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Abstract
The molecular origin of nucleotide insertion catalysis and fidelity of DNA polymerases is
explored by means of computational simulations. Special attention is paid to the examination of
the validity of proposals that invoke prechemistry effects, checkpoints concepts and dynamical
effects. The simulations reproduce the observed fidelity in Pol β, starting with the relevant
observed x-ray structures of the complex with the right (R) and wrong (W) nucleotides. The
generation of free energy surfaces for the R and W systems also allowed us to analyze different
proposals about the origin of the fidelity and to reach several important conclusions. It is found
that the potential of mean force (PMF) obtained by proper sampling does not support QM/MM
based proposals of prechemistry barriers. Furthermore, examination of dynamical proposals by the
renormalization approach indicates that the motions from open to close configurations do not
contribute to catalysis or fidelity. Finally we discuss and analyze the induced fit concept and show
that, despite its importance, it does not explain fidelity. That is, the fidelity is apparently due to
change in the preorganization of the chemical site, due to its response to the binding site
reorganization in the binding of the W instead of the R base. Furthermore, since the issue is the
barrier associated with the enzyme-substrate (ES)/DNA complex at the chemical transition state
and not the path to this complex formation (unless this path involves rate determining steps), it is
also not useful to invoke checkpoints while discussing fidelity.
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I. Introduction
The reproduction of all forms of life depends on the accurate replication of the genome,
which is facilitated by DNA polymerases.1 These enzymes increase the rate of
phosphodiester bond formation by many orders of magnitude compared to the corresponding
reaction in water.2 The rate of incorporation of an incoming wrong nucleotide (W) is
drastically slower than the corresponding rate of the right nucleotide (R) for DNA
polymerases that exhibit high replication fidelity (for reviews see refs.3-6). Thus it is
important to quantify the factors that control the fidelity.

Despite significant experimental progress in studies of the fidelity of various DNA
polymerases (e.g., refs.3-10), we still do not have a clear quantitative picture of the energetics
of this process. A significant progress has been made in recent theoretical studies, which
explored the contributions to fidelity from the binding and chemical steps,11-18 as well as on
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the possible roles of conformational changes,16,19,20 and protein motions.21 However, the
progress in these key areas is still at a relatively early stage.

Further insight about the fidelity issue has been provided in a recent study,21 which used
computer simulations to model the effect of mutations on the structure of Pol β, and
examined the corresponding electrostatic effects by a qualitative analysis. Additionally,
theoretical studies of related problems have been reported recently.22-25 Molecular dynamics
simulations have helped to delineate a possible sequence of conformational change events
after dNTP binding in the catalytic cycle of Pol β.19,20,26 Simulation studies also enabled to
test various catalytic proposals of nucleotide transfer reactions.12,27 Finally, an attempt to
progress in a more quantitative direction in the comparison of calculated and observed
mutational effects has been reported.28 This study also introduced a useful approach of
constructing interaction matrices and using them in probing the transfer of information
between the binding and catalytic sites.

One of the intriguing aspects of the action of DNA polymerases is the role of substrate-
induced conformational changes in the catalytic process and the influence of these changes
on DNA replication fidelity. This aspect is related to the general issue of the role of the
enzyme conformational landscape in catalysis29-31 and to proposals that dynamical effects
and coupled motions play a major role in enzyme catalysis.32,33 Although careful studies
(for review, see refs.34,35) have questioned the validity of such proposals, there are aspects
that were not explored in a conclusive way and one of these aspects is the relationship
between DNA polymerase conformational changes and replication fidelity, that will be
explored in this work. More specifically, based on structural and kinetic studies of Pol β, it is
generally believed that the first step of the nucleotide insertion pathway includes the N–
subdomain’s (equivalent to the fingers subdomain of right-handed DNA polymerases)
closing triggered by correct dNTP binding, while binding of an incorrect dNTP will hamper
this closing, consistent with an “induced fit” mechanism.36 It has been suggested that
conformational changes that occur prior to the chemical step play a major role in
establishing the fidelity of Pol β (e.g., ref.37) and DNA polymerases in general.4-6 Instead,
we believe that it is considerably more likely that fidelity is determined by the binding
energy plus the activation barrier of the chemical step, and that the barrier for
conformational changes between the open and closed forms is not likely to determine the
fidelity in Pol β.14,15 Experimental evidence also indicates that the open to closed
subdomain transition is too rapid to be rate determining.38-41

A recent computational study16 has attempted to generate the catalytic landscape for Pol β
and obtained insightful conclusions including capturing some of the structural changes, that
were not known at the time of that work (see discussion). However, after the crucial
elucidation of the structure of R (ref.42) and W (ref.43) we can move to a more concrete
ground. In fact, the advances in structural studies led to several interesting theoretical
studies.17,44,45 However, some of these studies17,27,44,46,47 involve some questionable
conclusions. For example, a QM/MM study on the prechemistry barrier, before the
nucleotide transfer reaction, in human DNA pol β with a G:A mismatch in the active site44

was estimated to be about 14 kcal/mol. Based on this, the authors suggested that the free
energy required for formation of the prechemistry state is the major contributing factor to
the decrease in the rate of incorrect nucleotide incorporation compared with correct
nucleotide insertion and therefore to the fidelity enhancement. Also in a more recent QM/
MM study on DNA polymerase IV (Dpo4),48 it was argued that the prechemistry
reorganization of the catalytic site ( which brings the enzyme to an active conformation from
its x-ray position prior to the chemical reaction) would cost approximately 4.0 to 9.0 kcal/
mol. However, both these studies employed a problematic treatment, using basically energy
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minimization without proper relaxation and sampling.49 Such treatments can lead to
artificial barriers as they will be illustrated in the present work.

In a complex enzymatic reaction, involving the association of the enzyme with more than
one substrate, it is unlikely that the highest energy barrier will be approached in a single step
from the ground state reactants. Instead there will be one or more intermediate steps along
the path way. This fact and other considerations led different workers46,50 to suggest that the
intermediate points can serve as kinetic checkpoints. Basically it was argued that although
the presence of such checkpoints will not change the overall fidelity of the reaction , they
will define the pathway by which that fidelity would be realized. In the polymerase reaction,
the intermediate steps or checkpoints will allow rejection of inappropriately paired dNTPs
before the polymerase attempts phosphodiester bond formation of such substrates.50

Unfrotunetly, these concepts are not based on clear molecular concepts and have not been
supported by consistent simulations. In fact, even the common suggestion that fidelity is due
to the induced fit effect, is not based on clear structure-energy analysis.16 ( see also
discussion in section IV. 2)

Fortunately, with the new available structural information42,43 we are entering a stage where
one can apply consistent theoretical analysis and establish the molecular origin of replication
fidelity, while analyzing (and disproving if needed) problematic proposals. Such an analysis
is the purpose of the present work.

In order to set the stage for our discussion and analysis we start with the general working
hypothesis of Figure 1. This conceptual figure has emerged from our previous studies of
DNA polymerases15,16 where we concluded (based on calculations of the barrier for the rate
determining chemical step) that the path along the coordinate for the chemical process pass
at a somewhat different value of the “orthogonal” coordinate of the protein structural
changes (typically considered as the motion between the open and closed forms). We would
like to emphasize that, this view is fundamentally different than related assumptions19 that
the barriers for the conformational changes between the open and closed form contribute to
fidelity or to the reaction rate. The barriers for the motion from the open to closed form in
the reactant state of R (from rORS(R) to rCRS(R) in Figure 1) is not likely to influence fidelity,
or for that matter, the reaction rate for both W and R, as long as they are lower than the
chemical barriers.35 Similarly the interesting possibility that the pre-chemistry barriers are
different for W and R (e.g., ref.19) is not likely to influence fidelity as long as those barriers
are lower than the chemical barrier. In other words, we are focusing here on the path
between the bound incoming dNTP to the product (rCRS(R) to rCP(R) and rC’RS(W) to rCP(W))
and on its dependence on the protein conformation, assuming (based on experimental
findings) that the chemical step is rate-determining (this point will be further considered in
the Discussion section IV).

With the above perspective in mind we try to move forward from our previous study (using
now the actual structures of R and W of Pol β) and address the following questions: (i) the
possible relationship between the chemical barrier for R and W and the orthogonal protein
conformational coordinate; (ii) The general relationship between the landscape of the protein
conformations and the catalytic power of enzymes; (iii) the molecular meaning of the
“induced fit” effect and its relationship, if any, to fidelity; (iv) the problems with the
prechemistry concept; and (v) the idea of coupled motions and check points.
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II. Computational Methods
II.1 Potential surfaces

II.1a General Considerations—To simulate the chemical steps in the reaction of DNA
polymerase it is essential to have a reasonable potential energy surface that describes the
bond-breaking and bond-making processes. The empirical valence bond51 approach
provides a powerful tool. The EVB method has been described extensively elsewhere (e.g.,
refs.51-53) provides a powerful way of obtaining reliable activation free energies, while
taking into account the full protein flexibility and configurational space. Key details about
this method are given in the SI.

The EVB calculations require information about the reaction mechanism and potential
surface for the solution reaction as well as the most likely mechanism for the reaction in the
protein. In the case of the reaction catalyzed by Pol β, there is still debate (and some
confusion) whether phosphodiester hydrolysis reaction follows an associative, dissociative
or concerted mechanism (these mechanisms are depicted in Figure 2). Thus we have
emphasized for a long time the need for a careful analysis of the relevant experimental and
theoretical information about this type of reaction as well as related phosphate monoester
hydrolysis reactions in solution.54-58 Our studies demonstrated repeatedly that the available
experimental information (including linear free energy relationships (LFER) studies) cannot
tell what is the mechanism, but that all careful and consistent computational studies (that in
fact reproduce the available experimental results) lead to associative and/or concerted
surfaces, unless we deal with extremely strong leaving group. Our most careful recent ab
initio solution study of phosphate diester hydrolysis56 produced the surface shown in Figure
3A where the reaction proceeds through a concerted path. Using a similar surface to
calibrate our EVB we concluded previously12 that an associative mechanism with some
concerted character is the most likely reaction mechanism for correct nucleotide insertion.
Thus for chemistry in the active site of Pol β, we assumed the reaction takes place in the
three generic steps (see Figure 2); a proton transfer from the primer 3′OH is followed by in-
line nucleophilic attack of 3′O− to the dNTP α-phosphate, and the reaction is completed by
the departure of the pyrophosphate leaving group (as discussed here, these steps can involve
a concerted process). For the proton transfer step there are also several possibilities: the
proton of the primer 3′OH could either transfer to Asp256, 5′-oxygen or a non-bridging
oxygen of the dNTP α-phosphate, or a surrounding water. Based on previous simulations, it
seems most likely that the dominant mechanism involves a proton transfer to Asp25612,28 or
water followed by nucleophilic attack on Pα by the deprotonated 3′OH and formation of a
pentavalent intermediate in an associative/concerted mechanism. The concerted EVB
surface calibrated on the ab initio solution reaction appears to reproduce the main features of
this surface as shown in Figure 3B.

Although the above concerted surface provides the most reliable representation of the true
surface, we found out that we can obtain very similar results (see below) with a stepwise
surface that allow for significantly more efficient calculations and thus more effective
sampling. More specifically, in our study, we constructed the EVB surfaces by exploring
both the stepwise associative and the concerted path with a single TS. In the associative
mechanism, we considered the initial proton transfer to both bulk water and Asp 256. The
corresponding EVB resonance structures are depicted in the Figure 4A. Both calibrated EVB
surfaces reproduce the barrier of the solution surface and can be used for studies in proteins
by replacing the solvent with the protein environment (after demonstrating that the two EVB
representations produce similar calculated barriers in the protein).

The modeling of the different mechanistic options is described in the SI, and here we only
address key points.

Prasad and Warshel Page 4

Proteins. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



II.1b Proton transfer to the bulk water—In order to have a complete reaction free
energy profile, we need to calculate the proton transfer activation barrier, Δg‡

PT. However,
since this step is not likely to be the rate limiting in the nucleotide incorporation reaction of
Pol β, it is sufficient (in most cases) just to calculate the proton transfer reaction energy,
ΔGPT, which in turn requires calculating the pKa shift of the proton donor. This was done as
described in the SI (II. 1a). In this respect we like to point out that as much as reactions in
proteins are concerned we believe that the calibrated EVB provided by far the most reliable
tool59 as well as analysis of the requirements for converging pKa calculations by ab-initio
QM/MM approaches.60

II.1c The mechanisms considered—All the steps associated with the associative (i.e.,
initial PT to bulk water, or Asp256, nucleophilic attack, leaving group departure) and
concerted pathways explored in this study are described in SI (II. 1 – II. 2).

II.1d What about PT to the phosphate—A mechanism of a PT to the phosphate has
been considered in our previous works for phosphomonoesters (eg., refs.55,61). This type of
mechanism can operate in polymerases12 and a version of this mechanism has been used
recently in a QM/MM energy minimization study of Pol β27,47 considering PT from the O3′
to the O1γ of pyrophosphate through two water molecules. It was further argued that this
mechanism might be the most favorable pathway even for other polymerases.47,48

Unfortunately, the study of refs.47,48 and the corresponding conclusions involve major
problems. First, the energetics of the PT process has not been calibrated or validated by any
pKa or related calculations in solution. Second, the evaluation of proton transfer barriers and
paths by energy minimization has been show by us (e.g., refs.59,62) to be extremely
problematic, including cases with relatively careful treatments (e.g. refs.63,64). Overall we
have shown (and others now started to reach similar conclusions65) that electrostatics rather
than the orientational effects would drive the proton transfer in biological systems and that a
proper sampling is essential to obtain the relevant activation free energies. Similarly we also
have shown that when the distance requirements are not extreme (namely when the energy
of bringing the donor and acceptor to close distance is not very high) PT is most unlikely to
occur via several water molecules. In fact we are not aware of any case where a proposal of
PT trough several water molecules in catalyzing phosporyl transfer reaction have been
shown (by proper sampling to have a lower barrier than a PT through a single water
molecule.

II. 2 Initial structures preparation for EVB calculations and simulations protocol
The preparation of the initial structure for the simulations is described in the SI (IV. 1).
Furthermore, the preparation of the system configurations for the conformational study
using renormalization approach described below are also described in the SI (IV. 2).

The simulation protocol is also described in the SI (V) but we like to clarify that the EVB
and FEP calculations were done with the LRF long rang treatment (which is equivalent to
having no cutoff for the electrostatic interactions). All the simulations were performed using
the MOLARIS simulation package.66 The nucleic acid bases were represented by AMBER
charges67 and ENZYMIX vdW parameters (after validation that these parameters give
reliable solvation energies and base-pairing energies and structures). A single center model
with the vdW parameters r* = 1.30 and ε = 0.06 kcal/mol12 was used for the Mg2+ ions.

The effect of ionizable groups was taken into account as follows: (i) by performing EVB
calculations where only the ionizable residues within the 10 Å region from the geometric
center of the EVB atoms are ionized, and then (ii) evaluating the effect of the remaining
ionizable groups beyond the 10 Å from the geometric center of the EVB atoms by using a
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macroscopic treatment with a large dielectric constant for charge-charge interaction.68 The
ionization states were evaluated by using our Monte Carlo (MC) approach. The overall
effect of the ionizable groups beyond the 10 Å region was found to be quite small (i.e., a
change of ± 1.5 kcal/mol of the activation free energy).69,70

II.3 The renormalization approach
Although the EVB mapping approach explores the conformational landscape around the
starting configuration, it does not explore regions that are separated from the starting
configurations by large barriers (excluding of course these changes that are captured by the
EVB mapping procedure). Since we are also interested here in the effect of large
conformational changes, we have use the renormalization approach.71-73 In this approach
one tries to get the best correspondence between the free energy and dynamics of a full
explicit model (all-atom molecular dynamics) and an implicit Langevin Dynamics (LD)
model of reduced dimensions. The correspondence is achieved by using constraints of
varying strengths in both the implicit and the explicit models and then adjusting the friction
in LD treatment to maximize the agreement between the time dependence responses of both
models. The external constraint allows us to run all-atom molecular dynamics simulation in
a reasonable computer time and then to obtain key information for LD simulations of long
time processes. This approach had already been tested and used very effectively in studies of
the selectivity of ion channels,74 in proton transport simulations,62 in protein dynamics,71

and in evaluating PMFs.72

III. Results and Analysis
The central aspect in modeling enzyme catalysis is the comparison of the free energy
profiles of enzymatic reactions to the corresponding reference reactions in water, using the
same computational methodology. Such a strategy, which is the main point of EVB studies,
allows one to elucidate the factors responsible for the rate enhancement in the active site of
polymerases and to quantify the effects that determine the fidelity. Thus we determine in the
current work the free energy surfaces of nucleotide insertion reaction of Pol β with correct
(R) and incorrect (W) nucleotide pairs (as well as the reference solution reaction), and
explore different key structure-function aspects of the DNA pol β fidelity problem.

III. 1 Exploring the Reaction Surface in the protein
One of our main tasks has been to obtain free energy surfaces that are not only sufficiently
reliable to capture the correct reaction path, but also able to reproduce the proper free energy
surfaces for possible prechemistry events. This is crucial since previous fidelity
studies,17,20,27,44,47,48,75 with the exception of (our PROTEINS 200816), have used rigid
protein model with what amounts to problematic energy minimization studies. In particular
it is unlikely that such studies can capture the free energy relaxation associated with the
protein response to the motion from the W to R system.

After calibrating the reference reaction (section II), we considered the reaction in Pol β using
the simulation protocol described in section II and SI, and the results of these simulations
are depicted in Figure 6 and Table 1. More specifically, the reaction free energy for PT from
the 3′-O-ribosyl group to OH− in the bulk water was estimated by calculating the difference
in salvation free energy of the 3′-O-ribosyl group in aqueous and protein environments. This
approach does not give us the Δg≠. However, the calculated magnitude of ΔG0 for both the
R (2.9 kcal/mol) and W (2.4 kcal/mol) systems suggests that PT step is not the rate limiting
step for the overall nucleotidyl transfer reaction. Interestingly, the corresponding reaction
free energy associated with the PT to Asp256 in the R system of Pol β is 8.2 kcal/mol, which
is approximately 2 kcal/mol higher than the corresponding free energy in the active site of
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T7 pol.12 The calculated activation free energy barrier associated with this PT step is 10.0
kcal/mol.

The nucleophilic attack of the 3′-O− group of the deoxyribose on the Pα phosphorous atom
( step II → III in Figure 4), following a PT to the bulk water, was evaluated for R and W
systems of Pol β. The calculated energies indicate that in the case of R, the reaction proceeds
via a transition state (TS) with activation free energy of about 14.0 kcal/mol relative to the
deprotonated state and leads to the formation of penta-coordinated intermediate state which
is 11.7 kcal/mol higher than the deprotonated state (similar barrier was found with the
concerted path). However, in the case of the W system, a direct nucleophilic attack from
r(ES(W) (the configuration of the reactant enzyme-substrate complex where the position of
the template O3′ primer corresponds to its x-ray position in W system) the energy continued
to rise and the transition state was found to lie above 50 kcal/mol above the corresponding
initial deprotonated state. This clearly demonstrated that in the unrelaxed ground state
geometry of the W system, the nucleotide transfer reaction involves a very large barrier.
Obviously, we have to allow a proper relaxation and to generate the proper least energy path
for the nucleophilic attack step (see below). At any rate, generating a relaxed prechemistry
state for W (where the configuration of the W system is similar to that found in the x-ray
structure of pol β with the R system42) leads to the formation of a penta coordinated
intermediate state with an energy 13.42 kcal/mol higher than the corresponding
deprotonated RS state. The activation free energy barrier associated with this process is 16.1
kcal/mol, which is higher by 2.1 kcal/mol from its corresponding matched nucleotide pair
(R) reaction. Here, it is important to realize that while carrying out these protein simulations
in both R and W cases, no positional or distance constraints were imposed on the systems. In
other words, unlike the previous studies,17,20,44,47 the results obtained here were not biased
or influenced by any constraints and they were obtained by proper exploration of the phase
space. These results reproduced the observed trend in kpol where adding the difference in the
binding energy (see below) reproduces the observed fidelity (Table 1).

In the associative stepwise mechanism we have to consider, in addition to the nucleophilic
attack step, the departure of the leaving group from the pentavalent phosphorane
intermediate (the step that corresponds to the III → IV transition in Figure 4A). The barrier
associated with this step increases the overall activation barrier by 4.1 and 4.7 kcal/mol for
R and W systems respectively.

In addition to the PT to bulk water mechanism, we also explored the mechanism with
Asp256 as a general base in R system. This corresponds to the V → VI transition in Figure
4A. In this mechanism, Asp256 is neutral in the reactant state. The resulting activation
barriers and the reaction free energies are shown in Figure 6C. The activation barrier for this
mechanism appears to be higher than the corresponding barrier for the path with PT to the
bulk water. Thus the barriers for the mechanism with Asp256 as a general base , for the W
system, would be even higher. With this consideration in mind we did not explore the
Asp256 as a general base mechanism for the W system .

As stated above the true transition state probably involves a concerted mechanism but the
catalytic effect of the protein can be assessed by considering the stepwise mechanism. To
establish this point we calculated the free energy surface , for the concerted path of the
nucleophilic attack of the 3′-O− group of the deoxyribose on the Pα of the incoming
nucleotide. The resulted free energy surface is depicted in Figure 6B. As seen from the
Figure the activation barriers for the concerted and associative paths are comparable
suggesting that the exact nucleotidyl transfer mechanism (concerted or stepwise associative)
have very little impact on our conclusions about fidelity and prechemistry as long as we
model both systems with the same EVB.
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It is important to address here previous QM/MM studies,17,44 which obtained concerted
reaction path in pol β. The calculated path is probably quite reasonable. However, as a
general note for workers in the field we would like to point out that the surface is energy
minimized potential surface rather than a free energy surface (this clearly leads to problems
in determining the prechemistry barrier) and there are other potential problems in using
energy minimization approaches (see ref.49). However, our main concern which is clearly
not limited to the work of ref,17,44 is the fact that it has not been validated by reproducing
the observed barriers for the solution reaction. The tendency to assume that just performing
ab initio QM/MM calculations in proteins should give the exact barrier is quite risky in our
view. Thus having a calibrated EVB surface that exactly reproduces the best information on
the solution reaction is clearly a powerful way of getting reliable results. However,
unfortunately ref17,44 overlooked the existence of proper QM/MM-EVB free energy
calculations (e.g., ref.12) that could have helped at least in validating the prechemistry idea.

It is also instructive to comment here on the recently proposed nucleotide transfer
mechanism in pol β and other polymerases,47,48 where the reaction proceeds in a concerted
fashion with the simultaneous transfer of the proton to the O1γ of pyrophosphate through
several water molecules (following Grotthuss like mechanism) and the attack of the
deprotonated O3′ primer on the Pα atom of the incoming nucleotide. Though there will be a
pool of water molecules in the vicinity of the enzyme active site, the actual PT pathway
depends on the electrostatic environment and the pKa values of the donor and acceptor (this
can also be a water molecule). This point has been repeatedly argued and shown several
times in the literature.59,62 Hence PT to a water molecule is possible only if its pKa and the
surrounding electrostatic environment favor this transfer. Unfortunately, in the above
mentioned study, the PT process has not been calibrated or validated by any pKa or related
calculations in solution. Furthermore, the evaluation of proton transfer barriers and paths by
energy minimization has been show by us (e.g., refs.59,62) to be extremely problematic.
Therefore, one needs to critically assess all the possible pathways before adopting it. Here it
is important to realize that the reported attempt48 to explore this path obtained a high barrier
only because it involves large distance between the donor and acceptor, which is most
probably entirely due to the use of energy minimization without proper relaxation of the
protein (see the related prechemistry examination below).

Similarly, a related proposal of concerted PT between several acidic groups47 is problematic
i.e., any proposal of PT between acidic groups is as reliable (or less) than the corresponding
ability to calculate its pKa of the bridging groups. Here the challenge of obtaining pKa by
QM/MM calculations has only been accomplished by only few groups in particular in our
study.60 Finally, any proposal that suggest a PT trough several water molecules must be
evaluated by considering a path without any bridging water molecule.

III. 2 Examining the Proposals of Major Prechemistry Barriers
After reproducing the observed fidelity it is possible to explore the origin of the
corresponding difference in barriers. In doing so we started by examining the idea that this
effect involves differences in the so called prechemistry barriers. More specifically, a recent
study,44 estimated the relative barriers in moving the primer terminal O3′ atom of the W
system from r(ES(W)) to its prechemistry state, using a quantum mechanical cluster model.
This study suggested that the prechemistry state corresponds to a local minimum at 4.4 kcal/
mol above the corresponding initial state (the reactant state). It was also concluded that the
system has to surmount a potential barrier of 14.1 kcal/mol to form the prechemistry state,
starting from r(ES(W)). These findings led to the suggestion that the free energy required for
formation of the prechemistry state is a major factor contributing to the decrease in the rate
of incorrect nucleotide incorporation as compared to the correct insertion and therefore to
their observed fidelity. Although estimating activation barriers in enzyme catalysis using
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quantum mechanical cluster models or QM/MM methods and energy minimization
approaches is a common practice in the scientific community,17,27,44,47,48,75-77 it has been
argued and demonstrated several times in the literature that these models cannot estimate the
free energy barriers accurately and consistently (e.g., ref.49).

The main problem with the conclusions from the above studies is the fact that energy
minimization approaches involve major problems in estimating the free energy barriers in
multidimensional systems. Thus we focused here on using the proper free energy
calculations. That is, in order to estimate the relative free energy and the free energy barrier
associated with the formation of prechemistry state, we evaluated the PMF of moving the
template primer terminal O3′ oxygen in the W system from its ground state position to its
position in R (prechemistry state). To achieve this we generated 5 intermediate protein
conformations between the ground and prechemistry states by gradually decreasing the
distance between O3′-Mg2+. Each of these intermediate structures were equilibrated for 20
ps with a constraint of 10 kcal/mol to obtain the minimized protein structures at that
particular O3′-Mg2+ distance. These structures were further subjected to another 20 ps
equilibration, this time by only imposing the 10 kcal/mol distance constraint on O3′-Mg2+

distance. Utilizing these structures we evaluated the free energy barrier between the reactant
and prechemistry state by estimating the free energy difference between the successive
intermediate states. This was done using the creation and annihilation transformations by
following the thermodynamic cycle shown in Figure 7. The resulting PMF for this motion is
shown in Figure 8 (profile A). The barrier obtained by this procedure appeared to be very
small (3.58 kcal/mol) relative to the barrier deduced by the energy minimization treatment
(14.1 and 4.0 to 9.0 kcal/mol in refs.4448 respectively). The reason for the low barrier is the
fact that we actually calculated the PMF for the process of moving the O3′ to its catalytic
position without any constraints on the protein environment. Apparently the energetics of
this process is drastically overestimated in calculations that keep the protein fix beyond the
immediate reaction region.44 To illustrate this important point we repeated the above PMF
calculation by restricting the protein motions within 10 Å distance from the geometric center
of template primer residue (reactive region) using force constants 0.5, 1.0 and 3.0 Kcal/mol.
The corresponding PMFs are depicted in Figure 8 (profiles B-D), where we reproduced
artificially high PMF barriers (5.61, 5.93 and 7.6 kcal/mol) with the application of varying
constraint forces on the immediate reaction region. These results clearly demonstrate that the
prechemistry barrier cannot be evaluated reliably without allowing the protein to relax.
Thus, in addition to the sampling issues, and the problem with inappropriate energy
minimizations, it appears that fixing of the protein environment leads to a drastic
overestimation of the free energy barriers associated in moving the primer O3′ from reactant
state to the prechemistry state. Apparently the barrier in W does not involve any rate
determining prechemistry step and the 3.58 kcal/mol contribution to the chemistry barrier is
simply of the penalty of moving to the correct preorganization (see section III. 3).

To gain further insight about the catalytic landscape of R and W systems, we generated two
dimensional (2D) surfaces for the free energy in the space generated by the chemical
coordinate (the coordinate that describes the nucleotide transfer reaction) and the coordinate
that describes the movement of the template 3′ primer. Figure 9 describes the calculated
surfaces for R (Figure 9A) and W (Figure 9B). In both cases we depict the conformational
coordinate along the path from (r(ES(R)) (configuration of the reactant enzyme-substrate
complex where the position of the template O3′ primer corresponds to its x-ray position in
R) to r(ES(W)). The movement of the template primer along the conformational coordinate
was achieved, in both the R and W systems, by generating 9 intermediate structures between
these states by gradually changing O3′–Mg2+ distance. Each of these intermediate structures
were equilibrated for 20 ps with a constraint of 50 kcal/mol acting upon the 24 Å region of
the protein from the simulation center defined earlier. These structures were further
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subjected to another 20 ps equilibration, using 10 kcal/mol on the 24 Å region of the protein.
Then the nucleophilic attack of the O3′ primer onto the corresponding Pα atom of the
substrate nucleotide was carried on all these conformational states. The observed results are
depicted in Figure 9A and 9B for both R and W systems respectively. Both the EVB
surfaces of R and W systems show the common trend of a TS of more than 35 kcal/mol
when the O3′-Mg2+ distance is larger than 3.0 Å. The calculated activation barriers from
initial to the target state through the intermediate states in both the R and W systems clearly
indicate that the nucleotide transfer is more favorable from r(ES(R)) where the primer
(nucleophile) strongly interacts with the catalytic Mg2+ ion. Furthermore, the chemical
barrier from the r(ES(R)) structure is lower for R than the W thus reflecting the fact that the
system R is better preorganized at r(ES(R)).

III. 3 Examining the Nature of the Contributions to Fidelity
As stated above we reproduced the observed fidelity and also illustrated that it is not due to
prechemistry effects. Thus it is interesting to elucidate the origin of the calculated (and
observed) fidelity. To address this issue we evaluated the binding free energy of the
incoming nucleotide at r(ES(R)) and r(ES(W)) both in the R and W systems. The
corresponding binding energies are obtained by following the same strategy used in our
recent study where we reproduced the observed change in transition state binding free
energy in different mutants and upon change of the bases.45 In this approach we evaluated
the binding energy of the chemical (triphosphate) and the base sites separately, by running
independent protein dipole Langevin dipole simulations in the linear response
approximation version (PDLD/S-LRA),66,78 using dielectric constants of 40 and 2 for the
chemical (triphosphate) and base sites, respectively (this approach is justified in ref.45). The
corresponding calculated binding free energies are summarized in Figure 10. As seen from
the Figure 10, the interactions with the base binding site (Figure 10A) favors the W system
at r(ES(W)), whereas the R system is favored at r(ES(R)). However, the energetics of the
chemical site (Figure 10B) follows exactly the opposite trend i.e., the R system prefers
r(ES(W)) and the W system prefers r(ES(R)). Therefore, the balance between the binding of
the base and the chemical sites is the essence of the allosteric effect that controls the fidelity
of DNA polymerases (see also the discussion section IV).

III. 4 Exploring the Idea of Coupled Motions and Checkpoints
Recent ideas that the fidelity of DNA polymerases may involve “gate keeping” dynamical
effects46 and related earlier ideas79 are of interest and should be examined in a well defined
way. Time-resolved fluorescence80 and NMR81,82 studies have demonstrated that the
motions (which have often been referred to as dynamics) of α-helix N are reduced when
Watson-Crick hydrogen bonding occurs (i.e., correct nucleotide binding), but not when
hydrogen bonding is absent. In contrast, protein side-chain motions are increased in the
vicinity of the active site aspartates when the closed complex is formed.81,82 However, these
motional effects are not likely to represent true dynamical effects but merely equilibrium
thermal fluctuations that follow the Boltzmann populations in different landscapes. In this
case we simply have well defined entropic effects; an analysis and interpretation of these
types of dynamical effects is discussed in refs.34,83 We have not found convincing
theoretical or experimental evidence that dynamical effects play a significant role in
catalysis.34

Here we would like to point out that we have already provided clear illustration of the
problem with the dynamical proposals35,71 and that none of argument of dynamical effect
has ever include a full consistent study of the time dependence of such effect.35 In the
present work we do not like to repeat our previous examination of the dynamical proposal
but rather to relate it to the fidelity problem. That is, as outlined in section II.3 we try to get
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the best correspondence between the free energy and dynamics of a full explicit model (all-
atom molecular dynamics) and an implicit Langevin Dynamics (LD) model of reduced
dimensions. Since we have a powerful way of obtaining the EVB profile for the chemical
coordinate at each conformational state, we focused on evaluating the energetics of the
conformational transition. That is, in both R and W systems, we studied the energetics of the
conformational transition from the open to closed structure (with the bound nucleotide) ,
through three intermediate states (in the sequence open → Int1, Int1→ Int2, Int2 → Int3,
and Int3 → close). This was done sequentially using targeted molecular dynamics (TMD)
simulations applying various force constants, ranging from 0.0002 to 0.001 kcal/mol, on all
the heavy atoms. In each case we selected the lowest force constant that was sufficient to
lead to a complete transfer of the initial state to the target state. The corresponding time
dependence of the conformational changes in each segment where evaluated and the PMF of
the simplified model (as well as the friction) was then adjusted so that the LD simulation
with this model would produce a similar time dependence (see ref.72 for a more systematic
description). The resulting refined conformational free energies combined with the EVB
chemical profiles were used to construct the free energy landscape described in Figure 11.

In considering the idea of checkpoints it is important to try to estimate the rate determining
conformational barrier. Here we start by noting that a recent stopped flow fluorescence
analysis84 suggested that, in pol β, the rate of conformational step for G:dCTP pair is faster
than the nucleotide insertion step (64.4 s−1 vs 12.5 s−1). This suggests that after binding of
the nucleotide to the open conformation of pol β, the complex has to surmount a free energy
barrier of ~15.0 kcal/mol to reach to the catalytically favorable closed state. In this respect, it
is important to realize that the second Mg2+ ion only binds to the catalytic site after the N-
subdomain undergoes open → close conformational change. Thus the barrier for the open →
closed transition should be evaluated with only one bound Mg2+ ion which assists the
incoming dNTP. With this point in mind we evaluated the conformational barriers
associated with the open → close transition of pol β ternary complex in the presence of
DNA, dNTP and only one Mg2+ ion, using the renormalization approach, and obtained the
values of 14.17 and 15.46 kcal/mol for the R and W systems, respectively.

It is important to realize that while evaluating the time dependence of the conformational
changes in every segment, the protonation states of all the ionizable residues were evaluated
using Monte Carlo (MC) approach and set to the corresponding values. At any rate, it is
encouraging to note that the agreement between the calculated and observed values of the
conformational barriers demonstrated the reliability of the renormalization approach in
particularly in cases when the associated changes are multidimensional where a particular
reaction coordinate is extremely difficult to define.

After gaining clear insight on the conformational barrier we further explored the
conformational and chemical coupling by constructing the free energy landscape in the
space of the open → close coordinate and the chemical coordinate. It is interesting to note
that in the case of W, the energy of nucleophilic attack initiated from the open, intermediate
and closed states, continued to rise and the transition state was found to lie above 50 kcal/
mol above the corresponding initial deprotonated state. Similar trend was observed when the
nucleophilic attack was initiated from r(ES(W)) as described in III.1. This clearly indicates
that in W system, after forming the complete active site ground state geometry, starting from
open configuration, a prechemistry state must needs to be formed before the chemical step
and the proper PMF calculations (section III. 2) without any artificial constraints acting on
the protein environment suggested that the prechemistry state is 3.12 kcal/mol higher in
energy relative to the complete active site ground state geometry.
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Here, we mainly want to emphasize that we can capture the main features of the catalytic
landscape and that as long as the conformational barrier is lower than the chemical barrier
(which is the case in pol β44,85) we will not find any effect of the motion on the
conformational coordinate on the overall rate constant (see below). This point can be proven
by running LD on the surfaces of Figure 11 without any constraints but the general results
have already been established in ref.71

At this stage we can return to the discussion of the idea that dynamical effects help in the
controlling fidelity. First as pointed out above we cannot obtaining any significant
dynamical coupling between the conformational motions (moving from open to close) to the
chemical step. Furthermore even if there was some dynamical coupling it would be difficult
to see how it would be advantageous to use these as a mechanism to control replication
fidelity. Fidelity is determined by the ratio between kpol/Kd of R and W. If the rate limiting
step is the conformational transition between the open and closed conformations and the
barrier for these states are much larger for W than for R, then there could, in principal, be
conformational control of fidelity. However, this mechanism is in conflict with chemistry
being rate limiting (see refs.14,15,39). If the chemical step is rate limiting, then it seems that
the only way for conformational changes to control fidelity is that the TS for both W and R
must occur in a different conformation than the RS, and the barrier along the conformational
axis in Figure 11 is higher than the chemical barrier, and that this barrier will be higher in W
than in R.

Finally, it may be useful to comment here on the implication of ref.19 that prechemistry
steps can have a major effect on the fidelity. Apparently as long as the barriers for the pre-
chemistry steps (e.g., the open to closed conformational change) are significantly lower than
the chemical barrier they cannot change the kinetics and the corresponding fidelity (except
in some particular saturation conditions). That is, the reaction rate is determined by the
difference between the energy of the TS and the E+S state for the chemical step. Having
many barriers between the open and closed configurations in Figure 11 is not going to
change the kinetics as long as these barriers are smaller than the TS barrier. An additional
insight is obtained for example from inspection of Figure 1 of ref.20 This figure describes
the calculated barriers for the pre-chemistry steps. Since the barriers for W are smaller than
that for R it is very hard to see how these barriers could account for the observed fidelity.
The obvious answer is that the real difference is in the chemical step.

Some workers (e.g., ref.86) have argued that the rate of substrate release from the active site
plays a major role in determining the fidelity. However, in our view, having the free energy
surfaces (and barriers) does provide the complete picture about the fidelity issue, and talking
on forward and backward rate does not provide any additional insight. Of course, in some
cases when the barrier heighths (e.g. for prechemistry and chemistry) are similar or when we
have very deep traps one has to convert the energy diagram to rate diagram and solve the
rather trivial kinetic problem for the relevant concentrations. However, it is not useful to
basically confuse the issues and to talk on dynamical like effect when the energetics
determines all the rate constants and when simple kinetic treatment of these rate constants
gives the fidelity. As a case in point it is useful to look at the kinetic diagram of Figure 12,
This type of surface, suggested by Johnson86, presents the interesting situation when the
chemical barrier in T7 may be lower than the prechemistry barrier. Although it is unlikely
that this is the situation in T7 we cannot exclude it without careful calculations. However,
the only insight provided by the diagram of Figure 12, is that the overall rate in the case of R
is controlled by the presumed prechemistry barrier. There is no need to address this feature
by talking on the fact that there will be a larger population in FDnN of R than of W, since
the bound substrate will go more frequently to EDn in W. This a completely obvious
consequence of the corresponding free energy differences and not a dynamical time
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dependent issue.The key real question is simply whether or not the prechemistry is rate
determining. If this is the case, then in fact we have a bad use of evolution, since with lower
prechemistry barrier we will have an even better fidelity, since the rate in R will be then
determined by the chemical barrier, (which is presumably lower than the original
prechemistry barrier).

IV. Discussion
At this point it is useful to discuss our main findings and their relationship to the different
concepts about the control of replication fidelity. This will be done below.

IV. 1 Landscape and fidelity
As demonstrated in the previous sections, the fidelity of DNA polymerase reflects an
allosteric competition between the binding of the base of the incoming dNTP to the base-
binding site and the binding of the TS to the catalytic site. In the case of an incorrect dNTP,
poor preorganization in the base-binding site and poor binding of the base lead to structural
rearrangements that are propagated to the catalytic site and destroy its preorganization.28

This allosteric control of fidelity, which is described in Figure 13, has been established here
at least in a qualitative way by the calculations summarized in Figure 10. This compensating
allosteric effect reflects a rather simple interplay of free energy contributions and should not
be described by such terms and “population shifts” since the population shift is a simple
result of the change in the free energy of being in different configuration and not a reason
for any well defined physical effect.

At this point it might be useful to discuss a recent study87 that used a conformationally
sensitive fluorophore attached to the recognition domain of T7 DNA polymerase to probe
structural changes. The kinetics analyses performed at that work suggested that the
conformational changes associated with the florescence kinetics are those involved in the
alignment of the catalytic site for R and for the misalignment of the active site for W. It was
then suggested that conformational changes that occur after the binding step and before the
chemical step play a major role in controlling the fidelity of DNA polymerases. It was
suggested that this step is used to align the active site for the correct nucleotide. Now, while
these findings are potentially important, it is important to realize that there are many
possible structural changes and only some of them have an impact on the chemical step. It is
likely that the fluorescence probe reflects changes in the base-binding site and does not
necessarily tell us about the preorganization in the catalytic site. That is, the most important
catalytic preorganization occurs upon binding of the charged part of the incoming
nucleotide, and this preorganization is expected to be similar for R and W. Then the base
binding process is used, in the case of W, to destroy the preorganization (see Figure 13). The
florescence changes observed with the current probe may reflect mainly the structural
changes in the base binding site rather than the relevant part of the induced fit. It seems that
only direct structural studies and/or simulation approaches can tell us about the nature of the
preorganization effect that follows the binding step. Using fluorescence labeling can be very
useful in estimating the time scale of these changes, but even this should be done with great
care, with two or more probes, trying to correlate the position of the given probe with the
two allosteric regions.

Regardless of the above uncertainty, it is important to consider the argument (e.g., ref.86)
that the rate of substrate release from the active site plays a major role in determining the
fidelity. The problems with this concept are considered in section III.3.

Prasad and Warshel Page 13

Proteins. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



IV.2 What is the relationship between induced fit and fidelity?
Since our work explored the role of conformational changes in pol β, it is important to
discuss the idea that the fidelity of DNA polymerase is related to the induced-fit
proposal.36,88-91 The fact that the substrate binding induces conformational changes that
bring Pol β to its catalytic configuration can be described as an induced fit effect. However,
this fact does not provide any information about the nature of the catalytic effect in the
preorganized active site, nor does it tell us how the structure of the ES (or in our case the E-
DNA-dNTP) complex determines the activation barrier of the chemical step. In other words,
the chemical catalysis does not depend on the structure of the enzyme before it binds the
substrate. Thus, the induced fit concept does not describe the origin of the ES structure.
Enzyme catalysis can be considered on the same level as other parts of the folding to ES
state (in general the folding energy is invested in reorganizing the active site92) i.e., the
catalytic power of enzymes is largely due to the preorganized electrostatic environment of
their active sites and the enzymes inherent folding energy is invested in reorganizing its
active site.

The use of the term “induced fit” to describe the origin of the polymerase fidelity is also
quite problematic. In fact, the use of kinetic diagrams of the type considered by Post and
Ray93 does not provide a unique thermodynamic analysis because they are not based on well
defined free energy surfaces (surfaces of the type presented in Figure 11). With actual
surfaces we can define the relationship between structural changes upon binding and the
corresponding energetics, including the energy change of the enzyme upon moving from
r(E) to r(ES) (this energy is defined as the reorganization energy upon binding94), the
change in the enzyme substrate interaction upon moving from r(E) to r(ES) and the change
in the activation barrier for the chemical step as the result of the binding induced structural
change (this is defined in terms of the change in the reorganization energy of the chemical
step and the work term.95). Without such estimates it is likely that the discussion will
become circular.

As discussed and established by the logical analysis of ref.16 it is almost impossible to
conduct a logical analysis of the induced fit effect without describing the relevant free
energy surface. However even with well-defined surface we must define what is the
reference state for the induced fit effect. When this is done16 we get different results for
different definitions. However, none of these results tell us how the induced fit determined
the fidelity. This point is further discussed below.

Since the induced fit upon binding of R leads to an improved catalytic configuration and
since some of the binding energy is being invested in the reorganization process, it might
seem reasonable to suggest that W will induce less reorganization (less induced fit) because
its active site is less preorganized. Unfortunately, such a suggestion, which is equivalent to
the assumption of a direct relationship between induced fit and fidelity, is unjustified. That
is, W and R are different molecules and there is no way to predict a priori which of them
will involve larger reorganization upon binding. In fact, if we assume that the binding of W
and R is similar without the induced fit effect and then follow the above idea we will
conclude that W binds better than R (since it has presumably smaller reorganization effect).
However, in reality W binds almost always less strongly than R. Apparently there is no way
to tell if the binding of W will lead to smaller or larger reorganization than the binding of R
since we only know that the binding of R improves the preorganization of the catalytic site.
The binding of W may involve small reorganization or a very large reorganization with a
very large cost. For example, the binding of W may be used to move the active site to an anti
catalytic configuration.
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IV. 3 Can the binding energy be used to control the fidelity ?
The idea that the enzyme uses the “intrinsic” substrate binding energy to achieve its optimal
catalytic effect (e.g.,96) has also been invoked in analyzing the induced fit effect.87,97 In
particular it has been implied that a portion of the binding energy must be consumed by
reorganizing the active site and thus will not be available to stabilize the TS.87

Unfortunately this line of thought is problematic. First, the whole assumption that the
enzyme uses the binding energy of distant groups lead to destabilization of the ground state
of the chemical part (this is the essence of Jencks’ idea96 about the usage of binding energy)
has not been confirmed by careful computational and conceptual studies of specific cases.92

One of the simplest ways to realize this point is to see that most mutations that reduce
catalysis also reduce binding rather than increase it. Second, the binding energy in the case
of induced fit is invested in part in pushing the TS to the preorganized structure and not
“consumed” in destabilizing the ground state. In other words, the binding energy that leads
to structural rearrangement increases rather than decrease catalysis. Now, as much as the
fidelity is concerned we may try to view the base as the distant part of the substrate (the part
that whose energy should be used for inducing catalysis). Doing so we face with the
problem that a good binding of the base (a good base pairing) is used to stabilize the TS
rather than destabilize the RS. This point can be seen by noting that mutations that increase
kpol significantly for R usually decrease KD (lower KD means stronger binding), or leave it
unchanged, rather than increase it,28 as would be expected if the reduction of Δg‡

cat is due to
ground state destabilization. Interestingly the distant part is quite effective in destroying
rather than increasing catalysis, as is obviously the case with W.

IV. 4 Catalytic landscape and dynamical effects
The present work considered in a preliminary way the effect of the complexity of the
landscape in enzyme catalysis. As illustrated in Figure 11, we may be faced with a complex
situation in assessing the probability of reaching the TS region in the multidimensional
surface of the enzyme-substrate complex. However, in contrast to some recent proposals31

we do not see any fundamental problem with this complexity, nor do we find a catalytic
advantage from this complexity. The possibility that the TS region has more configurations
than the RS is a simple entropic effect that does not appear to be supported by the fact that
the observed values of the activation entropies in enzymes are not large.98 The possible
dynamical effects associated with transitions between different conformational subspaces
during the fluctuations that lead to the TS are not expected to be large although simulation
studies of this issue are clearly needed. Of course, it is clear that different conformations can
be associated with different activation barriers as indicated by recent single molecule studies
of enzymes,29 but this point has been taken into account (at least in part) already in our
approach of averaging over different initial configurations (e.g.,99,100). That is, in our
simulations we frequently run series of FEP/US calculations starting with different initial
conditions and take the average of the calculated activation barriers. This approach
accomplishes more or less what is done in the so called replica exchange studies (see
discussion in ref.95) and provides an estimate of the effective activation barriers.

V. Concluding Remarks
This work explored the origin for DNA replication fidelity using the actual structures of W
and R in Pol β. It was found that the difference in fidelity can be completely accounted for
by the difference in the corresponding activation free energies and binding free energies,
without the need to invoke exotic factors. Furthermore, specific proposals of prechemistry
barriers were shown to be problematic and not supported by careful calculations that
allowed the protein to relax.
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In addressing the prechemistry idea we also considered the appealing concept of
checkpoints.46,50 Obviously, if the prechemistry barrier is rate determining it may determine
the fidelity. However, regardless of the height of this barrier one may suggest that it helps
fidelity by changing the open to close dynamics and allows more time to distinguish
between correct and incorrect nucleotide. Unfortunately, this idea suffers from the same
problems as the related dynamical idea. That is, as long as the prechemistry barrier is
smaller than the chemical barrier, the system will “forget” any information about the
situation in intermediate configurations and the overall rate and fidelity will not remember
much about the intermediate barriers.35,71 The only checkpoint in our case are the high
energy barriers. Intermediates and low energy barriers cannot affect the kinetics unless we
have extremely deep low energy intermediates ( which can also be treated by simple kinetics
in the Michalis-Menton type treatment.

The consideration of the nucleotide incorporation reaction of DNA polymerases, has led to
several mechanisms proposed especially for the initial proton transfer
step.12,16,17,27,47,48,75,77,101,102 It is proposed that the general base accepting the proton
from 3′-OH primer could be either an aspartate residue, OH−, O atom of Pα, or it could be
transferred to the triphosphate moiety of the incoming dNTP through either a single or
several water molecules. It is important to clarify here that computational proposal of PT
process in proteins has to be calibrated or validated by pKa or related calculations in solution
and also validated by a demonstrated ability to evaluate pKas in proteins.60 Furthermore, the
evaluation of proton transfer barriers and paths by energy minimization approaches has been
show by us to be extremely problematic.59,62 Therefore, one needs to critically assess all the
possible pathways ( comparing the relative heights ) before adopting any of them. Proposals
that are based on a PT through a single or several water molecules27,47,48 are questionable
since they have neither been validated by any pKa calculations nor based on proper free
energy simulations , extensive relaxation and careful comparison of alternative paths .

Some have wondered (e.g., ref.86) how can the weak binding of the substrate generate large
conformational changes leading to tighter binding and alignment of the catalytic residues. It
was also assumed that special theoretical approaches are needed for exploring this issue.
However, once one views allosteric effects as they actually are, namely a balance between
opposing free energy contributions (e.g., Figure 10) it is not so much an issue of the strength
of the interaction, but simply of having two states with a relatively small free energy
difference, so that a modest increase in the base-protein interaction in the binding site will
change the equilibrium to favor a state with smaller TS binding in the catalytic site. Here
there is no need to fully understand (the otherwise intriguing) path of conformational
changes but simply to evaluate the free energy contributions in the initial and final states (as
is done in Figure 10).

The surfaces obtained in this work allowed us to discuss the induced fit effect in a consistent
way. Previous discussions of this issue have been incomplete because they were not related
to well defined structure-energy relationships. Although our discussion of the induced fit
effect seems complex, we view it as an important step in illustrating that there is no way to
predict the trend in fidelity by using the typical induced fit concept since it is ambiguous as
to whether or not the fidelity might decrease or increase. In contrast, the calculations
described in Figure 8 probe the actual effect of the structural change. These calculations can
predict the consequence of the induced fit. Thus accepting that the induced fit concept does
not explain fidelity, we can still investigate the consequence of induced fit on fidelity in
specific cases using computer simulation or experimental approaches.

We also consider the relationship between the landscape and dynamic effects and concluded
that it is unlikely that there are major dynamical effects involved in controlling the fidelity
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of DNA polymerases. Similarly we find that the barriers along the path from the open to
closed structures in the pre-chemistry step are not likely to contribute to the overall fidelity,
unless the corresponding barriers are higher than that for the chemical step.
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Abbrevations

EVB empirical valance bond

Pol β DNA polymerase β

PMF potential of mean force

QM/MM quantum mechanics/molecular mechanics

LD langevin dynamics
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Figure 1.
Schematic free energy surfaces that illustrate possible coupling between the conformational
and chemical coordinates for the insertion of (A) correct and (B) incorrect dNTP by a DNA
polymerase. rO, and rC, designate respectively the open and closed configurations. TSC
designate the transition state associated with the conformational motion. RS, TS, and P
designate respectively the reactant state (ES), the TS, and the product sate. (R) and (W)
designate the right and wrong systems, respectively.
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Figure 2.
A schematic description of the chemical steps of the nucleotide incorporation reaction of Pol
β. Deprotonation of the primer 3′-hydroxyl is followed by nucleophilic attack on the Pα of
the incoming dNTP. Formation of O3′- Pα bond results in releasing a pyrophosphate group
(leaving group). As shown in the Figure, after the initial proton transfer, the reaction may
proceed either via a stepwise (associative or dissociative) or concerted mechanism.
However, previous studies (ref.103) suggested that the hydrolysis of a phosphate diester is
unlikely to proceed via a stepwise dissociative mechanism. In the stepwise associative
model, a pentacovalent intermediate is formed between the bond-forming and breaking
steps, resulting in two separate activation barriers. In the concerted model, reaction proceeds
through a single transition state with partial bond forming and bond breaking character at the
Pα.
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Figure 3.
The ab initio free energy surface (A) for the solution reaction (adapted from ref.56) and the
corresponding calibrated EVB surface (B). The reproduction of the activation barrier (20.8
vs 21.1 kcal/mol) and the corresponding transition state geometry (P-Onuc: 2.33 vs 2.32 Å
and P-Olg: 1.83 vs 1.88 Å) establishes our ability to model the concerted mechanism by the
EVB approach.
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Figure 4.
The valence bond structures representing the reactants, intermediates, and products, used for
modeling the pol-β catalyzed nucleotide insertion reaction with (A) stepwise associative
mechanism and (B) a concerted mechanism. Resonance states (I-IV) of A, corresponds to
the initial proton transfer (PT) to bulk water mechanism and the resonance states (V-VII) of
A corresponds to the PT to Asp256 mechanism. However, the concerted mechanism (B) is
explored only for the PT to bulk water mechanism.
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Figure 5.
The calibrated EVB free energy surfaces for the reference solution reactions corresponding
to the mechanisms proposed (stepwise associative (A) and concerted (B)) for pol β.
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Figure 6.
The energetics of the catalytic reaction for different systems and different mechanism. (A)
and (B) describe, respectively, the energetics of the associative and concerted mechanisms
for the R and W systems with an initial PT to the bulk solvent. (C) provides a comparison of
the activation and reaction free energies of the R system following associative mechanism
with the initial PT to both the bulk solvent and to Asp256. Note that both in (A) and (B), the
reference reactant state energy of the W system is at 3.12 kcal/mol, which is the free energy
associated in moving 3′-primer from its x-ray state to the catalytically more favorable state
as shown and described in Figure 8.
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Figure 7.
The thermodynamic cycle utilized for evaluating the free energy profile associated with the
movement of O3′-primer of W from its x-ray position to the catalytically more favorable
position. The template primer residue was considered as the solute which undergoes the
corresponding changes as shown by the thermodynamic cycle.
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Figure 8.
The PMFs associated with the movement of the O3′-primer of the W system from its x-ray
position r(ES(W)) to the catalytically more favorable position (where the O3′-P position is
the same as in r(ES(R)) using the thermodynamic cycle of Figure 7. Note the Figure
contains four PMF profiles (A – D) with varying constraint force constants acting on the
surrounding protein environment. Profile A corresponds to the PMF obtained with zero
constraints acting on the surrounding protein environment (this is the correct way of
obtaining the free energy since all the degrees of freedom of the protein are allowed to relax,
system reaches its equilibrium configuration). Whereas the profiles B – D correspond to the
PMFs obtained with the incorrect treatment (where the fluctuations of the surrounding
protein environment are restricted which might correspond to the non equilibrium
exploration of the phase space and leads to the artificially high reaction free energies and
high barriers as shown in the Figure). This clearly indicate that the artificially high barrier
(14 kcal/mol) observed in moving the O3′ primer from r(ES(W)) in the W system reported
in ref44 is due to the unrelaxed treatment of the protein environment during the evaluation of
energy profile .
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Figure 9.
The 2-D free energy surfaces for R (A) and W (B) systems in the space defined by chemical
coordinate (the coordinate that describes the nucleotide transfer reaction) and the coordinate
that describes the movement of the template 3′ primer (i.e., moving from r(ES(R)) to
r(ES(W)). r(ES(R)) and r(ES(W)) designate the configuration of the reactant enzyme-
substrate complex where the position of the template O3′ primer corresponds to its x-ray
position in R and W systems respectively. The evaluated activation barriers from the initial
( r(ES(R)) ) to the target ( r(ES(W)) ) state through the intermediate states indicate that
chemical reaction is more favorable from r(ES(R)) position in both R and W systems. Also,
the calculated barriers (14.0 (R) vs 16.1 (W) kcal/mol) indicate that the R system is better
preorganized at r(ES(R)). Note that the energy gap ΔE is used here as the reaction
coordinate.
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Figure 10.
A PDLD/S-LRA decomposition of the binding free energies of the incoming dNTP
nucleotide. The calculations estimate the energy contributions to the binding free energy at
r(ES(R)) and r(ES(W)) (where r(ES(R)) and r(ES(W)) designate the configuration of the
reactant enzyme-substrate complex where the position of the template O3′ primer
corresponds to its x-ray position in R and W systems respectively). The figure presents the
different contributions, where (A) provides the binding free energy contribution of the base
part of the incoming nucleotide, evaluated using εp = 2, (B) provides the binding energy
contribution of the triphosphate part of the incoming nucleotide evaluated using the εp = 40,
whereas (C) provides the total binding free energy of the nucleotide ( obtained as a sum of
the individual binding free energies of the base (A) and the triphosphate (B) parts of the
nucleotide ) . This use of different dielectric constants was introduced and successfully
employed in what appears to be a reliable evaluation of the TS binding free energies for
different mutants of pol β.45

Prasad and Warshel Page 32

Proteins. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 11.
The calculated catalytic landscapes for (A) matched nucleotide pair (R) and (B) mismatched
nucleotide pair (W) in the space defined by the protein conformational coordinate (with the
bound nucleotide) and the chemical reaction coordinate. The chemical reaction profiles for
open, closed, and for three of the intermediates were evaluated and then connected by a
simple interpolation. The conformational change along the open → close path was studied
using the renormalization approach whereas the chemical reaction pathway was explored
using the stepwise associative mechanism. The conformational barriers obtained in this
study are 14.17 and 15.46 kcal/mol for R and W respectively. These barriers correspond to
the open → close transition of pol β bound with DNA, dNTP and only the Mg2+ ion
assisting the dNTP binding was bound. In addition, the figure also contains, the state after
the binding of catalytic Mg2+ ion (close + Mgc (x-ray)). In case of mismatched nucleotide
pair (B), a prechemistry state (close + Mgc (cat)) is also included.
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Figure 12.
A schematic free energy diagram for correct (green: dCTP) and incorrect (red: dGTP)
nucleotide incorporation reactions for the T7 DNA polymerase (adopted from ref.86). Where
EDn represents the enzyme-DNA complex with a primer strand n residues in length, N: the
incoming dNTP, and FDnN: the closed state of the enzyme with bound DNA and nucleotide.
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Figure 13.
Illustrating the origin of the allosteric effect. The figure uses the calculations from Fig 10
(C) and illustrates at each point what are the relevant changes in the R and W systems. The
protein rearrangement upon binding of R and W at r(ES(R)) and r(ES(W)). The protein
provides optimal sites for both the chemical and base-pairing parts of R. On the other hand,
in the case of W, the protein has to relax in the base-pairing site (to provide good binding)
and this relaxation destroys the preorganization in the chemical part. The diagrams that
represent the different configurations illustrate this allosteric effect where the arrows
indicate the protein dipoles. In the R state these dipoles are reorganized in an optimal way
and thus provide maximum TS stabilization. On the other hand in the W state the dipoles are
forced to assume less effective prorganization and thus yield less TS stabilization.
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