
Frustration and the Kinetic Repartitioning Mechanism of Substrate
Inhibition in Enzyme Catalysis
Published as part of The Journal of Physical Chemistry virtual special issue “Jose Onuchic Festschrift”.

Yangyang Zhang, Mingchen Chen, Jiajun Lu, Wenfei Li,* Peter G. Wolynes,* and Wei Wang*

Cite This: J. Phys. Chem. B 2022, 126, 6792−6801 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Substrate inhibition, whereby enzymatic activity decreases
with excess substrate after reaching a maximum turnover rate, is among
the most elusive phenomena in enzymatic catalysis. Here, based on a
dynamic energy landscape model, we investigate the underlying
mechanism by performing molecular simulations and frustration analysis
for a model enzyme adenylate kinase (AdK), which catalyzes the
phosphoryl transfer reaction ATP + AMP ⇋ ADP + ADP. Intriguingly,
these reveal a kinetic repartitioning mechanism of substrate inhibition,
whereby excess substrate AMP suppresses the population of an
energetically frustrated, but kinetically activated, catalytic pathway
going through a substrate (ATP)-product (ADP) cobound complex
with steric incompatibility. Such a frustrated pathway plays a crucial role
in facilitating the bottleneck product ADP release, and its suppression by excess substrate AMP leads to a slow down of product
release and overall turnover. The simulation results directly demonstrate that substrate inhibition arises from the rate-limiting
product-release step, instead of the steps for populating the catalytically competent complex as often suggested in previous works.
Furthermore, there is a tight interplay between the enzyme conformational equilibrium and the extent of substrate inhibition.
Mutations biasing to more closed conformations tend to enhance substrate inhibition. We also characterized the key features of
single-molecule enzyme kinetics with substrate inhibition effect. We propose that the above molecular mechanism of substrate
inhibition may be relevant to other multisubstrate enzymes in which product release is the bottleneck step.

■ INTRODUCTION
As biomolecular machines, enzymes function via enzymatic
cycles, including not only chemical reaction steps, but also
substrate-binding and product-release steps, which especially
are facilitated by conformational motions.1 Enzyme kinetics
can often be described by the classical Michaelis−Menten
equation, which predicts that the turnover rate increases with
substrate concentration, but saturates after reaching a
maximum value. Many enzymes however show substrate
inhibition effects by which the turnover slows down when
there is an excess supply of substrate, instead of saturating.2−14

The substrate inhibition effect at high substrate concentrations
is biologically relevant and essential for cell survival.15 Natural
enzymes generally have evolved to minimize substrate
inhibition at physiological substrate concentrations.16

As one of the most intriguing and counterintuitive
observations in enzyme catalysis, the molecular mechanisms
of substrate inhibition are still under debate. Excessive
substrate may produce unproductive enzyme−substrate
complexes by competitively binding to the active site,3,4,17

thus leading to lowered turnover rate. Another possible
mechanism is that the substrate at high concentration may
also nonspecifically bind to an alternative site and slow down

the population of catalytically competent state through
allosteric coupling.7,18 A general feature for these mechanisms
is that the substrate inhibition arises either from the substrate
binding step or from the conformational preorganization step
required for chemical reactions, which were often described by
the competitive or noncompetitive inhibition models tradi-
tionally developed for the inhibitor coupled enzyme catalysis.1

Recent experimental studies also have suggested that substrate
inhibition may arise as a secondary effect in which substrate
binding to the peripheral site leads to blockade of the product
dissociation channel, therefore slowing down the cataly-
sis.6,19,20 All these previous works provided unprecedented
understanding of the substrate inhibition effect by combining
bulk-level kinetic measurements, mutation analysis, and kinetic
models. Direct observation of the individual key molecular
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events involved in substrate inhibition is extremely challenging,
since that requires single-molecule characterization of a highly
coordinated process involving tight interplay among many
individual physical and chemical steps. In this work, we study
the molecular mechanism of the substrate-inhibition using a
single-molecule level computational model focusing on
adenylate kinase (AdK) as a model enzyme.21

Adenylate kinase, which catalyzes reversible conversion from
ATP and AMP to two ADP molecules, plays a crucial role in
energy balance within the cell. It has been widely used as a
model system to study the interplay between conformational
motions and catalysis.22−31 It has three domains, including the
CORE domain, LID domain (ATP binding site), and NMP
domain (AMP binding site; Figure 1A).21 Each of the two
binding sites can bind a substrate, a product, or remain empty,
leading to nine possible functional binding states (hereafter
termed “chemical states”). Experimentally, NMR spectroscopy
and single molecule techniques have directly revealed large-
scale conformational motions between the open conformation
and closed conformation in the absence of substrates.22,23,32,33

Binding of substrates induces further stabilization of the
catalytically competent closed conformations, in which the
chemical reaction occurs. Particularly, it has been shown that
product release, which is accompanied by conformational
fluctuations, is the rate-limiting step of the catalytic cycle.22,23

Previous work revealed that multisubstrate enzymes can utilize
steric frustration to facilitate the rate-limiting step of enzymatic
cycle using AdK as a model system.31,34 In this mechanism, the
substrate for the next catalytic round binds before the release
of the bottleneck product at the neighboring site, thereby
forming a substrate-product cobound complex with steric
frustration. The product can then be actively squeezed out
using the driving energy from substrate binding (Figure 1B and
Supporting Information, Figure S1). For the enzyme AdK, the
substrate inhibition at high AMP concentrations has been
demonstrated experimental ly in several previous
works,13,16,17,35 but the underlying mechanism is in debate.

In this paper, by performing molecular dynamics simulations
of the whole enzymatic cycle of the AdK with a dynamic
energy landscape model buttressed by available experimental
data,31 we study substrate inhibition at the single-molecule
level. The simulations not only directly reveal the tight
interplay among the individual physical and chemical steps
involved in the cycle, but also uncover a “kinetic repartioning”
mechanism of the substrate inhibition in which nonspecific
binding of excess AMP inhibits the turnover rate by
suppressing the population of the energetically frustrated, but
kinetically favorable, pathway of the enzymatic cycle.
Furthermore, the results illustrate the general relationship
between substrate inhibition, the frustration of the energy

Figure 1. (A) Three-dimensional structure of AdK at the closed state. The three domains are shown by different colors (red, LID; blue, NMP; gray,
CORE). The ATP binding site and AMP binding site were labeled by red and blue circles. The binding states of the site with ATP, AMP, ADP, or
empty are represented by T, M, D, or ⌀, respectively. Due to geometrical compatibility, AMP may also nonspecifically bind to the ATP binding site.
(B) Schematic diagram showing the sterically frustrated catalytic pathway utilized by the multisubstrate enzyme to overcome the bottleneck
product release step. Other parallel pathways with minor distributions have not been shown for clarify. (C) Two-dimensional free energy profile
using the distances between the LID-CORE domains and between the NMP-CORE domains as collective coordinates for the wild-type AdK. (D)
Turnover rates of the AdK as a function of AMP concentrations with the ATP concentrations being fixed at 300 μM (green), 600 (orange) and
1000 (blue). The solid lines are found by fitting using eq 2.
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landscape, and enzyme conformational equilibrium. The key
features of single-molecule level enzymatic kinetics with
substrate inhibition are also discussed. This picture is also
supported by the results of an energetic survey using the
atomistic frustratometer to analyze the various species.36

■ MATERIALS AND METHODS
Dynamic Energy Landscape Model of Single-Mole-

cule Enzymatic Catalysis. The enzymatic cycle is described
by a dynamic energy landscape model developed in our
previous work.31 For the AdK with two substrate binding sites,
the energy function at a given ligand binding state (ls1, ls2) can
be written as

= +
=

V x ls ls V x V x ls( , , ) ( ) ( , )
i

i
i1 2 apo

1,2
bind

(1)

Here ls1 and ls2 represent the binding state of the LID domain
(ls1 = T, D, M, or ⌀) and NMP domain (ls2 = M, D, or ⌀),
respectively. x collectively represents the coordinates of the
coarse-grained residues at a given structure. V x( )apo is the
structure-based energy function of the enzyme at apo state,
which has a double basin topography characterizing the
conformational equilibrium between the open and closed
conformations.37−39 V x ls( , )i

ibind is the ligand binding energy of
the binding pocket i with binding state lsi, which leads to
different overall energy landscapes dictating the conforma-
tional motions of the enzyme at different chemical states.40

The enzymatic cycle is described as the hopping of the system
between energy landscapes and the conformational motions
along the corresponding energy landscapes. Both the chemical
reaction and the binding/dissociation of the substrate and
product, which were realized by a Metropolis Monte Carlo
scheme, can change the chemical states, leading to hopping
between energy landscapes. Therefore, the underlying
assumption of the above dynamic energy landscape model is
that the transition path time for the ligand binding/
dissociation is much shorter than the time scale of the protein
conformational dynamics, so that we can simulate the ligand
exchange as a one-step stochastic process. The chemical
reaction is possible only when the enzyme arrives at the
catalytically competent state, at which both substrates are
bound to the binding sites and the active sites were well
preorganized into the native-like closed structure. More details
of the dynamic energy landscape model can be found in the
Supporting Information and ref 31.

Molecular Simulations and Kinetic Analysis. The
simulations were performed using a modified version of
Cafemol Package.41 The PDB structures with the entries
4ake21 and 1ake42 were used as the reference structures in
constructing the structure-based energy functions for the open
and closed states, respectively. The temperature was controlled
at 300 K by Langevin thermostat with friction coefficient γ =
0.25τ−1 and time step of 0.1τ. Here τ is the reduced time unit
in CafeMol. For the calculation of the turnover rate, 20
independent trajectories with the length of 2 × 108 MD steps
were simulated for each case. In all the simulations, the
concentration of the free ADP was set as zero. As the time unit
of the coarse-grained model cannot be directly compared with
the laboratory time scales due to the simplification of the
degrees of freedom and the energy functions, we have
calibrated the time scale of the coarse-grained simulations by
mapping the simulated rates of the conformational motions of

the AdK at the apo state to the experimental values. The
simulation length of 2 × 108 MD steps can be roughly mapped
to 112 ms.31

Based on the calculated turnover rate at a fixed ATP
concentration and various AMP concentrations, we can extract
the important parameters, including the maximal catalytic
velocity kcat, Michaelis constant KM, and the inhibition
constant KI by fitting the data with the following equation.16

= [ ]

+ [ ] + [ ]( )
v

k

K

AMP

AMP 1
K

0
cat

M
AMP

I (2)

Here KI can be used to quantify the extent of substrate
inhibition.

The frustration analysis was performed by the atomistic
frustratometer developed in recent work.36 The residue−
residue (residue−ligand) contacts with frustration index lower
than −2.5 (−1.5) are considered as minimally frustrated.
Similarly, the contacts with frustration index higher than 0.5
are considered as highly frustrated. The all-atom MD
simulations were conducted using Gromacs2021 with
AMBER ff14SB force field and TIP3P water.43−45 A total of
30 independent MD simulations with lengths of 40 ns were
conducted to relax the enzyme structures at the temperature of
300 K and pressure of 1.0 atm starting from the native
structure for each of the chemical states TD, DD, and MD.
The snapshots from the last 10 ns were used for the
calculations of the energetic and structural features. Because
it is not straightforward to decompose solvent effects into
pairwise contact free energies by using the AMBER force field
with explicit water, we used the Rosetta energy function to
calculate the pairwise contact free energies for the snapshots
generated by the atomistic MD simulations. More details of the
model and analysis can be found in the Supporting
Information.

Calculation of the Mean First Passage Time. In order
to characterize the contributions of the component steps of the
enzymatic cycle to the substrate inhibition, we calculated the
mean first passage time (MFPT) for the product release step
and the MFPT for populating the catalytically competent state.
The MFPT for the product release was calculated based on the
time span for the release of the rate-limiting product ADP. In
the calculations of the MFPT for populating the catalytically
competent state, the initial state was set as the open
conformation without ligand binding, and the final state was
set as the TM state with the two domains closed. We
performed 400 independent MD simulations with the length of
1 × 107 MD steps starting from the above initial state for each
case and calculated the MFPT based on a maximum likelihood
estimation method.

■ RESULTS AND DISCUSSION
Molecular Simulations of Substrate Inhibition with

Dynamic Energy Landscape Model. In the dynamic energy
landscape model of enzyme catalysis, the enzymatic cycle is
envisioned as involving hopping between the energy land-
scapes at the different chemical states due to ligand exchange/
chemical reaction and the conformational motions dictated by
the corresponding intrinsic energy landscapes.31 The related
model parameters were optimized to reproduce the relative
stability of the open and closed conformational states and the
ligand binding affinities measured experimentally (see
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Supporting Information for details.). The two-dimensional free
energy landscape along the reaction coordinates describing the
opening and closing motions of the LID and NMP domains
shows that the wild type enzyme can sample wide range of
conformational space, and both the open and closed
conformations have significant populations in the apo state
(Figure 1C and Supporting Information, Figure S2). By
simulating the whole enzymatic cycle with molecular dynamics,
we can calculate the enzyme kinetics at the ensemble level and
single-molecule level. Figure 1D shows the turnover rate as a
function of the AMP concentration with the ATP concen-
tration being fixed at 300, 600, and 1000 μM. For all these
cases, one can observe an initially increasing phase at low AMP
concentration range and a decreasing phase at high AMP
concentrations, demonstrating typical substrate inhibition
effect (Figure 1D). The above results suggest that the dynamic
energy landscape model can be successfully used to describe
the substrate inhibition effect observed in experiments,16,35

which makes it possible to investigate the underlying molecular
mechanism.

Effects of Pre-Existing Conformational Equilibria on
the Substrate Inhibition Effect. The conformational
equilibrium in absence of ligands is an intrinsic feature of
enzymes. Previous studies for AdK shows that population shift
toward the closed conformation induced by mutations tends to
slow catalysis.31,46 In the above discussion, the relative

populations of the enzyme conformations were restrained
based on available experimental data of the wild-type AdK.22

To investigate how the conformational equilibrium contributes
to substrate inhibition, we tuned the global parameters
controlling the relative stability between open and closed
conformations in the energy function of the dynamic energy
landscape model. In this way we can approximately model the
effects of population shifting mutations (see Supporting
Information for details.). The resulting models cover a wide
range of conformational equilibrium constants, varying from
favoring highly open conformations to highly closed
conformations (Figure 2A,B and Supporting Information,
Figure S3). By performing molecular dynamics simulations of
the enzymatic cycle at various AMP concentrations, we have
calculated the turnover rates for these enzyme models.
Strikingly, the kinetic profiles for the above enzyme models
show dramatic differences. For the enzyme models favoring
highly open conformations, the turnover rates show classical
Michaelis−Menten behavior, as featured by the saturation of
the rate at the maximum value with the increasing of AMP
concentration. These lack then a substrate inhibition effect-
(Figure 2C, red). In comparison, for the enzyme models that
have a significant population of closed conformation, the
substrate inhibition effect can be clearly observed (Figure 2C,
blue and black).

Figure 2. Dependence of the substrate inhibition on the pre-existing protein conformational equilibrium. (A, B) Two-dimensional free energy
profiles for enzyme models with extremely open (A, Pclose ≈ 0.01) and extremely closed (B, Pclose ≈ 0.99) conformational equilibria. The
conformational equilibria was tuned by changing the parameters in the dynamic energy landscape model. (C) Turnover rates as a function of AMP
concentrations for the enzyme models with different Pclose values. The solid lines are the fitting by eq 2. The Pclose values were shown in the panel.
(D−F) The enzymatic parameters kcat, KM, and KI as a function of Pclose values. The dash line corresponds to the parameters of the wild-type
enzyme.
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To more quantitatively characterize the effect of the
conformational equilibria, we fitted the turnover rate profiles
using eq 2 and extracted the key kinetic parameters, including
the maximal catalytic velocity kcat, Michaelis constant KM, and
inhibition constant KI (Materials and Methods). The values of
the fitting kinetic parameters are then plotted as a function of
the populations of the closed conformation (Pclose, which was
used to characterize the pre-existing conformational equili-
brium) in Figure 2D−F. One can see that the maximal catalytic
rate changes with the Pclose nonmonotonically. Either extremely
open or closed conformational equilibria tend to slow down
enzymatic catalysis (Figure 2D). More detailed analysis shows
that with the increasing of Pclose, the bottleneck product release
becomes more difficult, which leads to a decreased maximal
catalytic rate (Supporting Information, Figure S4). On the
contrary, when the conformational equilibrium is highly biased
to the open conformation, the productive substrate binding
and the conformational preorganization to the catalytically
competent state become more difficult, which also tends to
slow down the turnover rate. The Michaelis constant KM
decreases with Pclose as also observed in previous experimental

measurement.46 This is easy to understand because more
closed conformations often lead to increased substrate binding
affinity (Figure 2E). Strikingly, the KI values monotonically
decrease with the increasing of the Pclose (Figure 2F). Such
results clearly demonstrated that there is a tight interplay
between the enzyme conformational equilibrium and the
extent of substrate inhibition. Enzymes with the conforma-
tional equilibrium biased to more closed conformations tend to
show stronger substrate inhibition effect. Interestingly,
previous experimental work by Adkar and co-workers showed
that the substrate inhibition is strongly correlated with protein
stability.16 Higher stability tends to cause stronger inhibition.
Experimental work has also shown that the AdK mutants with
higher stability tend to bind substrate more tightly.16 Because
the closed conformation of AdK has a higher affinity for
substrate binding,47 the experimental results suggest that the
mutations increasing the overall enzyme stability also stabilize
the closed conformation. Therefore, the relation between the
substrate inhibition and the pre-existing conformational
equilibria revealed in this work is in line with previous

Figure 3. Kinetic repartitioning mechanism of substrate inhibition. (A) Mean first passage time (MFPT) for sampling the catalytically competent
complex (including productive substrate binding and conformational closing steps) as a function of AMP concentrations for the ADK models with
different Pclose. The MFPT was normalized by the value at the AMP concentration of 200 μM. (B) MFPT of product release as a function of AMP
concentrations for the ADK models with different Pclose. (C) Probabilities of the frustrated pathway (blue), canonical pathway via empty state
(black), and other pathways via nonfrustrated substrate−product cobound state (DM) as a function of AMP concentrations. The ATP
concentration was fixed at 1000 μM in all the above simulations. In this work, chemical state “XY” represents that the LID domain site and NMP
domain site are occupied by “X” and “Y”, respectively, with X = T, D, M, or ⌀ and Y = M, D, or ⌀. For example, the chemical state TD (DM)
represents the chemical state in which the LID domain site and NMP domain site are occupied by ATP and ADP (ADP and AMP), respectively.
(D) Schematic showing the substrate inhibition mechanism, whereby nonspecific binding of excess substrate S2 to the S1 site suppresses the
population of the frustrated catalytic pathway and, therefore, the overall turnover rate. Other competitive pathways with increased probabilities at
excess substrate were not shown here for clarity.
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experimental observations on the relation between substrate
inhibition and protein stability of AdK.16

In the experimental work by Adkar et al., protein stability
was tuned by single-point mutations.16 In contrast, in the
above simulations, the global energy gap parameters
controlling the conformational equilibrium were tuned to
model the mutation effects. To more closely compare the
simulation results and the experimental data, we have also
introduced single-site mutations to the protein AdK by
modifying the interaction strengths between the mutated site
and all other neighboring residues. Similar results were
obtained (Supporting Information, Figures S5 and S6).

Kinetic Repartitioning Mechanism of Substrate
Inhibition and Suppressed Frustration. The single-
molecule level enzyme model allows an in depth character-
ization of the individual steps and their interplay, so as to
understand the underlying mechanism of the substrate
inhibition. To this end, we calculated the mean first passage
time (MFPT) for the enzyme to arrive at the catalytically
competent state, which involves the productive substrate
binding and conformational preorganization steps, starting
from the fully open conformation with the active sites
unoccupied. We also calculated the MFPT for the release of
the (bottleneck) product ADP starting from the DD state with
the two domains closed. One can see that the time needed for
populating the catalytically competent state is insensitive to the
AMP concentrations at the high concentration range (Figure
3A). Even for the enzyme models with extremely open
conformational equilibrium for which sampling the catalytically
competent complex is the rate-limiting event, increasing the
AMP concentration does not affect the MFPT at high
concentration range. On the contrary, the time needed for
the product release has a strong dependence on the AMP
concentration. With the increasing of the AMP concentrations,
the product release becomes slower, particularly for enzymes
with larger Pclose values (Figure 3B). Such features clearly
suggest that the substrate inhibition for AdK dominantly arises
from the product release step, instead of the steps involved in
the population of the catalytically competent complex, as has
usually been proposed in previous works for the AdK based on
bulk experiments.13,35 The above results demonstrate the
importance of examining dynamics at the single-molecule level
in characterizing the mechanism of the substrate inhibition
effect.

As discussed in previous work, the enzymatic cycle of the
multisubstrate enzyme AdK involves multiple pathways.31 In
addition to the canonical pathway in which substrate binding
occurs after the full release of the two product ADP molecules,
an energetically frustrated, but kinetically activated, pathway
was dominantly populated (Figure 1B and Supporting
Information, Figure S1). In this frustrated pathway, new
substrate ATP binds before the dissociation of the bottleneck
product ADP at the neighboring site (NMP domain site),
leading to a substrate (ATP)−product (ADP) cobound
complex in which the binding pockets are frustrated due to
steric incompatibility.31,34 Such steric frustration enables an
active mechanism of product release driven by substrate-
binding energy, facilitating the enzymatic cycle. Consequently,
the catalytic cycle with the frustrated pathway contributes to
the accelerated catalysis. We calculated the probabilities of
different pathways at different AMP concentrations. One can
see that with increasing AMP concentrations, the frustrated
pathway contribution decreases (Figure 3C), which is

accompanied by an increased occupation of the LID domain
site by excess AMP (Supporting Information, Figure S7). In
contrast, the probabilities of other slow pathways, including the
canonical pathway via the apo state and the pathway via the
nonfrustrated ADP-AMP cobound state, increase with the
AMP concentrations. As the frustrated pathway represents the
kinetically favorable pathway, suppressing this pathway
naturally causes decreased turnover. These results strongly
suggest that the observed substrate inhibition effect of the AdK
results from the decreased population of the frustrated pathway
at high AMP concentration, suggesting a kinetic repartitioning
mechanism for the substrate inhibition effect (Figure 3D and
Supporting Information, Figure S8). Here we use the term
“repartitioning” to emphasize the suppression of the kinetically
favorable pathway by the nonspecific binding of excess
substrate AMP. Such a mechanism is consistent with the
observation that substrate inhibition arises from the bottleneck
product release step. The interplay between the suppressed
population of frustrated pathway and the substrate inhibition
can also be illustrated by both the relaxation dynamics and
steady distribution of the different chemical states based on
Markov state model analysis (Supporting Information, Text
and Figure S9).

In line with the above results, recent experimental work on a
mutant of haloalkane dehalogenase suggested that substrate
inhibition can arise from the product release step.19,20 Different
from the AdK situation, the slow down of product release was
considered to be the result of steric blockage in the product
dissociation channel due to substrate binding to a peripheral
site, which is different from the kinetic repartitioning
mechanism observed in this work. In addition, the kinetic
repartitioning mechanism is also consistent with the
experimental observation that there is no sign of substrate
ATP inhibition for AdK,46,48 because a high concentration of
ATP does not suppress the population of the frustrated
pathway.

Characterizing the Localized Frustration by Atom-
istic Frustratometer. Previous work based on statistical
surveys of structural databases and energetic analysis have
demonstrated the crucial role of local frustration on the
biological functions of proteins.36,49,50 It was shown that AdK
at the closed conformation has a more extensive minimally
frustrated network of contacts that rigidifies the enzyme.51 In
addition, the hinge regions tend to be highly frustrated, which
favors the rigid-body motions of the LID and NMP domains
involved in the conformational transitions between the open
and closed forms.51 Recent development of the atomistic
frustratometer allows a quantitative characterization of
frustration for ligand binding.36 Using this computational
tool, we calculated the frustration index for the binding sites of
the two product ADPs at the chemical state DD (Figure 4 and
Supporting Information, Text.).36 One can see that the
frustration index for the ADP binding at the NMP domain
site is much smaller than that for ADP binding at the LID
domain site, as measured by the higher number of minimally
frustrated contacts between the NMP domain ADP and its
binding residues (Figure 4A, green lines; Supporting
Information, Figure S10). These results suggest that the
product ADP can fit more optimally to the binding site at the
NMP domain, therefore its release will tend to be slow and
corresponds to the bottleneck step of the enzymatic cycle.
Such asymmetric distributions of the frustration at the two
binding sites is a prerequisite for the enzyme to be able to
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sample the sterically frustrated TD state and therefore is vital
to overcome the bottleneck product release step of the
enzymatic cycle.31 As the identities of the two ligands at the
binding sites are the same (ADPs), the asymmetry in the
energetic frustration of the two sites largely arises from the
differences between the two binding sites. Similar results can
also be observed for the chemical states with ATP or AMP
bound at the LID domain site (Figure 4B,C and Supporting
Information, Figure S10). Interestingly, the binding sites at the
TD state are relatively more frustrated compared to those at
the DD and MD states (Figure 4), which also supports the
above discussions that nonspecific AMP binding at the LID
domain site tends to reduce the frustration and therefore slows
down the product ADP release. We also carried out
frustratometer analysis based on the AdK structures from
different organisms both for the cases with and without Mg2+
(Supporting Information Figures S11, S12, and S13). The
above asymmetric distributions of the frustration at the two
binding sites was seen for all the investigated structures. Here
the frustration index was calculated using the frustratometer
based on the contact energies between the ligand and the
binding site residues.36 Therefore, the obtained frustration
index corresponds to energetic frustration. The steric

frustration in the chemical state TD arises from the steric
incompatibility due to the additional phosphate group.

According to the above discussion, the localized steric
frustration at the TD state arising from the additional
phosphate group partially disrupts the surrounding residues
and destabilizes ADP binding, thereby contributing to the
product ADP release. To demonstrate this effect dynamically,
we performed short atomistic MD simulations to relax the
enzyme starting from the native structure at the chemical states
TD, DD, and MD, respectively. We mainly focused on the
structural and energetic features of the binding site at the NMP
domain, which corresponds to the binding site of the
bottleneck product ADP. One can see that at the chemical
state DD, the binding site at the NMP domain remain localized
around the native structure (Figure 5A). In comparison, the
ATP binding at the chemical state TD leads to clear
destabilization of the ADP binding site at the NMP domain,
as illustrated by the increased RMSD values and total contact
energies of the binding site (Figure 5B). Such destabilization of
the binding site may facilitate the bottleneck ADP release and
the overall catalysis. In comparison, when AMP nonspecifically
binds at the LID domain site, which leads to the chemical state
MD, the destabilization of the ADP binding site is rather minor
(Figure 5C). The different effects of ATP and AMP binding at
the LID domain site on the stability of the bottleneck ADP
binding site contribute to the observed substrate inhibition
when the AMP concentration is high, which is consistent with
the kinetic repartitioning mechanism of substrate inhibition
discussed above.

Single-Molecule Enzyme Kinetics with Substrate
Inhibition. Traditional enzymology studies mostly focus the
ensemble level characterization of the enzyme kinetics. With
the development of single-molecule techniques, one can
measure the turnover rate at the single-molecule level.53−58

Previous single-molecule studies for another enzyme have
shown that the single-molecule turnover time follows a
nonexponential distribution.54 The above dynamic energy
landscape model is capable of providing single-molecule level
enzyme kinetics. Therefore, it is interesting to investigate how
the substrate inhibition is featured by the single-molecule
enzyme kinetics. Figure 6 shows the distributions of the single-
molecule turnover time, which is defined as the time needed by

Figure 4. Localized frustration around the ligand binding sites of
AdK. (A) Localized frustration pattern of the two product ADP
binding sites at the chemical state DD. The protein is shown by
cartoon representation. The contacts between the binding residues
and the two product ADPs with minimal frustration and high
frustration were shown by green lines and red lines, respectively. The
two ligands were colored orange. (B, C) Localized frustration pattern
of the two ligand binding sites at the chemical states TD (B) and MD
(C).

Figure 5. Conformational distribution of the bottleneck product ADP binding site (NMP domain) sampled by short atomistic MD simulations
along the reaction coordinates RMSD and contact energy for the chemical states DD (A), TD (B), and MD (C). Here the RMSD measures the
root-mean-square deviation of the bottleneck product ADP binding site with respect to the corresponding structure at the native state. The total
contact energies correspond to the summation of pairwise contact energies between all the residue pairs at the ADP binding site of the NMP
domain. The pairwise contact energies were calculated following ref 36 based on the rosseta energy function.52 The total contact energies were
shown with the rosseta energy unit (REU).
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the enzyme to complete one full catalytic cycle. One can see
that the distributions of the catalytic time show nonexponential
characteristics, which is in line with previous single-molecule
measurements (Figure 6A).54 As expected, at the AMP
concentrations of 1000 μM, at which the substrate inhibition
is significant, the population of the events with longer turnover
times becomes much higher compared to the case at the
optimal substrate concentration (200 μM). Interestingly,
although the overall turnover time has an nonexponential
distribution, the time intervals for the individual steps of the
enzymatic cycle show typical exponential distributions, which
may suggest that nonexponential distribution of turnover time
typically observed in single-molecule experimental measure-
ments in many cases can arise from the population of long-
lived intermediates in the enzymatic cycle. The overall
distribution of the turnover time for the simulations with
product inhibition ([AMP] = 1000 μM) is similar to that with
insufficient substrate ([AMP] = 44 μM) (Figure 6A).
However, the time distributions of the individual steps show
dramatic differences (Figure 6B,C). At the AMP concen-
trations of 44 μM, the distribution of the time interval for
sampling the catalytically competent state has a wider
distribution with elevated distribution of the long time events.
In comparison, at the AMP concentrations of 1000 μM with
significant substrate inhibition, the distribution of the time
interval for the release of the rate-limiting product ADP is
much wider. Such results demonstrate the key feature of
substrate inhibition at the single-molecule level and support
the idea that the substrate inhibition of AdK mainly arises from
the product release step.

■ CONCLUSIONS
Substrate inhibition is one of the most intriguing observations
in enzyme catalysis and has relevance both to basic biology and
drug development. As an enzymatic cycle involves a tight
interplay among many individual physical and chemical steps,
unambiguously interpreting the underlying molecular mecha-
nism of substrate inhibition requires a single-molecule level
model. In this work, by using a dynamic energy landscape
model combined with frustration analysis and all-atom MD
simulations, a kinetic repartitioning mechanism of substrate
inhibition for the enzyme AdK is revealed. By this mechanism,
high concentrations of substrate suppress the population of the
energetically frustrated substrate−product cobound complex
which features steric incompatibility, that slows down the
bottleneck product release and overall catalysis. Such a

mechanism suggests that the substrate inhibition of AdK
mainly arises from the slowing of the product release step,
instead of the steps involved in the population of the
catalytically competent complex, as previously suggested. The
substrate inhibition effect is closely correlated with the
conformational equilibria of the enzyme. Enzyme mutants
with conformational equilibria biased to closed states tend to
show stronger substrate inhibition, which is in line with a
previous experimental observation that mutations increasing
the enzyme stability often have enhanced substrate inhibition
effect. We have also characterized the substrate inhibition
effect based on the single-molecule enzymatics, which is
featured by the wider distribution of the product release time.

In conclusion, this work provides a clear picture using single-
molecule level computational simulations of the origin of the
substrate inhibition effect of enzyme catalysis. The results
reveal a previously unrecognized molecular mechanism of
substrate inhibition and establish a link between substrate
inhibition, frustration of energy landscape, enzyme conforma-
tional equilibrium, and the single-molecule enzyme kinetics.
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