links this mechanism to conformational changes and allostery, and thus provides a rationale for the
prevalence of these features in enzymes. As noted previously, other mechanisms can possibly achieve
the same effects. Jencks, in fact, downplayed the contribution of conformational changes [59], but recent
experimental results clearly indicate that enzymes combine stiffness and flexibility [27]. Our model also
suggests that an optimal conformational change lies on the frontier between a two-state switch and
an induced-fit mechanism, with an inactive state that is only marginally stable in the absence of the
substrate. Lastly, Jencks emphasized the role of substrate destabilization [25], which corresponds in
our model to the transition of the catalyst to an unstable state C; upon binding to S, but our model
adds that a comparable destabilization of the product is necessary. According to our model, not all
the forms of destabilization envisioned by Jencks are therefore as conducive to catalysis. In particular,
a destabilization stemming from a physical distortion of the bound substrate that is released in the
transition state as well as in the product state, which may be considered the “most obvious mechanism
of substrate destabilization” [25], cannot achieve perfect catalysis unless another mechanism is present
that destabilizes the bound product (SI 6). This is illustrated in simple physics models [37, 60] for the
catalysis of bond cleavage where the strain mechanism originally envisioned by Haldane [61] is found to
be fundamentally limited in absence of flexibility of the catalyst [66].

As noted, optimal allosteric catalysis can be kinetically indistinguishable from non-allosteric cataly-
sis. In particular, it may be described by the same Michaelis-Menten kinetics. Different scenarios make,
however, different predictions on the impact of mutations that reduce binding affinity to substrate han-
dles. Uniform binding predicts that decreasing this affinity increases ke, (or, if the activation barrier
Awat dominates, that it leaves it nearly unchanged). Allosteric catalysis under constraints of discrim-
inative binding predicts, on the other hand, that k.., decreases when the activation barrier dominates.
This latter scenario is in agreement with many observations [9, 12]. Uniform and allosteric binding are,
however, non exclusive, and can even be complementary: uniform binding in the inactive state of an
allosteric enzyme can indeed provide the same benefits as uniform binding in a non-allosteric enzyme
under conditions of low substrate concentrations, by trading a slower release for a more efficient sub-
strate capture. A role for conformational changes in allosteric catalysis is also not excluding other roles
concomitantly played by the same conformational change, e.g., a role in enclosing the substrate and/or
enabling regulation of the enzyme activity. Different scenarios have, however, important differences
from an evolutionary perspective. Optimal uniform binding requires a fine-tuned affinity to the handle
that depends on substrate concentration, on properties of the spontaneous reaction and on the catalytic
mechanism, while optimal allosteric binding requires primarily an affinity that compensates for the cost
of the conformational change with a value that is only loosely constrained by the activation free energy
of the spontaneous reaction. An allosteric enzyme may therefore adapt to catalyze a new reaction while
preserving the same allosteric mechanism if the new and old substrates share the same handle. This
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possibility is consistent with the repeated attachment of the same handles to many substrates, e.g.,
phosphate handles to metabolites [62], as well as with the concomitant reutilization of the same folds,
e.g., TIM barrels [63], in enzymes catalyzing different reactions.

The approach that we followed to rationalize enzyme mechanisms focuses on the constraints imposed
by chemical similarity between reaction states. The importance of these constraints is well-recognized in
heterogeneous catalysis, where they take the form of Sabatier principle [53]. This qualitative principle
states that an optimal catalyst must strike a compromise between high affinities that lower the activation
energy and low affinities that favor product release. Our analysis recovers this trade-off when the catalyst
is non-allosteric, whether the constraints take the form of differential binding or discriminative binding.
Chemical constraints have been particularly studied for transition-metal catalysis, where they are found
to follow scaling relationships, with a few “descriptors” linearly controlling the binding affinity of the
catalytic surface to the different reaction states when comparing surfaces made of different metallic
elements [45, 46]. In the context of the unimolecular reaction that we studied, this corresponds to the
observation that transition-state and product affinities are both linearly related to substrate affinity, i.e.,
AGgi = ag:AGs and AGp = apAGg with factors ag: > 0 and ap > 0 that depend on the geometry
of the surface but relate surfaces made of different metals. Formally, such scaling relations encompass
uniform binding when ag: = ap = 1, pure substrate stabilization when 1 < ag: = ap (SI 6), differential
binding when 1 < ag: < ap, and discriminative binding when 1 = ap < ag:. As we have shown, allostery
allows for perfect catalysis in this later case, but also, more generally, whenever ap < 1 < ag: (SI 7).
In light of our model, implementing allostery could therefore overcome some of the limitations currently
encountered in heterogeneous catalysis. This would require, however, departing from solid catalysts
that lack suitable flexibility and adding handles to reactants that are often small molecules, although
an alternative might be to replace handles by independent activators.

Finally, explaining the peculiarities of enzymes should also help engineering them. Allostery is cur-
rently not considered in the design of new enzymes [64], but our model suggests that a truly specific
stabilization of transition states may only be achievable in presence of internal degrees of freedom.
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