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ABSTRACT. The control of the catalytic power and fidelity of DNA polymerases involves the complex
combined effect of the protein residues, the®¥mns, and the interaction between the DNA bases. In an
attempt to advance the understanding of catalytic control, we analyze the effect of the protein residues,
taking human DNA polymerasg as a model system. Specifically, we examine the ability of different
theoretical models to reproduce the effect of ionized residues on the transition state (TS) binding energy
and the correspondinig,./Kp. We also explore the role of the Mgions in the binding and catalysis
processes. The application of the microscopic linear response approximation (LRA) and the semimacro-
scopic PDLD/S-LRA methods to a benchmark of mutational studies produces a semiquantitative correlation
and indicates that these methods can provide predictive power. However, pre-steady-state and steady-
state kinetic studies currently available do not give a unique benchmark, owing principally to widely
varying experimental conditions. We believe that a more uniform experimental benchmark is needed for
further refinement of the theoretical models. The analysis of the correlation between the results obtained
by a rigorous thermodynamic cycle and by simpler approximations indicates that the protein reorganization
between the open, i.e., unbound, form and the closed form does not change the magnitude of the calculated
mutational effects in a major way for the experimental data used in this study. The use of the PDLD/S-
LRA group contributions allows us to construct energy-based correlation diagrams that can help toward
understanding the coupling, i.e., transfer of information, between the base-binding and catalytic sites and
to gain a deeper insight into the molecular basis of DNA replication fidelity. Our analysis suggests that
the allosteric matrix obtained by subtracting the correlation matrix of the correct and incorrect base pairs
should prove useful in exploring the information transfer occurring between the base-binding and catalytic
sites. This type of treatment should be especially effective when coupled with structural studies of
polymerase- DNA—base mispair ternary complexes and studies using polymerase double mutants. We
discuss the potential of direct calculations of binding energy of the TS in a rational design of TS analogues
and in drug design.

The reproduction and evolution of life depends upon the the templating base so that Watsd@rick base pairs are
accurate replication of the genome, which is facilitated by formed with high efficiency. The fidelity of DNA replication
DNA polymerases). The synthesis of new DNA molecules s controlled by the polymerase active site where phosphodi-
would be impossible without these enzymes because theyester bond catalysis occurs and by the binding site of the
increase the rate of the phosphodiester bond formation byincoming nucleotide paired opposite a template base. The
many orders of magnitude compared to the correspondingrate of incorporation of an incoming wrong nucleotidé)(
reaction in water 7, 3). DNA polymerases selectively s drastically slower than the corresponding rate of the right

catalyze the reaction not for a single substrate, similar to yycleotide (#), thereby ensuring high replication fidelity,
most other enzymes, but for four structurally distinct (eviewed in refs4—e.
substrates. A right dNTP substrate?) is selected for

insertion by the polymerase depending upon the identity of Despite significant experimental advances in studies of the

fidelity of DNA polymerase (e.g., ref4—9) we still do not
have a clear quantitative molecular picture of the energetics
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Relevant information about the action of DNA poly-
merases can be provided by mutational studies that reveal
the role of specific amino acid residues in the action of DNA
polymerases (e.g., refis’—23). Here, it would be useful to
have theoretical models that can help to clarify the role of
different residues in catalyzing the reaction for the right
nucleotide and reducing the catalysis with the wrong nucle-
otide. Some progress in this direction has been made in
modeling the free-energy contributions of different residues
to the binding of correct and incorrect nucleotid&$, (12).
Further insight has been provided in a recent stutl),(
which simulated the structural effect of some mutations in
DNA polymerases (pol 5)* and examined the corresponding
electrostatic effects by a qualitative analysis. Additionally,
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Ficure 1: Schematic diagram describing the energetics of the
reaction of DNA polymerase, for the likely case when the chemical

theoretical studies of related problems have been reportedstep is rate-determining (see re4 for a more general diagram).

recently @4—27).

In our view, what is clearly missing is a systematic energy-
based analysis of the effect of different mutations on the
fidelity of the replication process. The ability to reproduce
the actual effect of the mutations is a prerequisite for a
detailed analysis of the nature of the contribution of each
residue. Once this ability is established, we can progress in
understanding the effect of individual residues on transition-
state (TS) stablization as well as on the effects of coupling
between residues.

In the present work, we take a step in the above direction
by evaluating the contribution of ionized residues to the
energetics of the TS of pdl, which has been the subject of
extensive structuraP8—31) and mutational{7—23) studies.
Our work involves an exploration of the ability of different
simulation methods to reproduce the observed effects of
mutations of ionized residues &p/Kp of pol 3. Our study
indicates that proper implementation of microscopic and

semimacroscopic methods can serve as a basis for an iterative

process of refining theoretical approaches by feedback from
further experimental studies. Last, we introduce an approach
for constructing energy-based correlation diagrams that can
be used to explore the coupling between protein residues,
i.e., the transfer of information between the base-binding site
(composed of the template base and the remaining environ-
ment of the base of the incoming dNTP) and the catalytic

site.

COMPUTATIONAL PROCEDURES

Simulation Systems and Thermodynamic Cyclear
starting point is the energy diagram presented in Figure 1,
which describes the energetics correspondinydtKp and
AgznZ of the catalytic reaction of DNA polymerases. In the
likely situation that the chemical step is rate-limiting, we
expectky,o/Kp to determine the overall fidelity1ld). Our
challenge is to determine the contribution of different amino
acid residues toAg’,, and the corresponding TS-binding
energy.

The large catalytic power of DNA polymerases is mainly
due to the two M§" ions that help in stabilizing the ionized
form of the nucleophile and the charged TH,(32). To
quantify the energetics of the TS, it is important to consider

1 Abbreviations: poj3, DNA polymerase3; MD, molecular dynam-
ics; LRA, linear response approximation; LIE, linear interaction energy;
EVB, empirical valence bond; FEP, free-energy perturbation; vdW, van
der Waals; TS, transition state.

AGying is the dNTP-binding free energy, which is relatedipby

AGyping = 2.30RT log Kp. Agzat, the activation free energy of the
reaction, is obtained from the experimentally measured catalytic

rate constankyy by Agh, = —2.30RT log(hky/ksT). Ags,, =

AGyina + Agh,, Which is directly related tdwo/Ko, the catalytic
efficiency of enzymatic reactions.
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Ficure 2: Thermodynamic cycles describing the possible ways of
reaching the TS in the reaction of DNA polymerase. The cycle
and detailed considerations of the binding modes of thé"\tans
allow us to relate the different approximations used in the present
work. E-DNA designates the enzym®NA complex; S designates
the dNTP substrate.
the modes of binding of these Migions. Here, one should
consider the thermodynamic cycle of the type described in
Figure 2, where the initial and final positions of the Mg
ions are known but the intermediate states are not certain.
For example, Bakhtina et al38) suggested in their recent
work that the binding of the second Kgoccurs after the
protein subdomain-closing conformational change but before
the rate-limiting step. Thus, our simulation studies of the
catalytic power of DNA polymerase will consider the state
of the Mg@?" ions and the implication of the cycle of Figure
2.

Taking human pol3 as a benchmark, we shall consider
the effects of mutations of ionized residues in this system.
The locations of most of the residues that will be considered
are depicted in Figure 3.

Simulation MethodsThe main objective of this paper is
the evaluation of the effect of mutations of ionized residues
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The FEP approach has been used extensively in studies
of free energies of biological systems (e.g., 1&$s-38) and

ARG183 has been introduced quite earBg) in studies of electrostatic
incoming free energies in proteins. Unfortunately, it is often difficult
dCTP to perform converging FEP calculations (e.g., binding of

large ligands). In such cases, it is useful to estimate the free
energy of biological processes by an equation derived by
Lee et al. 40; see also re#t1) and used in studies of a ligand
binding to proteins. This equation expresses the free energy
associated with changing the potential of the system from
U; to U, by

AG(U; — Up) = (U, — U3+ W, Uy (4)

where O[] designates a molecular dynamics (MD) average
over trajectories obtained with = U;. The derivation of
this equation was based on the assumption that the linear
response approximation (LRA}2) is valid. Namely, the

) ) ) ) protein and solvent environments respond linearly to the force
Ficure 3: The active site of pob including the dCTP substrate,  5sqaciated with the given process. Although it is hard to
the two Mg@" ions and their coordinated three Asp residues, and . . L
the residues included in our mutational studies. Mg(b), dNTP- accept that the LRA can provide a reliable way of describing
binding M¢?* ion; Mg(c), catalytic Mg" ion. The dCTP being  the energetics of macromolecules or of realistic molecular
incorporated opposite the template nucleotide and the primer (3 systems, it was found by simulation studies that it is a

terminus) are indicated by arrows. reasonable approximation, in particular, for processes that
) . depend upon electrostatic effectk3(-46).
on the energetics of the TS in pgl To progress toward The use of the LRA approach in calculations of binding

this goal, we used several simulation approaches. Thes&yee energies involves thermodynamic cycles that consider

methods have been described extensively elsewhere and wilkeparately the electrostatic and nonelectrostatic components

be described here briefly. of the binding process. The resulting binding free energy is
As is apparent from Figure 2, it is necessary to evaluate expressed as

several thermodynamic cycles. Thus, our success depends 1

in a crucial way upon the z_ablhty to obtain rellabl_e results AGyg= _[lIUglec'lm_‘_ EU&ec,m _ UU“.!lec,m— D;Ugec,@] +

for the relevant free energies. Unfortunately, doing so by 2

statistical mechanical approaches and microscopic simula- AGE&'&E'EC (5)

tions is extremely time-consuming, owing to sampling

problems. Nevertheless, it is possible in some cases to obtairwhereU}.is the electrostatic contribution for the interac-

meaningful results using perturbation approaches. Thesetion between the ligand and its surroundings, p and w

types of calculations are usually done by the free-energy designate protein and water, respectively, and | and |

perturbation (FEP) method34, 35 and by the related designate the ligand in its actual charged form and the

umbrella-sampling (US) method3%). The FEP method  “nonpolar” ligand, where all of the residual charges are set

evaluates the free energy associated with the change of thao 0. In this expression, the term®eec; — Uelec [} Which

potential surface fron; to U, by gradually changing the  are required by eq 4, are replaced Ege. (IbecauséJeec,

potential surface using the relationship = 0. Now, the evaluation of the nonelectrostatic contribution
AG)"*¢is still very challenging, because these contribu-
Un(dm) = Us(1 = 4) + U, (1) tions might not follow the LRA. A useful option, which was
previously used40, 47), is to evaluate the contribution to
whereln, is a parameter that changes betweens(@, < the binding free energy from hydrophobic effects, van der
1). The free-energy increment, associated with the changeWaals (vdW) forces, and water penetration. Another powerful
of U, can be obtained by36) option is the so-called linear interaction energy (LIE)

approach 45, 48). This approach adopts the LRA ap-
exp{ —0G(L,,— Ay)Bt = @xp{— (U, — U B, (2) proximation for the electrostatic contribution but neglects
the Weiec [ terms. The binding energy is then expressed as
wherel[, indicates that the given average is evaluated by AG. .~
propagating trajectories ovek, ands — (ksT)~1. The overall bind

free-energy change is now obtained by changipgn n o[ Wiec [~ Weiee fil + AIMWY g5 — Wygw, 5 (6)
equal increments and evaluating the sum of the corresponding
oG wherea is a constant that is aroudf} in many cases angl
is an empirical parameter that scales the vdW component of
n-1 the protein-ligand interaction. A careful analysis of the
AGU;—U,) = ZO OG(Ay— Amra) (3) relationship between the LRA and LIE approaches and the
m= origin of the . and 8 parameters is given in ref7. This
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analysis shows that can be evaluated in a deterministic
way provided that one can determine the entropic contribu-
tion and preferably the water penetration effect in a
microscopic way.

Despite the formal rigor of the FEP and LRA methods, it
is frequently found that such methods are subject to major
convergence problems when one deals with electrostatic
effects in protein interiors and that semimacroscopic models
can give more reliable results. This is true in particular with L @V
regard to the PDLD/S-LRA method, 50) that provides a
direct link between the micro- and macroscopic concepts.

E]:fealé)ﬁyﬂ;g r;](;?]o?e\;vti?efvlﬁr\?; e%gfg]égzlyﬁq\g;égwewcharges of the labeled atoms are given in Table 1. The standard
A " ) Amber charges are used for all other atoms. The two distances,

evaluates the change in solvation free energies upon transfer, ,, andRy 1, which define the TS geometry, are 1.7 and 2.2 A,

of a given group or groups to the protein by using the respectively.

effective potential %0)

i Mg(b) 2
A Mg
14¢ 10

Ficure 4. The TS model used in the present calculations. The

Table 1: Residual Charges Used for the TS Conplex

W—p __ W W —

AUsoljp — L AG‘sol,i + AG‘sol,p(q - Qi) - atom number name charge atomnumber name charge

1 1 1 1 PG 1.200 8 03B —0.500

W _ = _ < < . .

AGgyda=0)] (6 GW) + AU, (1) 2 01G —0.915 9 PA 1.155

P P 3 02G —0.915 10 O1A -0.830

. . . 4 03G —0.915 11 02A —0.830

yvhgre AGg; is t_he free energy of solvathn of thieh 5 PB 1195 12 O3A —0.785

ionizable group in water (the self-energy in water) and 6 01B —0.905 13 05 —0.500

7 02B  —0.905 14 03 —0.585

AGg, fq = q) and AG, {q = 0) are the free energies of
solvation of the entire protein in water with atomic charges 2 The atom number is in accordance with the notation of Figure 4.
present on the particular group (“charged state”) and with

atomic charges on the group set to O (“uncharged Staten)'environment explicitly, it may not fully account for some _
respectively. TheAG", (q = 0) term approximates the case effects such as the complete water penetration and protein

where the ionizablesgll’roup is not in the protein caviiyly, re_zorganizati_on. _T_hes_e factors_ and the effect_ of induced
is the vacuum interaction between the atomic charges on theliPoles are implicitly included in the model, which leads to

- : . the use of¢, in the PDLD/S model.
ionizable group and the permanent dipoles of the protein P . o
(represented by atomic charges);s the dielectric constant The present study focuses on the direct binding of the TS.

of water; anck, is the dielectric constant of the protein, which Eoréhlé\ﬁ)éjr;t)ose,_rv;e hr?ve gertmerat'ed dan ganc;r!ca'l_valen:e
is basically a semimacroscopic scaling factor that accounts ond ( ) type TS, whose nature is described in Figure 4.

for the interactions that are not considered explicitly. This ;I'his(‘j‘cc_)nstruct” relpreseg_ts t?e TS ofbthsl assptr:]iative pathway
factor is significantly different than the actual protein ound in our early studies1) (probably with a proton
dielectric constant (see r&D). transfer to thg bulk solvent). The _charge distribution of the
To capture the physics of the reorganization of the protein T|3S3|Y\\/(a|:?/eogt1%rled tljy Ithg Gaufs S|ané) 3 paF(): ka@?_DFT
dipoles in the charging process, it is essential to relax the( . -th P)Ccl\a/ll cu Iatl?lns 0 ad[(l koc)f(. 03.)3] .Sy_T_' bl
protein structure in the relevant charged and uncharged State%er?_husmg € ¢ hs_o V%'On "[;O N Sefn_l_s's given in ”a €
(note that eq 7 corresponds to a single protein structure).” . e structure of this [(CHD)(PCs)s] was partially
Moreover, for accurate free-energy differences, several optimized in the gas phase and usgd fo derive the relevant
protein configurations should be averaged. The configura- charges. The parts that were considered as the “probe” or

tional space can be adequately sampled by utilizing Monte region | in the M.OLAR.'S terminology 49) includg aI] of
(IZarlo o?MD techniquesgll;. In¥his stEdy, W)guulslemag mp  the atoms of the incoming dNTP, as described in Figure 4.

approach in the LRA framework described above. This ;I;]he (;i:t,)taikingthrikiofse of the DNlA E)rti)me(rj str;}n(tjk;;nﬁluding
approach approximates the free energy associated with & he far(])m dN'Ia'lP orrt?s a cqvahenTSon wi P .OSI ded
transformation between two charged states by averaging th ate ofthe substrate in the TS structure was include

potential difference between the initial and final states over formally in region Il (see below), as well as the two kg

o L 1
trajectories propagated on these two states, respectively!O"S: A moderate position constrair (= 10 kcal mot

Rz e A L
Using the PDLD/S effective potential energy of eq 7, the ﬁ\RA)\ on ﬂ;]e Mg |on]s Wlas_ usedpto av0|o_| 'njtgb'll'zt'\?;m the
free energy of solvation is given by uncharging calculations. As required by treat-

ments, we excluded the-B interaction between O&nd
wep 1 W W the atoms of thex-phosphate. Placing the OBucleophile
AGsonp = E[musolin=qi + mUsoIJpQ=0] (8) in region Il is a convenient treatment that is, in fact, quite
rigorous (see also the Results and Discussion). That is,
where AU!OTJF’ is the PDLD/S potential of eq 7, which is althoughU in eq 6 does not include the G3P, bond energy,
considered as the effective potential for the LRA approach, the free-energy contribution from the changes in this bond
and the[ld-, and U= terms designate an average over are included in the reorganization energy of region Il, which
protein configurations generated in the charged and un-is automatically obtained by FEP and LRA treatment. Of
charged state of the given group, respectively. Although this course, we could consider Cgather than O3as a “link
approach takes into account the reorganization of the atom”, but this would give exactly the same result as long
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Table 2: Calculated and Observed Effects of Mutations ofPoh the TS Binding Free Energly
(AGhaTs) (MGGt (kpofKp)e e
enzyme origin (kcal/mol) (kcal/mol) (stM7 (kcal/mol) reference method system
rat 6 600 000 8.5 19 pss gap
wild type rat —103.6 —394.7 1100 000 9.6 65 pss nongap
human 643 000 9.9 70 ss gap
R183A rat —85.2 —363.7 440 000 10.1 19 pss gap
R254A rat —-95.0 —353.3 6700 12.7 71 ss (AIT) nongap
R258A rat —98.6 —373.6 26 100 11.9 71 Ss (AIT) nongap
Y271A rat —114.5 —385.9 415 000 10.2 20 pss nongap
D276V human —125.9 —407.0 10 500 000 8.2 17 pss gap
K280G rat —-96.0 —371.2 41 700 11.0 18 Ss gap
R283A rat —92.7 —366.3 4900 12.9 65 pss nongap
E295A rat —109.5 —379.1 200 000 10.6 19 pss gap

aThe calculated4Ghg19)’ and MGy 19’ correspond to the TS binding in closed proteins that already include?2 Mgs. This corresponds
to the (Ag;,)’ of Figure 2. The relationship between the calculata@inq 9’ and Agt,, is established in eq-911. Note that Ag),)cac is (A
g:nz)’cmC + 60 in the LRA treatment andﬁ(gﬁnz)ca|c + 20 in the PDLD/S approach. The calculated values of the obsekgé,q are obtained from
(koo Kp)°Ps with the help of the TS theory. The sources of the different experimental values and the type of experiment (pss and ss designate
pre-steady state and steady state, respectively) are also given. All systems were done with G/C, except when indicated.

as one is using an EVB-type treatment. Note in this respectthe actual dielectric of the proteis@ 56). The AGg, T of
that any treatment that includes a covalent bonding to the eq 8 was taken as the estimated binding free energy of the
protein must divide some bond between regions | and Il group [a more sophisticated treatment is described elsewhere
(unless one treats the entire protein quantum mechanically).(47), but it is not justified in the case of binding of ionized
This point is illustrated in Figure 1 of reb3 for pKa groups]. The LRA-binding energy was evaluated using eq 5
calculations. and ignoring the nonelectrostatic term that was found to be
The FEP simulation was performed using ENZYMIX of relatively small. The PDLD/S-LRA treatment is similar in
the MOLARIS simulation packaget9). The nucleic acid ~ Many respects to the MM/PBSA approa&); except that
bases were represented by AMBER chargséd) (and the earlier PDLD/S-LRA uses a more consistent LRA
ENZYMIX vdW parameters (after validation that this gives averaging as well as a more consistent dielectric treatment
reliable solvation energies and reliable base-pairing energies(See the Discussion in r&g).
and structures). A single center model with the vdw  The open and closed protein structures used as starting
parameters* = 1.30 A ande = 0.06 kcal/mol {1) was points for the simulations were constructed from the pol
used for the M§" ions. Somewhat better structural results S/DNA binary complex (PDB ID 1BPX)Z9) and the pol
were obtained with the six-center model ofpist and  B/DNA/JACTP ternary complex (PDB ID 1BPY)29),
Warshel 62), but the use of this more sophisticated model respectively. We also added to the terminal nucleotide of
is left to further studies and more careful parametrization. the primer DNA strand and to the ddCTP substrate the 3
The FEP simulation involved 21 windows of 500 ps each hydro_xyl groups. The mL_Jtants were C.OHSUUC.tEd by manually
at 310 K. Only the charges of the mutated residue were mutating the corresponding residues in the wild-type enzyme.

gradually changed. For example, for R283A, part of the atom RESULTS AND DISCUSSION
charges were changed from those of Arg to those of Ala,
while part of the residual charges were changed to 0. The Calculating the Contributions of Charged Residues in Pol
vdW parameters were not mutated, both because of thes. This principal goal of this study is to begin to analyze
inherent instability of such a process and because thethe effects of mutations in DNA polymerases by focusing
corresponding contributions are small. The all-atom LRA on the change inkyo/Kp (and the corresponding;g’;n )
simulations were performed with a 500 ps simulation time caused by mutations of ionized residues. The selection of
for each of the two states in eq 4. The radius of the surface-the experiments for analysis was complicated, owing to an
constrained all-atom solvent (SCAAS)] simulation center  understandable lack of similar experimental conditions and
was taken as 22 A, and the center of the sphere was placedinetics protocols in the literature. Therefore, we have
at the geometric center of region I. In the case of the LRA focused mainly, although not exclusively, on analyzing pre-
treatment, we performed the mutational calculations while steady-state experiments that employed a “G/C single-base
changing both the atoms and the charges of the mutatedgap”, in which a dCTP substrate is present for insertion
residues (in this case, we used the cycle of Figure 2 while opposite a template G residue located in a one-base gap.
doing separate calculations for the wild-type and mutant Notably, human pgB is used mainly to fill in one-nucleotide
enzymes). gaps during short-patch base-excision ref@&8).(The chosen
The PDLD/S-LRA calculations were performed with the mutations and their origin as well as the experimental
POLARIS module of MOLARIS on the automatically —approach used are listed in Table 2, which also lists the
generated MD configurations for the uncharged and chargedrélevant experimental references.
states needed for the LRA treatment of eq 4. The calculations To explore the effects of the mutations Agznz we used
usede, = 4 in eq 7, keeping in mind that it is only because a thermodynamic cycle that considered the attack of the
of the LRA treatment that we can consistently use such aribose on the dNTP in the protein (with a proton transfer to
low value and noting that, = 4 has very little to do with the bulk water) and the reference reaction of a nucleophilic
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Ficure 5: Calculated LRA TS-binding free energies for the gol
wild type and mutants and the corresponding experimental results.

The experimental approaches used and the specific systems studied

are labeled according to the notation of Table 2. The relationship
between Agzn)' and (Agzn) is described in the text.
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Ficure 6: Calculated PDLD/S-LRA TS-binding free energies for
the polg wild type and mutants and the corresponding experimental
results. The experimental approaches used and the specific syste
studied are labeled accordlng to the notation of Table 2. The

relationship betweenA(gem) and @gen,) is described in the text.

attack of a ribose on dNTP in water. This gave the
relationship
AGer,= AGy, + AGyfTS) + AGERE®  (9)
where AGP2%js the free energy associated with breaking
the bond between the ribose and TS in solution and
assembling this bond in the protein, without considering the
change in environment (which is a part&Gyng). Because
AGEPais close to 0 and because we are only interested in
the effects of mutations, we can write
AAGg,, = AAG(TS) (10)
With this relationship in mind, we evaluated tA& Gying-
(TS) for the mutations listed in Table 2, using both the
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Em—DNA+(S 2Mg*) EerN A(TS, 2Mg2*)

AGH

open
AG WT->Mut WT->Mut

Ena-DNAH(S, 2Mg1+) Enmu-DNA(TS*,2Mg™)

Ficure 7: Thermodynamic cycle used in the FEP calculations. WT
designates wild type; Mut designates mutagi-EDNA designates
wild-type enzyme-DNA complex; Bu«—DNA designates mutant
enzyme-DNA complex; S designates dNTP substrate.

Figure 2) should involve an initial state, where both the*Mg
ions and the incoming dNTP are bound together in water.
However, the binding of the two Mg ions to the active
site of the enzymeDNA (E—DNA) system gave similar
results in our LRA calculations of the different mutants
(about+60 kcal/mol), and thus, we used the relationship
Ag:nzz AGbind(2M92+) + (Ag:nz)' (11)
and assumed th&Gping(2Mg?") (according to the notation
of Figure 2) is constant. We also neglected the effect of the
mutation on reorganization of the protein upon moving from
the open to the closed form because the calculations started
with the closed protein (this issue will be discussed below).

m?he reason for the very large overestimate of the absolute

AgenZ will also be discussed below.

An inspection of the correlation between the calculated
and observed results reveals a reasonable but not quantitative
correlation. The microscopic LRA (Figure 5) gives a better
correlation than the PDLD/S-LRA method (Figure 6), but
there are several outliers in both methods. Thus, we can
consider the present agreement as semiquantitative, where
the uncertainties in the experimental results leave room for
improvement both on the theoretical and experimental fronts.
Nevertheless, there are several important points that we can
deduce from the calculations and from the additional studies
reported below.

In trying to assess possible ways to improve our simulation
approach, we start by examining the most rigorous available
approach, one that involves the use of the FEP method and
the mutation cycle of Figure 7. This cycle takes into account,
at least formally, all of the relevant effects including the
binding of the M@" ions and the movement between the

microscopic LRA and the PDLD/S-LRA method. The gopen and closed forms of the protein. Here, we can attempt
corresponding calculated results are correlated with theto address two questions. First, are we able to obtain accurate
corresponding observed results in Figures 5 and 6, respecestimates of the change in TS energetics using the full FEP
tively. Before discussing the correlation, we want to em- cycle? Second, what can we learn about the validity of the
phasize that these calculations correspondAger(Z) of LRA cycle from the more complete FEP cycle? The first
Figure 2, where the two Mg ions are already at the active question is explored in Table 3, where we compare the FEP
site in the unbound state. Of course, the cormgi (see calculations to the corresponding experimental results. As
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Table 3: Calculated FEP Mutational Effects and the Corresponding Observed ¥/alues

calculated observed
enzyme AAGYL M (keal/mol) AAGYT ™M (keal/mol) AAgE,? (kcal/mol) AgL,,, (kcal/mol) AAg},, (kcal/mol)
wild type 0.0 0.0 0.0 859.9 0.0
D276V 100.3 97.5 -2.8 8.2 -14
K280G 50.9 53.8 2.9 11.0 2.0
R283A 52.6 54.2 1.6 12.9 3.3

aThe calculation used the cycle of FigurePNote thatAAg},, = AAGrs — AAGopen

4 . . . . . studies of TS analogues. Defining the effective dielectric
constant by
3F i
W K280G A AGL
2| - AAgobsz € (12)
- eff
1F R283A | we find, from the calculations described abosg,of 1.5+
E 0.5, 10, and 12 for the FEP, PDLD/S-LRA, and LRA
B 0} HWT - approaches, respectively. The finding tkat is somewhat
ﬁ larger than 1 for the FEP calculations may reflect in part
A1t i the use of a nonpolarizable force field and perhaps difficulties
in obtaining full convergence because of incomplete sampling
21 i (see the Concluding Remarks). It is also possible that a part
of the reason for having an effective dielectric of 1.5, rather
3| W D276V | than 1, in the FEP calculations is associated with the use of
a mutational procedure that only mutated the charges while
4 , , , \ \ leaving the atoms of the wild-type protein unchanged.
20 -10 0 10 20 30 40 However, using the cycle of Figure 2 in the LRA calculations
and comparing the results obtained by charge mutations and
AAgiLRA complete mutations gave very similar results. Thus, clarifying
FiGURE 8: Correlation between the calculated LRA and the this issue will require further studies.
calculated FEP values #fAg* (kcal/mol) for the wild-type enzyme The large values ot of the PDLD/S-LRA and LRA

and selected mutants of p@l Note that the difference in magnitude  methods reflect the fact that the calculations do not represent
of the two quantities reflects the use of different cycles. a full response of the protein/solvent system to the charging

process and the use of a simplified cycle. The trend of the

seen from the _table, the corr_elaj[i_on is reasonable but far fromeeff for the PDLD/S-LRA and LRA approaches is common
perfect, reflecting probably significant convergence problems charge-charge interactions in proteins (e.q., see Efs

or perhaps some problems with the experimental benchmark, 4 59) and in particular to cases with metal ions. It is

(see also the discussion below). important to realize at this point that the microscopic LRA
Although the FEP approach might give better results than and the FEP method usually give similar dielectric constants
the LRA simulation, we can use the correlation between the and lead to a similar effective dielectric constant. Thus, the
two approaches (Figure 8) as an instructive tool. That is, in difference between the.; of the LRA and FEP methods
correlating Agzalc,LRA and Agzalc,FEP we can assess the reflects basically the difference between the cycles used. In
validity of some of our assumptions without being subjected the FEP case, we only charge the mutated group (changing
to possible experimental uncertainties. For example, structural@ charge from 0 totl while considering explicitly the
studies indicated that Arg283 significantly changes its transition from the open to the closed form). In the LRA
position and environment in the open and closed forms of case, on the other hand, we consider the charging of a highly
the protein. However, the reasonable correlation betweencharged substrate. At any rate, the knowledge of the effective
AgzalchRA (that does not reflect a conformational change) Q|electr|c for_the dllffer'ent treat_mgnts should bg quite helpful
and Agjéal rep (that reflects the reorganization of the envi- in the semrllquantllctar':lve prec/ilctlon of thtgtlo.“aﬂ effec(;s.
ronment of Arg283) indicates that the catalytic effect of Moreover, theee of the PDLD/S-LRA method will be use

Arg283 does not depend upon the o sed transition. in the construction of the interaction matrices that will be

Now, although we do not expect this to be a completel described in the next section.
’ 9 _expect S P Y Energy-Based Correlation Diagrams and the Allosteric
general case, the correlation in Figure 8 indicates that the

| RA : ul o he FEP Coupling between the Base-Binding and Catalytic Sites.
result(;yce represents a useful approximation to the results described in the previous section suggest that the

PDLD/S-LRA method can be used to obtain qualitative
One of the goals of this study is to estimate the effective insights that reflect the contributions of different residues to
dielectric constant.s for the interaction between the protein  the energetics of the TS. Using this method, we can move
ionized groups and the TS. Establishing the magnitude of beyond the generic proposal that polymerase fidelity results
this parameter can provide significant insight into the protein from an “induced fit” mechanism6Q), where it is stated
reorganization as well as the ability to use simple models in that the binding to the correct substrate moves the enzyme
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to a more favorable catalytic configuration. That is, although
the induced fit observation is in principle valid, it does not
tell us what configurational change was induced and, more
importantly, it does not tell us why it provides better
catalysis. The “why” and “how” are the questions that must

be resolved to understand the molecular basis of polymerase

fidelity. Our working hypothesis is that the interaction

between the base-binding and catalytic sites operates in ar

allosteric way, where the binding of an incorrect base leads

to changes in the base-binding site, which are then propa-
gated to the catalytic site and lead to structural changes thai

reduce the stabilization of the TS. To explore this proposal,
it is important to try to identify the role of individual residues
that transfer the information between the base-binding and
catalytic sites.

The origin of the structural control of fidelity can be
quantified by considering the interplay between the binding

site of the incoming base and the stabilization of the TS in | |

the catalytic site. Our previous studiesO( 11, 14) have
indicated that the binding of the incoming base is determined
by the preorganization energy provided by the base-binding
site that includes the template base. Now, as shown in a
schematic way in Figure 9, the binding of an incorrect
nucleotide results in a situation where the wrong base pair
of the incoming dNTP does not bind optimally with the
template. The incoming base can relax to a configuration
with more favorable binding energy, but this will be at the
expense of having a suboptimal interaction between the TS
and its binding site. In other words, the reorganization of
the environment at the base-binding site, i.e., the shift of
the base, forces a reorganization in the catalytic site. One
could attempt to consider this correlation by examining the
correlation between the motion of different residues as was
done in studies of hydride transfer in dihydrofolate reductase
(e.g., ref61). However, although these correlations are clearly
instructive, they do not tell us about the energetics that
control the catalytic process. To attain a more quantitative
picture, it is important to asses the interaction of free energy

between the protein groups. Now, the use of energy diagramg(reasonable binding)

for the interaction between protein parts is not new (see ref
59, 63) and here we use a related treatment by introducing
the following approach. We start by evaluating the PDLD/
S-LRA group contribution (as defined by eq 8) to the binding
energy of selected ionizable residues proximal to the base-
binding and catalytic sites, at the TS configuration. These
contributions constitute the diagonal elements @&G;)

of the interaction matrix. Note thakAG; is not equal to
the contribution of théth residue to TS binding but is equal
to the energetics of uncharging thk group at the TS. This

is similar toAGy, ., in Figure 7. Next, we define the off-
diagonal elements of the correlation matrix following our
previous studies5O)

w=p _

AAG; = AG(g; = 0— ¢ =)}
AG(G =00 =)y-5 (13)

whereAG(g = 0— q = @), is evaluated with all of the

q values (excepty and g) sef to 0 andy = . Here,q
designates the charge distribution of ftte residue, andj

= 0 means that all of the residual charges atithegroup

are set to 0. In this way, we evaluate the change in the group
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(A) Correct base pair Catalytic site

Base binding site
(good binding)

(B) Incorrect base pair Catalytic site

Base binding site
(bad binding)

(C) Incorrect base pair, relaxed

Catalytic site
(bad TS binding)

Base binding site

FIGURE9: Schematic description of the protein rearrangement upon
binding of 7/ The protein provides perfect sites for both the
chemical and base-pairing parts @f On the other hand, in the
case of7/] the protein has to relax in the base-pairing site, and this
relaxation destroys the preorganization in the chemical part. Arrows
indicate the protein dipoles.

contribution of residueé upon uncharging residye as can

be done by double-mutation experiments. The off-diagonal
elements can be evaluated as was done in5@&fby
systematic PDLD/S-LRA calculations, whet&s(gp = 0 —

g = ) is evaluated by using eq 8. This is, however, an
expensive procedure that is left to subsequent studies. Here,
we use a simplified approach based on the simplified group
contribution treatment of the PDLD/S methdB(64). Using

this approximation, we obtain from eq 13 the following
result:

AAG; = mugu/e‘gﬁm (14)

WhereAUci‘jM is the contribution to thAUicjw of eq 7 from the
gas phase interaction between thand " residues and
is taken as 4 for interactions between nonionized residues



7044 Biochemistry, Vol. 45, No. 23, 2006 Xiang et al.

A
TriPhos AAG > 50 keal/mol
Ser180 -2.0 10 kealimol < AAG < 50 keal/mol
Argl83 0.0 5 keal/mol < AAG < 10 keal/mol
Asp190 03 -1.3 1 keal/mol < AAG < 5 keal/mol
Aspl92 0.3 -0.9 0.7 -1 kealfmol < AAG < 1 keal/mol
Arg2sd -0.4 0.0 0y 00 0.1 -5 kealfmol < AAG < -1 kealfmol
Asp256 03 08 16 16 oolEEN -10 kealfmol < AAG < -5 keal/mol
Arg258 -0.4 1.6 0.0 0.0 0.0 0.0 0.1 =50 keal/mol < AAG < =10 keal/mol
Tyr27l 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 AAG < -50 keal/mol
Phe272 . 0.0 -03 0.3 0.7 0.0 0.0 0.1 0.0 -02
Thr273 1.3 0.0 -14 0.2 03 01 0.1 0.1 01 00 -23
Ser27s
Asp2Th
Phe278 27
Asn279 0.0 2.0
Lys280 03 00 37
Arg283 0.2 <23 0D
Mg(b) 04 11 23
Mglc) 0.2 0.6 2.1
Base C 00 -15 -D.1
58

ol ~
B
Triphos [ETERL - AAG > 50 keal/mol
Ser 180 1.3 5 10 kealimol < AAG < 50 )
Argl83 5 kealimol < AAG < 10 keal/mol
Asp190 -1.4 1 kealimol < AAG < 5 keal/mol
Asp192 -0.9 0.7 -1 keal/mol < AAG < 1 keal/mol
Arg2sd 0.0 0.0 0.0 0.6 -5 keal/mol < AAG < -1 keal/mol
Asp256 -0.7 1.6 16 ] -12.4 -10 kealimol < AAG < -5 keal/mol
Arg2ss 1.5 00 00 00 00 D04 -50 kealfmol < AAG < -10 keal/mol
Tyr271 0.0 0.0 0.0 0.0 0.0 0.0 -0.1 AAG < -50 keal/mol

Phe272 . | -0.3 03 08 -01 0.1 00 00 02
Thr273 1.5 00 -14 0.2 03 -0l 0.1 0.1 00 00 -04
Ser275 00 00 00 -02 25

00 00 00 oo oolEEE

Asp276

Phe278 01 01 0.0 01 05 -0.3 -24

Asn279 01 0T 0.0 01 08 -1.2 0.0 1.3

Lys280 0.0 0.0 0.0 0.0 0.0 00 -03 0.0 51

Arg283 0.0 0.0 0.1 0.4 0.0 0.0 -0.2 -25 0.0 0.9

Mg(b) 2.7 00 08 07 0.1 -3.3 0.4 0.7 2L 2.3 3.0

Mgic) 3.2 0.0 -0l 0.1 0o -28 0.2 0.3 2.0 2.2 . 3

Base T 04 03 00 -0 0.2 0.8 0o 01 -0 -0 0 -05 0 <13

F & L& 8 S & @
& & & & & & g $
2N T A j ¢§ & &

Ficure 10: Interaction matrices for the TS of the incorporation of the dNTP substrate in the active site @fcplululated with the
PDLD/S-LRA method. The diagonal elements describe the electrostatic contributidi@; (in kcal/mol) of the indicated residues to TS
binding, while the off-diagonal elements describe the effect of the indigttaesidue (in the given column) on the TS binding by itthe

residue AAG;) (see eq 14). The intensity of colors corresponds to the strength of the interaction (e.g., the red color shows the strongest
interaction; the light gray color shows interactions close to 0; and the blue color shows the negative interaction). (A) Template guanine with
incoming dCTP ¢?), (B) Template guanine with incoming dTTPR/}. TriPhos denotes the triphosphate part of the incoming dNTP; Mg(b)
denotes the binding magnesium ion, and Mg(c) denotes the catalytic magnesium ion. The bases are cytosine in A and thymine in B,
respectively. The interaction between the incoming base and the template b5 ikcal/mol and—2.9 kcal/mol for the correct and
incorrect pairs, respectively.

and as thex obtained from eq 12 for interactions between may not be additive) and that our interaction matrix should
ionized residues. be viewed as a qualitative tool for probing the residues

The above matrix describes the complex interactions involved in the coupling between the base-binding and
between protein groups at the TS configuration, and allows catalytic sites.
one to probe the coupling between the template base and Using the difference between the correlation diagrams for
incoming nucleotide through the protein residues and™Mg  incorporation of wrong and right nucleotides, depicted in
ions. The corresponding correlation diagrams are presentedrigure 11, provides insight into the allosteric information
in Figure 10A for the enzyme with the correct base pair (G/ transfer governing replication fidelity. That is, the difference
C) and in Figure 10B for an incorrect base pair (G/T). We matrix (referred to here as the “allosteric matrix”) helps to
also evaluated the interaction between the incoming base angdentify the residues that are involved in coupling between
the template for the correct and incorrect base pairs and listecthe base-binding and catalytic sites. The present analysis is
the results in the caption of Figure 10. preliminary in its nature because the structure of the incorrect

It should be noted that the group contributions are not base pair was generated by starting from the same protein
additive (in the same way that alanine-scanning experimentsstructure (PDB ID 1BPY) Z9) with the correct base pair
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TriPhos AAG > § kealfmol

Ser180 0.0 0.5 1 keal/fmol < AAG 4, < 5 keal/mol
Argl83 (.2 0.0 - 0.5 keal/mol < ANG < 1 keal/mol
asproo IBEd 00 00 01 0.1 kealimol < AAG ;< 0.5 keal/mol
Aspl192 0.1 0.0 0.0 0.0 0.8 =01 keal/mol < AAG g, < 0.1 keal/mol
Argase B o0 o0 o0 oolEGE -0.5 kealmol < AAG, < 0.1 keal/mol
Asp256 -0.1 0.0 0.0 0.1 0.0 0.0 0.4 -1 keal/mol < AAG < 0.5 keal/mol
Arg25g -0.1 0.0 0.1 0.0 0.0 0.0 0.0 -0.3 -5 kealfmol < AAG . < -1 keal/mol
Tyr271 00 00 00 00 00 00 00 00 04 AAG < -5 keal/mol

Phe272 -0.2 0.0 0.0 0.0 -0.1 0.0 0.0 0.0 0.0 0.1

Thr273 02z 00 01 00 00 00 oo oo oo oo EE

Ser275 0.0 0.7

Asp276 00 oolEE

Phe278 00 -01 -0 -03

Asn279 01 03 01 00 m-l]

Lys280 00 00 00 00 00

Arg283 0.0 0.0 0.0 0.0 0.1 0.0

Mg(b) 01 00 02 00 04 01

Mglc) -0.3 0.0 -0.1 0.0 0.3 0.1

Base 01 o1EE oo lE® s

23
%5
]
ey,

)

g
S 8857
Ficure 11: Allosteric matrix constructed from the difference between the interaction matrices of G/C and G/T, which are given in Figure
10. The notation is the same as in Figure 10. Note that the scale of the color code is different than in Figure 10.

rather than from the actual structure containing a mismatchedeffect of base substitutions similar to the analysis of the
base pair. Nevertheless, inspection of the first column and effects of polymerase mutations on kinetics and fidelity.
the last row provides an insight about residues that interact
in an allosteric way with the TS and the base, respectively. CONCLUDING REMARKS
Thus, Asp190, Arg254, and the Mgions are coupled to
the TS, while Arg254, Asp256, Asp276, Asn279, Lys280,
and the M@" ions are coupled to the base. This coupling
can be understood by noticing that, if the structure of the
catalytic site was kept constant after changing the base to
an incorrect base, we would obtain the same interaction
between the TS and Arg254 in the interaction matrices of
the correct and the “unrelaxed” interaction matrix of the
incorrect base (not shown). Now, once the structure of the
mismatch system is allowed to relax, we obtain a 1.2 kcal/ ; o .
mol reduction in the interaction between Arg254 and the TS. be us_ed as a powerful tool in the qualitative analysis of
This reduction in TS stabilization is the value given in the mutational effects. ] ]
allosteric matrix. The quantitative validity of this analysis  Our study introduces an energy-based correlation diagram
requires further experimental and theoretical studies. In that should help in identifying the residues responsible for
particular, it will be useful to obtain structural information information transfer between the base-binding and catalytic
for incorrect base pairs and to examine the effect ofpol  Sites. The allosteric matrix obtained by computing the
double mutants. difference between the correlation matrices of the correct
It is encouraging that the calculated fidelity obtained from @nd incorrect base pairs can provide an important bridge
the first element of the allosteric matrix (the change in the between experimental and theoretical studies. That is, the
TS binding for G/C and G/T base pairs) is around 5.7 kcal/ calcglanorjs of the allosteric matrix can best be accomplls_hed
mol. This value is a reasonable approximation to the observedStarting with X-ray structures of right and wrong base pairs.
fidelity. That is, the observed fidelity for a G/T pair is 3800 The predictions of the correlation diagrams can be verified
for a nongapped DNAGS) and 12 000 for a gapped DNA by performlng experiments with polymerase double mutants,
(66) substrate. The calculated energy difference in Figure Which can lead hopefully to an eventual understanding of
11 results in a fidelity [Koo/Kp)cid/ (KeolKp)ar] Of 11 000. the control of information transfer governing the fidelity
However, it is important to emphasize that we do not Process.
presently view the allosteric matrix as a quantitative tool for ~ The present study focuses on the direct calculation of the
estimating polymerase fidelity. That is, although the overall binding of the TS rather than the stepwise calculation of
fidelity is reproduced in a reasonable way by the allosteric AGping and Agiar This approach provides significantly
matrix, the off-diagonal coupling terms seem too small, better results and correlations than those obtained by separate
reflecting perhaps insufficient calculated structural rear- calculations of the binding and catalytic steps, which we have
rangement upon misincorporation (note that we do not havenot reported. The utility of this approach may offer insight
structural information for the mismatch case). Thus, we still into the logical design of TS analogues and thus may provide
need to refine a proper effective dielectric constant that is a route toward drug design. The success of the PDLD/S-
relevant to the structural change upon misincorporation, LRA approach in computing the energy of the TS offers the
which is much lower than the dielectric constant for charge possibility to perform a rapid mutational screening of TS
charge interactions. To arrive at more quantitative conclu- analogues based on their predicted ability to bind tightly to
sions will require comparisons of the calculated and observedthe polymerase active cleft.

This study examines the ability of simulation methods to
reproduce the effect of mutation of ionized residues on the
catalytic reaction of pop. The observed trend was repro-
duced in a semiquantitative way by both the PDLD/S-LRA
and the all-atom LRA methods, indicating that these methods
can provide a useful tool for studies of DNA polymerases.
Furthermore, our study provides an insight into the effective
dielectric constants for the chargeharge interaction in
DNA polymerases. These effective dielectric constants can
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Obtaining quantitative results for the effects of mutations REFERENCES

in DNA polymerases presents a major challenge for computer
simulation approaches. We believe that we use the state of
the art approaches and note that our earlier studies (e.g., refs 2.
11-14) are to the best of our knowledge the only studies
that reproduce the trend in fidelity in DNA polymerases.
Nevertheless, we must still consider the present results as
qualitative results. One example of the problems faced with
studies of mutational effects in the highly charged active site
is provided by our attempt to explore the R258A mutation
by a FEP treatment. In this case, we found that we have
major problems in reproducing the experimental trend. These
problems were traced back to the difficulties of obtaining
sufficient solvation energy for Arg258 in the protein active
site. The origin of this problem seems to be related to the
fundamental problem of reproducing th&jof the V66E
mutant of staphylococcal nuclease (SNase) by microscopic
and semimacroscopic calculatior&/( Kato and Warshel,

J. Phys. Chem. Bin press), because it reflects significant
changes in water penetration and/or local folding. Fortu-
nately, we developed recently an overcharging FEP approach 10.
(Kato and Warshel). Phys. Chem. Bn press) that can be
used to overcome this sampling problem. However, we feel
that such treatment should be left to subsequent studies.

It might be useful to comment at this point on our new
allosteric matrix as a general tool for analysis of allosteric
effects, in view of the current tendency to focus on the effect
of correlated motions on enzyme catalysis (63.68). As
discussed elsewheré9q; Warshel et al., manuscript submit-
ted), the fact that changes far from the chemical site can
influence catalysis is important, but this is unlikely to be
due to specific motions per se. The actual effect reflects most
likely the changes in the preorganization of the active site.
Even in chemical reactions in solution, we have a very strong
coupling between the solvent modes along the reaction
coordinate, but this is simply the nature of the reaction
coordinate in condensed phases and not a feature that1°
determines the activation barrier. The control of fidelity or
other allosteric effects is due to the transfer of energy or
more precisely to the change in energy balance, where 16.
changing the binding in the effector site changes the binding
of the TS (see Figure 9). Thus, it seems to us that focusing
on energy correlation is more effective than focusing on the
correlation between structural changes (that must anyhow 17.
be converted to energy).

We view the present study as a “work in progress” along
a path toward deriving a quantitative understanding of the 18.
origin of DNA replication fidelity. We are not yet at a stage
where the computational analysis can be regarded as defini-
tive, nor have we provided a complete analysis of the fidelity 19,
problem. Nevertheless, the present study provides compelling
evidence that, even for the challenging task of elucidating
the origins of DNA synthesis fidelity, there is much to be
learned by performing computer-aided structtfienction
correlation analysis. Combining computer simulations with
structural and kinetic approaches should provide a more
complete description of protein function, including the extent 5;
to which complex protein conformational changes contribute
to the enzyme mechanism. For the example of DNA
polymerases, we believe that this type of synergistic approach
may eventually lead to a quantitative picture of the molecular
origin of replication fidelity.
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