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ABSTRACT: Nucleotide-induced conformational closing of
the ﬁnger domain of DNA polymerase is crucial for its catalytic
action during DNA replication. Such large-amplitude molecular motion is often not fully accessible to either direct
experimental monitoring or molecular dynamics simulations.
However, a coarse-grained model can oﬀer an informative
alternative, especially for probing the relationship between
conformational dynamics and catalysis. Here we investigate the
dynamics of T7 DNA polymerase catalysis using a Langevintype elastic network model incorporating detailed structural
information on the open conformation without the substrate
bound. Such a single-parameter model remarkably captures the
induced conformational dynamics of DNA polymerase upon dNTP binding, and reveals its close coupling to the advancement
toward transition state along the coordinate of the target reaction, which contributes to signiﬁcant lowering of the activation
energy barrier. Furthermore, analysis of stochastic catalytic rates suggests that when the activation energy barrier has already been
signiﬁcantly lowered and nonequilibrium relaxation toward the closed form dominates the catalytic rate, one must appeal to a
picture of two-dimensional free energy surface in order to account for the full spectrum of catalytic modes. Our semiquantitative
study illustrates the general role of conformational dynamics in achieving transition-state stabilization, and suggests that such an
elastic network model, albeit simpliﬁed, possesses the potential to furnish signiﬁcant mechanistic insights into the functioning of a
variety of enzymatic systems.
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enzymes designed based on this principle,4,5 are still not fully
understood.
Realizing the fact that the enzyme molecule is structurally
ﬂexible, Haldane has proposed, at a very early time, the concept
of “strain energy”, a form of free energy whose release upon
substrate binding distorts the enzyme−substrate complex in a
way that drives the system to a state of lower activation energy
barrier.6 In the same spirit, Koshland developed the “induced
ﬁt” theory, which suggests that the structure of the active site of
the enzyme as well as that of the substrate itself could be
gradually modiﬁed by the interactions between them.7 More
recently, with the advent of a wide range of new experimental
approaches, in particular single-molecule techniques that allow
real-time observation of individual enzyme molecules at work, a
plethora of previously unattainable dynamic information related
to enzyme catalysis has been uncovered.8−20 It has now been
shown that an enzyme undergoes conformational motions

INTRODUCTION

Enzymes are the indispensable workhorse for a wide variety of
biological activities inside a living organism, and mechanistic
insights into how they carry out their functions is of utmost
importance to understanding life at the molecular level. Among
the large number of mechanisms put forward to account for the
drastic acceleration of enzyme-catalyzed reactions, the “transition-state stabilization” theory proposed by Pauling, in which
the increase in reaction rate is achieved mainly through the
lowering of the free energy activation barrier for the catalytic
step, is perhaps the most well accepted.1,2 Such lowering of the
free energy activation barrier can be understood in the context
of the general Michaelis−Menten reaction scheme, in which
binding between the enzyme and substrate forms an enzyme−
substrate complex, which then undergoes the catalytic reaction
to form the product and regenerates the enzyme.3 However,
how the formation of the complex drastically stabilizes the
transition state and why such a purely thermodynamic picture
could not fully account for the catalytic power of enzymes, as
demonstrated by the large number of catalytic antibodies and
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during catalysis, which could take place across a broad range of
time scales from femtoseconds up to 100 s, even comparable to
that of enzymatic reactions.21−25 In many cases, such slow
conformational motions could be the rate-limiting step for the
reaction, and consequently, the classical Kramers’ rate formula
will be insuﬃcient to account for the rate of such enzymatic
reactions. Instead, one must appeal to the generalized
transition-state theory, in which the prefactor in the rate
formula has multiple sources of contribution.1 These
observations and theories point to the close coupling between
the intrinsic reaction coordinate (IRC) and the conformational
coordinate of the enzyme, in which the formation of the active
site and the realization of catalytic reaction are not sequential
but concerted, and suggest that it is such dynamic conformational rearrangements that could potentially provide the
mechanistic basis for “transition-state stabilization”.
Intense eﬀorts have since been undertaken to understand the
eﬀects of conformational motions on enzyme catalysis in
greater detail.1,21,24,25 Recently, Bagchi and colleagues formulated a general theoretical framework that accounts for such
eﬀects using a two-dimensional (2D) reaction free energy
surface incorporating both the IRC and the conformational
coordinates.23 However, to date, the applicability of this
framework has not been quantitatively demonstrated in a
speciﬁc catalytic system. In this study, we aim to demonstrate
semiquantitatively the exact role of conformational dynamics in
achieving enzymatic catalysis, and show how it is closely
coupled to the forward dynamics toward the transition state
along the IRC. To this end, we decide to use T7 DNA
polymerase, an extremely well characterized enzyme, as our
model system. DNA polymerase is a family of enzymes that
catalyze the addition of a deoxynucleoside triphosphate
(dNTP) substrate to a newly synthesized DNA chain. The
three-dimensional structure of the enzyme resembles that of a
partially closed right hand.26 Upon formation of the correct
base pairing between the template DNA and the incoming
dNTP, the exposed 3′ hydroxyl group of the nascent DNA
chain will attack the α-phosphate of the substrate with the help
of two metal ions bound to the palm domain. At the same time,
several residues in the ﬁngers domain of the polymerase form
contact with the substrate, forcing one of the helices, named the
O-helix, to move toward the dNTP, ultimately forming a closed
conformation of the polymerase active site26,27 (Figure 1). Such
a large and distinctive conformational change associated with
catalysis presents us with an excellent opportunity to study the
relationship between the two.
To date, it is not yet possible to experimentally probe the
dynamics of enzyme catalysis at the atomic level. Even if the
technical challenge of observing the dynamics of a single
enzyme molecule with full atomic detail could be overcome,
one would quickly be buried in the sea of noisy information
generated for each atom. In addition, there is no way to
gradually adjust the physical parameters, such as electrostatic
eﬀects or strength of hydrogen bonds, of a real enzyme. While
these diﬃculties could be surmounted in silico using molecular
dynamics (MD) simulation (such as those performed on DNA
polymerase β29 and HIV reverse transcriptase30), this approach
is highly computationally demanding, and the millisecond time
scale that could be achieved is generally insuﬃcient for
following most catalytic reactions to completion. Moreover, it
is also diﬃcult, in a detailed MD simulation, to choose and
adjust a set of collective model parameters that are reﬂective of
the conformational change upon substrate binding.

Figure 1. Structural mechanism of DNA synthesis by T7 DNA
polymerase. Upon binding of the incoming dNTP (shown in ball-andstick) to the DNA chain (cyan and magenta) in the open
conformation (left), the O-helix (yellow) of the polymerase swings
40° clockwise to form the closed conformation (right) of the active
site. (Figure adapted from ref 26 with modiﬁcations.)

In view of these issues, we have chosen a coarse-grained
Langevin-type collective model which could be regarded as the
dynamic counterpart of the static Gaussian network model
(GNM),31,32 with only one parameter. Among recent advancements of the classic polymer models for proteins,33 the GNM is
a type of elastic network model that, together with the closely
related anisotropic network model (ANM),34 represents each
amino acid in a protein by a node corresponding to the αcarbon atom and each nucleotide in DNA by three nodes
corresponding to the P, C2, and C4′ atoms. The spatial
interactions between the nodes are modeled by an approximation of harmonic springs to the second order. This model is
relatively easy to build and compute, and has already been
validated for its ability to catch the slowest vibrational modes in
proteins, consistent with measurements in ensemble structures
as well as experimental B-factors in crystallographic studies.31,32,35 These slowest normal modes predicted by this model
have been found to be closely related to enzyme catalysis; in
particular, they correspond to the hinge region in enzymes that
undergoes crucial conformational change upon substrate
binding.31,36 Systematic structural analyses of many classes of
enzymes have also revealed that a few of the slowest normal
modes could play more than 50% of the role in ligand binding,
and that the collective dynamics predicted by elastic network
models correlates with and facilitates the catalytic loop motions
experimentally observed in enzymes such as triosephosphate
isomerase and protein tyrosine phosphatase,37,38 leading us to
surmise that Nature would likely make eﬀective use of these
high-entropic modes. In addition, such residue-level GNMs as
ours have been found to be qualitatively similar to other elastic
network models across a range of coarse-graining scales,
including atomic, proton, and explicit solvent levels.39 These
analyses together indicate that our GNM could potentially
capture key modes of motion that are functionally important
for the enzymatic activity of T7 DNA polymerase, and that the
conformational changes corresponding to the slowest modes in
the GNM would not be fully dissipated by other faster modes
of dynamics not captured by our model.
In this study, we ﬁrst build the static GNM for T7 DNA
polymerase, and convert it into a Langevin-type dynamic
model, incorporating structural information of only the open
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Figure 2. (A) Key interactions introduced into the structure of the enzyme−substrate complex: the hydrogen bonds and stacking interaction (spring
constant k) are shown in black, and the αP−OH bond (spring constant c) is shown in blue. The target αP−βP bond (spring constant b) is not
shown. (B) Distortion of the polymerase upon substrate binding when the αP−βP bond is either not weakened (i.e., b = 3, (i)) or is weakened (i.e.,
b = 1, (ii)) in the closed conformation. The lengths of four key bonds are shown as a function of k for the case of strong electrostatic interaction (c =
10). (C) Potential of mean force as a function of αP−βP bond length, using diﬀerent values of k. The activation energy barrier of the catalytic
reaction can be lowered to diﬀerent extents at diﬀerent strengths of hydrogen bond interactions, both for unweakened (i) and weakened (ii) αP−βP
bonds. The black and red dashed lines denote the equilibrium (3 Å) and broken (8 Å) length of the αP−βP bond, respectively.

where γ is the renormalization factor and the diﬀusion constant
D is deﬁned according to the ﬂuctuation−dissipation theorem
D = 2ηkBT. The value of the spring constant η is set to kBT.
Upon substrate binding, the new connection matrix Γall
incorporates the interactions inside the incoming dNTP and
the ﬁve induced interactions shown in Figure 2A, while keeping
all other interactions unchanged. To that end, we denote the
positions of all residues in the DNA polymerase as well as three
atoms (P, C2, and C4′) in the dNTP as X = (Xpol, XdNTP)T,
where T denotes the transpose of the vector. The time
evolution of X satisﬁes the modiﬁed Langevin equation

form. We then study the conformational dynamics of the
enzyme immediately following the binding of the dNTP
substrate, and show how conformational distortion is closely
coupled to the forward catalytic step along the chemical
coordinate even before the formation of the active site is
completed. Moreover, we show that, in cases where the
activation energy barrier is suﬃciently low, one should appeal
to a two-dimensional free energy surface description that
incorporates more details on how to couple catalysis with
conformational dynamics, in order to obtain more accurate
reaction rates. Our results, based on speciﬁc structural
information on a real enzymatic system, provide semiquantitative support for the theoretical framework of enzymeassisted reaction using a multisurface free energy description.23

η
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METHODS
Dynamic Gaussian Network Model Construction.
Atomic coordinates of the open form of T7 DNA polymerase
are obtained from the Protein Data Bank (accession number
1SL0), and the connection matrix Γ is generated from the
online server at http://gnm.csb.pitt.edu/ (hosted by Ivet
Bahar’s group at University of Pittsburgh), using a default
cutoﬀ distance of 10 Å for both amino acids and nucleotides.40
The results obtained are found to be insensitive to the value of
cutoﬀ distance used from 7 to 12 Å (data not shown). Using
the connection matrix, the overdamped Langevin equation for
the open conformation of the enzyme can be written as
η

dX pol
dt

=−

eq T
eq
Vbinding(X ) = (X pol − Xopen
) Γopen(X pol − Xopen
)
eq
eq
+ (XdNTP − XdNTP
)T ΓdNTP(XdNTP − XdNTP
)

+ E interaction

is the overall potential of the polymerase−dNTP complex,
where the interaction energy E interaction = (X pol −
T
eq
Xeq
open) Γinteraction(XdNTP − XdNTP) includes all ﬁve interactions
shown in Figure 2A and ΓdNTP represents the connectivity
between the base, αP, and βP atoms in the incoming dNTP.
The new equilibrium positions of the nodes in the polymerase−dNTP complex in the closed conformation are then taken
to be the solution of the equation

eq T
eq
kBTγ ∂[(X pol − Xopen) Γopen(X pol − Xopen)]
2
∂X pol

∂Vbinding(X )
∂X

+ ξ(t )
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Hence, the ﬁnal lowering of the activation energy barrier is due
to the cooperative eﬀects of weakening the target bond and
pulling it apart.
Target Bond Breakage and Activation Energy Barrier
Lowering. Upon substrate binding, i.e., formation of the
above-mentioned ﬁve interactions, the enzyme−substrate
complex would no longer be at equilibrium, and there must
be some restoring force pushing it toward a new equilibrium
state, namely, the closed conformation. Similar conformational
closing was previously demonstrated in models of the related
reverse transcriptase.42,43 As a result of such large-scale global
motion, some of the bonds, either covalent or noncovalent,
would be transiently but signiﬁcantly elongated and even
broken, as a result of the dual actions of the spring-like
mechanical eﬀects arising from conformational dynamics and
other more static chemical interactions. The central issue we
would like to probe here is whether the interplay among the
various interactions upon bond elongation would result in the
breaking of only the desired αP−βP bond.
The new equilibrium position for each node and the lengths
of four key bonds reﬂective of conformational changes within
the enzyme−substrate complex are calculated as a function of k
(Figure 2B), demonstrating each of the two cases of whether
the αP−βP bond has already been weakened or not in the
closed conformation prior to catalysis. For proper catalysis, we
would expect the lengths of these bonds not to deviate
signiﬁcantly from their equilibrium values except for the αP−βP
bond, which is expected to be pulled broken. Given that the
equilibrium length of this bond is approximately 3 Å, we set the
threshold for bond breaking to be 8 Å. Our simulations show
that only the αP−βP bond is signiﬁcantly elongated and
eventually broken during the conformational change from the
open form to the closed form (Figure 2B), in excellent
agreement with expectation, as long as the electrostatic eﬀects
of the two metal ions are set to be much stronger than the
hydrogen bonds and stacking interaction (i.e., the case of c =
10). The length ranges of the other bonds obtained in our
simulation are in good agreement with those observed in the
crystal structures of T7 DNA polymerase,27,44 lending further
support to the validity of our model. It is worth noting that
such “pulling” eﬀects have already been envisioned by biologists
when such mechanisms are drawn in textbooks (see, for
example, Figure 8-7 in ref 26), although evidence for such
eﬀects is hard to obtain from structural information alone
(Figure 1). Therefore, our simulation strongly supports this
picture of “pulling the bond” while furnishing it with much
more quantitative information.
Moreover, if the αP−βP bond is not weakened prior to
catalysis (i.e., b = 3), the target αP−βP bond would not be
signiﬁcantly elongated even if the electrostatic eﬀects of the two
metal ions are strong (Figure 2B (i)). However, numerical
simulation still suggests that the activation energy barrier along
the IRC could be lowered from ∼15kBT to ∼8kBT (Figure 2C
(i)), solely as a consequence of the spring-like mechanical
eﬀects. Such reduction is not suﬃcient for a typical enzymatic
reaction, and thus there must be some other mechanisms not
included in the present model that would help weaken the
target αP−βP bond. It is likely that these interactions are also a
consequence of the optimized structure of the closed
conformation. When such mechanisms are taken into
consideration (by setting b = 1), then the desired αP−βP
bond is signiﬁcantly elongated and eventually broken (Figure
2B (ii)). However, if this is the only eﬀect at work (without the

The related variance of the Gaussian-distributed new
equilibrium positions is then ⟨ΔXΔXT⟩ = Γ−1
all /γ, and the
variance of the bond length is ⟨ΔRΔRT⟩ = 3Γ−1
all /γ, which is
used to calculate the activation energy barrier as well as the
two-dimensional free energy surface.
Simulation and Image Preparation. All simulations were
performed in Matlab using the simplest Euler form (diﬀerence
equations) for Langevin dynamics. All structural ﬁgures were
prepared using PyMOL (Schrödinger, Inc.).

■

RESULTS
Quantifying Interactions in the Enzyme−Substrate
Complex. The catalytic process of T7 DNA polymerase
consists of two crucial and nearly simultaneous steps: the
breaking of the bond between α-phosphate and β-phosphate in
dNTP (henceforth named the αP−βP bond) and the formation
of a covalent bond between the α-phosphate of dNTP and the
exposed 3′ hydroxyl group of the nascent DNA chain
(henceforth named the αP−OH bond). In order to quantify
these two steps, we follow the concept of “induced ﬁt”, and
hence model the interactions between the incoming dNTP and
the polymerase by introducing ﬁve new springs into the
structure of the enzyme−substrate complex (Figure 2A),
representing, respectively, the αP−OH bond; the hydrogen
bonds between the β-phosphate and Lys522 residue on the Ohelix (henceforth named the βP−Lys bond), between the βphosphate and Arg518 residue [henceforth named the βP−Arg
bond (in fact, it is the γ-phosphate that contacts the Arg518
residue, but for simplicity, we assign the interaction to βphosphate instead)], and between the base of the dNTP and its
cognate base on the template (henceforth named the base pair
bond); as well as the stacking interaction between the dNTP
base and Tyr526 residue on the O-helix (henceforth named the
base−Tyr bond). Since the energy of the hydrogen bond as
well as the stacking interaction is approximately 3−4 kcal/mol,
we set all of these bonds to have the same tunable spring
constant k, with the exception of the αP−OH bond, which has
a spring constant c. Note that all other bonds within the DNA
polymerase (assumed to exist between any two nodes less than
10 Å apart) are assigned a ﬁxed spring constant of 1, in
accordance with conventional practice.40 While such assignment will not allow us to diﬀerentiate the stronger covalent
bonds from other weaker interactions, simulation shows that
assigning all the covalent bonds with a larger spring constant
does not signiﬁcantly alter the results of our model (data not
shown), in agreement with results from earlier studies using
elastic network models.31,32,41 Compared to these bonds, the
reasonable range for parameter k would be 0−1, whereas that
for parameter c would be much larger than 1 due to strong
electrostatic eﬀects during the process of forming a covalent
bond.
Another issue worth taking note of while constructing the
model is the strength of the target αP−βP bond, to which we
assign a spring constant b with value 3, since it is a high-energy
covalent bond that must be broken ultimately. Doing so would
make it diﬃcult to pull apart the target bond mechanically as
well as lower the activation energy barrier for the reaction (see
Figure 2 and text in the next section). However, since it is very
possible that the conformational rearrangements during the
formation of the closed conformation of the active site have
already weakened this high-energy bond prior to its breakage,
we decide to assign a value of 1 to its spring constant after the
substrate has come into the pocket of the DNA polymerase.
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the catalytic time could be well ﬁt by an exponential
distribution, whereas when the barrier is extremely low (e.g.,
k = 0.7), the distribution becomes Gaussian-like, suggesting the
existence of a two-step mechanism with an intermediate.16
Note that the simulated catalytic time does not include the time
for the substrate binding process, which is entirely diﬀusiondriven and could simply be regarded as a ﬁrst-order rate
process. The emergence of a Gaussian-like distribution of
catalytic time is due to the fact that the entire catalytic process,
starting from substrate binding, consists of at least two steps: a
nonequilibrium downhill relaxation process for the polymerase−dNTP complex to reach the closed conformation and the
crossing of the lowered activation energy barrier along the
coordinate of the catalyzed reaction. In the overdamped case,
the probability density of the relaxation time is not necessarily
monotonic, since it must peak at the deterministic relaxation
time.
Therefore, there are perhaps two possible types of catalysis
for DNA polymerase: one with a relatively high energy barrier
where the catalytic time is dominated by the crossing of the
activation energy barrier and is nearly exponentially distributed
according to the celebrated Kramers’ rate formula45,46 and the
other with extremely low energy barrier where the catalytic
time is dominated by the nonequilibrium relaxation from the
open conformation to the closed conformation of the
polymerase, which is included in the prefactor term in general
transition-state theory.1 In the former mode, the dynamics of
the conformational change is faster than that of barrier crossing
along the reaction coordinate; hence, the catalytic rate is
entirely barrier-dominant and Kramers’ rate formula holds.
Such relative magnitudes have been experimentally observed
using a conformationally sensitive ﬂuorophore reporter.47 In
the latter case, however, the time scale for the conformational
motion is comparable to or even much slower than that for
barrier crossing. Such a situation has also been previously
reported using transient kinetic methods, which found that the
chemical step occurs at a faster rate than the conformational
motion that precedes it.48 In such a case, we must appeal to a
free energy surface description incorporating both the
conformational dynamics and the catalytic reaction, in order
to clearly understand and accurately obtain the rate of
catalysis.23,28
Such a 2D free energy surface is computed for our model
(Figure 4), in which the horizontal X axis denotes the IRC as
represented by the length of the αP−βP bond and the vertical
Q axis denotes the length of the βP−Arg bond, which is
considered as the conformational coordinate for the enzyme.
This surface takes into account the four distinct physical states
involved in the catalytic process. Upon substrate binding, the
encounter complex (E··S) ﬁrst slides down the free energy
surface to form the enzyme−substrate (ES) complex, during
which the forward step toward the transition state (ES⧧) along
the X axis takes place, facilitated by the conformational
relaxation of the enzyme. This clearly indicates that the
dynamics along the X and Q axes are closely coupled, regardless
of whether the high-energy αP−βP bond is weakened in the
closed conformation. The thermally activated ES complex then
crosses the transition state, followed by the release of the
product (P), which could not be directly simulated in our
model. Such a landscape quantitatively demonstrates, for the
ﬁrst time in a real enzymatic system, the previously proposed
multisurface free energy description of enzyme-assisted
reaction.23 In particular, the optimal reaction trajectory toward

distortion of the enzyme), the activation energy barrier could
only be lowered to ∼5kBT (Figure 2C (ii), k = 0). It is only
through the combined eﬀects of αP−βP bond weakening and
the spring-like conformational distortion of the enzyme that
this barrier could be further lowered to 3.2kBT, 0.28kBT, or
even made to vanish (Figure 2C (ii), k = 0.2, 0.4, and 0.7,
respectively). Therefore, we have shown that the hydrogen
bonds and stacking interaction that operate during the
conformational change would signiﬁcantly help to advance
the catalytic reaction by further lowering the activation energy
barrier for bond breaking beyond that achievable by standard
chemical mechanisms, even before the active site is ﬁnally
formed. Note that, in our model, the induced conformational
dynamics is set to be always energetically downhill, and would
not meet any barrier along its trajectory.
Catalytic Time and Two-Dimensional Free Energy
Surface. In order to obtain more detailed information on the
rate of catalysis, we compute the stochastic ﬁrst passage time
for the reaction, i.e., the time in simulation starting from
substrate binding up to the breaking of the αP−βP bond
(Figure 3). For simplicity, we set the value of the spring

Figure 3. (A) Mean ﬁrst passage time of the catalytic reaction as a
function of k. (B−D) Dynamic disorder in the simulated catalytic
times. Kramers’ rate formula (exponentially distributed catalytic time
shown in red) holds very well when the hydrogen bond interactions
between substrate and enzyme are weak (k = 0.2) and the activation
barrier is high (B). As the strength of hydrogen bond interactions
increases (k = 0.4 or 0.7), a Gaussian-like probability distribution of
catalytic time emerges (C and D).

constant c to be 10 and that of b to be 1; i.e., we assume strong
electrostatic interaction, and that the αP−βP bond has been
preweakened before substrate binding. The mean ﬁrst passage
time is found to be signiﬁcantly reduced even in the presence of
relatively weak hydrogen bond interactions between the dNTP
and the polymerase (i.e., when k is small), corresponding to an
acceleration of catalysis (Figure 3A).
Although the catalytic time has a reduced mean in the
presence of stronger interactions, it still exhibits large variations
around this mean (Figure 3B−D). It is interesting to observe
that, when the activation energy barrier is high (e.g., k = 0.2),
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dynamic anharmonicity does not contradict with the harmonic
approximation of the local structures in the system.
Furthermore, as a result of induced ﬁt, the activation energy
barrier along the pathway of ligand binding might be low,
thereby making the harmonic approximation hold for a large
range of spatial and temporal scales.51 On the other hand, the
frictional constant would be several orders diﬀerent for the
vibrational motion and the large conformational motion, since
the latter will feel strong solvent damping.51 Therefore, it is
possible to apply such a static model describing the vibrational
motion of the native state of a protein at the picosecond time
scale in the linear response regime to study the dynamic
conformational changes on the microsecond/millisecond time
scale associated with enzyme catalysis. In fact, eﬀorts based on
similar principles, albeit using a two-state approach, have
already been undertaken to model the conformational
transitions between the open and closed forms of the enzyme
adenylate kinase.52,53 However, it is worthwhile to point out
that such harmonic network models as ours are not capable of
following conformational changes beyond the transition state,
as aforementioned.
Positional Dependence of Spring Constants. When
calculating the ﬁrst passage time of the catalytic reaction, we
assigned ﬁxed values to the spring constants. More generally,
we could also consider the case when the value of the spring
constant k is dependent on the distance between the two ends
of the spring. However, due to the similar qualitative behavior
of such a broad parameter range for k, there should not be any
serious problem in assuming a constant value for k. This is also
not a problem for the calculations of the new equilibrium
positions in the closed conformation; what we really need is the
ﬁnal spring constant in the active site rather than its varying
value during conformational change. Hence, although the
approximated spring constant must be quite low when the Ohelix and incoming dNTP are far from each other at the
beginning, it should be comparable to that of other hydrogen
bonds after they ﬁnally form their own interaction in the closed
conformation.
Speciﬁcity of the DNA Polymerase. It has been shown
that the conformational dynamics of DNA polymerase upon
substrate binding is very sensitive to the correctness of base
pairing.17 This is intuitively true if one views the conformational dynamics as a result of the physical interactions between
the incoming dNTP and the O-helix in the ﬁnger domain as
well as the hydrogen bonds formed between the correct base
pair. Without correct base pairing, the interactions between the
O-helix and the phosphate groups in the dNTP alone would
not drive the O-helix to move close to the DNA template but
would only produce local ﬂuctuations. Our model could not
explain this phenomenon well because we have already
incorporated the correct equilibrium positions of the incoming
dNTP where the correct base pair forms, which would forbid
the substrate from moving toward the O-helix by itself under
the strong electrostatic eﬀects of the αP−OH bond. However,
in reality, if no correct base pair is formed, the probability of the
αP−OH bond formation would be signiﬁcantly lowered, since
it is such a short-range local interaction. Hence, in this case, the
two unpaired bases would be far from each other, implying that
the ﬁdelity of the DNA polymerase would also be reﬂected by
its conformational dynamics.
Induced Fit and Spring-Like Mechanical Eﬀects.
Theoretically, to achieve superior speciﬁcity, an enzyme and
its substrate should possess almost completely complementary

Figure 4. Eﬀective two-dimensional free energy surface for DNA
polymerase catalysis with diﬀerent strengths of hydrogen bonds: (A) k
= 1, b = 3; (B) k = 0.2, b = 1. The horizontal axis X denotes the length
of the αP−βP bond, whereas the vertical axis Q denotes the length of
the βP−Arg bond. The push of the polymerase−dNTP complex
toward the transition state by the induced distortion of the polymerase
is clearly shown. The additional well (in dashed lines) illustrates the
process of releasing the product after crossing the transition state,
which could not be directly simulated in our model.

the global free energy minimum of the surface, which is slanted
along both coordinates, is precisely the consequence of such
kinetic coupling as predicted in the previous framework.
Catalytic Power in Relation to Michaelis−Menten
Kinetics. As mentioned above, the simulated rate is only for
the second step from the encounter complex (E··S) to the
transition state (ES⧧) in the well-known Michaelis−Menten
catalytic scheme3,49,50
k1

k2

E + S XooY E··S → E + P
k −1

where E, S, and P denote the enzyme, substrate, and product,
respectively. In this case, the velocity of the reaction is given by
v = k2[S]/[(k−1 + k2)/k1 + [S]] and the catalytic power is k1k2/
(k−1 + k2). Here we could simply assume that the product
release time after crossing the activation energy barrier is
negligible, and hence k2 is just the catalytic rate we have
simulated, which increases with the spring constant k.
Therefore, it is clear that both the reaction velocity and the
catalytic power are monotonically increasing with k2, and
consequently increasing with the hydrogen bond strength k.

■

DISCUSSION
Model Validity. Among the anticipated issues regarding the
Langevin-type Gaussian network model used in this study, one
primary argument concerns how such a harmonic model could
possibly allow us to infer the correct mechanism for enzyme
catalysis. Since ligand binding is an active process rather than
the result of spontaneous thermal ﬂuctuations, this kind of
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contribute a stabilizing eﬀect up to 18 kcal/mol.62 For T7 DNA
polymerase, the closed conformation of the enzyme at
equilibrium state without substrate binding could hardly be
arrived at only through thermal ﬂuctuations, and hence,
nonequilibrium downhill conformational dynamics on a twodimensional free energy surface after substrate binding is
precisely what is called “reorganization” by Warshel et al.21
However, the substrate does not passively wait for the
accomplishment of the reorganization process and then start
the catalytic reaction; instead, it simultaneously commences its
journey toward the transition state with the help of conformational dynamics. Of course, it is hard to pinpoint which factor
causes or helps the other, since they are both the result of
electrostatic preorganization in a general sense.

structures. However, we now know very well that it is
impossible to have an enzyme and its substrate ﬁt perfectly
into one another, i.e., the “lock and key” model,54 for the
enzyme molecule is structurally ﬂexible, and hence, Koshland’s
“induced ﬁt” model is more acceptable.7 Consequently,
conformational changes in the enzyme could help lower the
activation energy barrier of the reaction, which have been
demonstrated in silico in many enzymatic systems such as
orotidine monophosphate decarboxylase,55 methylmalonylCoA mutase,56 and dihydrofolate reductase.57,58 However, the
precise mechanical roles of such conformational motions are
often left unexplored, especially before the active site is
completely formed.
In our model, we have shown that the incoming substrate
does not ﬁrst wait for the formation of the optimized
conformation of the active site and then commence the
catalytic reaction. Instead, these two dynamic processes are
strongly coupled together due to the ﬂexible nature of the
enzyme, which exerts spring-like mechanical eﬀects on the
reaction. Transition-state stabilization is thereby achieved
through such coupling. Similar coupling was observed in elastic
network models of other important enzymes such as
triosephosphate isomerase.38 This phenomenon is also in
agreement with the general model of enzyme catalysis proposed
by Bagchi and colleagues, in which motion along the
conformational coordinate of the enzyme accommodates the
substrate to accomplish activation energy lowering.23 Although
at the atomic level such spring-like mechanical eﬀects are also
chemical (mainly electrostatic) in nature, this kind of dynamical
force has not been given much attention in previous studies of
enzyme mechanisms. The main result of such coupling is not
simply the positioning of the incoming nucleotide into close
contact with the catalytic metal ions26 but also the lowering of
the activation energy barrier. Such coupling could even
eliminate the activation energy barrier altogether in certain
cases, enhancing the reaction rate tremendously.
By building a Langevin-type model, the transition-state
stabilization is dynamically realized in a rigorous manner. Once
the activation energy barrier is signiﬁcantly lowered, the
semiclassical transition-state theory for calculating the reaction
rate may no longer be applicable, since the slow conformational
ﬂuctuations can take place on a similar time scale as enzymatic
reactions.7,20,59,60 Therefore, the nonequilibrium relaxation
time for the system to slide down to the active site would be
the rate-limiting step during catalysis, and would be included in
the prefactor in general transition-state theory.1 On the other
hand, the quantum eﬀects of tunneling would enhance the
reaction rate, but they are also sensitive to the distance between
the donor and the acceptor; as a precondition, the two groups
must ﬁrst be pushed together for tunneling through the
conformational change of enzyme to occur, and these eﬀects
result in the weakening of the αP−βP bond. Thus, the
mechanism of hydrogen tunneling still falls within the
framework of the present study, although its full treatment
would involve more details of quantum mechanics.
Conformational Dynamics: Equilibrium Fluctuation vs
Nonequilibrium Relaxation. It is evident that conformational dynamics of the enzyme upon substrate binding must
deviate from equilibrium ﬂuctuations, and undergo a
spontaneous nonequilibrium relaxation process. Such a
relaxation process has previously been probed computationally
in enzymatic systems such as liver alcohol dehydrogenase61 and
short-chain acyl-CoA dehydrogenase,62 and was found to

■

CONCLUSION
In summary, we used a Langevin-type dynamic model to dissect
the conformational dynamics of T7 DNA polymerase. By
treating conformational dynamics explicitly on equal footing as
reaction kinetics along the IRC, we showed that the mechanical
role of conformational dynamics in lowering the reaction
activation energy barrier along the IRC has already been
encoded in the topology of the open-form structure of the
enzyme. We found that the conformational dynamics of the
enzyme immediately after the binding of dNTP is closely
coupled to the forward catalytic step, and results in signiﬁcant
acceleration of the catalytic reaction. In particular, we showed
that the αP−OH bond can be formed concomitantly as the
αP−βP bond is broken, thereby lending evidence to such a
“pulling” eﬀect that has long been envisioned but so far
unsubstantiated from structural studies alone. Moreover, a
more accurate 2D free energy surface description that
incorporates details on how to achieve catalysis through
conformational dynamics was calculated. Overall, our semiquantitative approach combining Langevin-type dynamic
modeling and real structural information could be applied to
many other enzymes, so as to shed mechanistic insights on their
multifarious modes of catalytic actions.
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