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ABSTRACT. A theoretical study showed that the base excision repair enzyme uracil-DNA glycosylase (UDG)
exploits electrostatic interactions with backbone phosphate groups in the substrate for catalysis. Although
experiments performed to test the calculated results confirmed the predicted importance-af th,

and+1 phosphate groups, there was an apparent disagreement with regardt® gi@sphate group.

The calculations indicated that it made an important contribution, while experimentally, the effect of its
deletion or neutralization was small. TH® phosphate group interacts directly with an active site histidine
(H148 in humans) in the crystal structure of UDG in complex with double-stranded (ds) DNA. We
previously calculated that H148 has a strong anticatalytic effect due to its protonation, and here we use
alchemical free energy simulations to estimate its site-spedffic We find that it is positively charged

over the entire experimental pH range—-#0), so its deprotonation cannot compensate for deletion or
neutralization of the-2 phosphate group. The free energy simulations are facilitated by an efficient charge-
scaling procedure that allows quantitative correction for the implicit treatment of solvent far from the
active site; improvements are made to that method to account carefully for differences in the truncation
of electrostatic interactions in the contributing molecular-mechanical and continuum-electrostatic
approaches. Additional simulations are used to demonstrate thailpdosphate group is fully solvent
exposed in complexes with single-stranded DNA substrates like those used in the experiments. In contrast,
it is well-structured and buried in the dsDNA complex used in the original simulations. Differences in
solvent shielding thus account for the apparent lack of an effect observed experimentally upon neutralization
or deletion of this group.

Enzymes are remarkable catalysts capable 8tfbld rate turn important for interpreting recent experiments that seek
enhancements relative to the corresponding reaction rates ino determine whether UDG plays a significant role in
solution (1, 2). Most enzymes act primarily through specific immunoglobulin class switchings( 9).

functional groups presented_ in their active si&);l(lowever, Given that the proposed “substrate autocatalysis” was
an unusual example in which the substrate itself makes an, o4 on simulations, Stivers and co-workers, who had

important contribution to catalysis was identified recently .
) i ; i . independently suggested that the phosphate groups were
by hybrid quantum-mechanical/molecular-mechanical (QM/ important (L0), undertook experimentd Q) to test the results

MM) calculations &). The base excision repair (BER) of the calculations. They determined the effect on catalysis

enzyme uracil-DNA glycosylase (UDG) cleaves the'-€1 . . e
N1 bond of deoxyuridine (dU) through an oxacarbenium of introducing methylphosphonate (MeP) substitutions at
specific positions 11) of single-stranded DNA (ssDNA)

cation intermediate stabilized by phosphate groups in the °F -
substrate DNA backbone buried by the enzyme. This ollgo_m_ers. Those measurements (_zonflrmed _most of the
mechanism accounts for the activity of UDG mutants that Predictions of the QM/MM calculations4), which were
lack key residues5-7), an understanding of which is in Pased on the X-ray crystallographic structure with double-
stranded (ds) DNAX?2). For the—2, —1, and+1 phosphate
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Since a full understanding of the mechanism is important, AG,”"
we have conducted additional calculations to investigate the ot ; . +
origin of the difference at theé-2 position. Thet+-2 phosphate His-H™ (pr) His (pr) + H™ (aq)

is the terminal one in the ssDNA experimentd)( so it is AG.P" ¢ T _AG
likely to be more exposed to solvent than in the dsDNA ¢ t
structure 12). Consequently, solvent shielding could limit . . +
the effects observed upon deletion or neutralization. An His (pr) His (aq) + H™ (aq)
alternative explanation centers on H148 (in the human AG T AG.2d
enzyme or H67 irEscherichia colj. H148 bridges thet-2 t a
phosphate and the attacking water molecule. Iidré1148 . A

. ) e -
was taken to be doubly protonated on the basis of continuum His (aq) . His-H™ (aq)
electrostatics calculations and, as a result, was found to have -AG
a large anticatalytic effect (6-€8.2 kcal/mol toward desta-  Ficure 1: Thermodynamic cycle that serves as the basis for the
bilizing the rate-limiting transition state). Deletion of the pK, calculation. AGY' is the desired free energy difference that

phosphate group and MeP substitution are expected to lowergives the |, in the protein. AGY" and AG2 are the free energy
the K, for this group relative to that in the presence of differences between the protonated and neutral forms of histidine
dsDNA. If this led to neutralization of H148, the loss of the in the protein and solution environments, respectivAig3”is the
anticatalytic effect could compensate for that of the free energy for removal of the proton in solution, which can be

. . . . btained from experimental data\G; and AG; are the free
phosphate substrate electrostatic interactions in catalysis anngergies for transferring the histidine from the prcl)tein to the aqueous

in turn, result in little observed effect. peptide environment; these are assumed to be the same regardless
In this paper, we investigate these two scenarios by meansf whether the excess proton is present in the solution, and they
of free energy difference simulationd3 14). We first are thus neglected in the calculations.
establish the site-specifickpg of H148 in the presence of
ssDNA and dsDNA by “alchemical” simulations, in which
we transform one chemical species (doubly protonated
histidine) into another (singly protonated histidin€)s).
These calculations support the conclusion that H148 is
doubly protonated over the entire experimentally studied pH

range [4-10 (10)] and thus plays an anticatalytic role in the L
remgovf'[:ll of u(rac)i]l from bothpss){ and dsDNA.yMoreover the and that we need not evaluate them explicitly. As already

) s . o
structures from the simulations indicate that the position of Mentioned.AG;"is known experimentally. The remaining

the-+2 phosphate of the ssDNA oligomer differs significantly WO required free energy differenceA®;’ and AGY) can
from its position in the dsDNA complex such that it is almost P& obtained from alchemical methodEs), as detailed in
fully solvent exposed. To explore the conformational prefer- the following .sect|0n. Addnjg the various contributions along
ences of the+2 phosphate group more quantitatively, we the hypothetlcal path a_1r_1d incorporating constant factors, we
determine the potential of mean force along a coordinate thathave for the site-specificky of H148

characterizes its position relative to the protein. The free pr_ or a aq

energy profile confirms that the-2 phosphate is solvent- PKE = (AGE — AGZ)2.3RT+ pK3 (1)
exposed at equilibrium and thus suggests that enhanced aq ; .
solvent shielding in ssDNA relative to dsDNA is the origin \r’]v.hffcrf 'K? IS Itht? exgeorllmgntalgy Theasdurelcﬂ(pvalue ftor i
of the apparent difference between the earlier calculations istidine in solution [6.0419)], Ris the ideal gas constant,

(4) and experimentsl{l). The relation of these results to and T Is the temperature. Because the_re_ are two neural
additional UDG data in the literature is discussed. An tautomers of histidine (one with the remaining proton on N

improved method for efficiently treating solvent in free denoted HSD, and one with it onNdenoted HSE) and we

: : : : are interested in comparing ss- and dsDNA ligands, we carry
energy simulations4 16, 1) is also introduced. out this procedure for four cases: HSPHSD/ds, HSP—

METHODS HSE/dS, HSP— HSD/SS, and HSP- HSE/ss.
Alchemical Free Energy Simulation3o calculate the

Site-Specific pKCalculations. Absolute (K,s are difficult relative free energies of two molecules (A and B), we employ
to estimate because electronic structure methods are limitedhermodynamic integratior2(0—23). To this end, we change
by the prohibitive computational cost of sampling the Bern A into B by varying a coupling parameter @1 < 1) in a
Oppenheimer surface with sufficient accuracy. Consequently, potential energy function of the form
we obtain the K, of H148 in the protein environmentKp
= AG)/2.3RT) by combining molecular-mechanical free U(A) = (1 =AU, + AU + Uc ()
energy difference simulations with empirical data. The basis
for this approach{8) is the thermodynamic cycle shown in

. . D
Figure 1. Because the desired quantityc) is a state the system, which is common to both end points. For the

function,' We can follow a hypot.hetical path aloqg which ineqr coupling used in eq 2, the corresponding free energy
proton dissociation takes place in aqueous solutid@:f, difference AG) is

which is known from experiment). To this end, we remove
the proton from the acid in the protein environment

(AG"), transfer the resulting conjugate base to aqueous

solution AGy), and restore the proton-AG:Y). We then
allow the dissociation to take placAG;% and transfer the
conjugate base back to the protein environment. Because the
same species (the conjugate base) is transferred between the
protein and aqueous solution environments, we can assume
that the free energies of transfex@ and — AG;) cancel

In the expression abové)s (Ug) contains all the terms
involving molecule A (B) andJc contains the remainder of

G p1

AG=GB—GA=fOldia—/1— TdiUs - U0 (3)
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where thelUg — Ua[j denotes an average over the ensemble
with the givenA value. In this study, A and B represent
doubly and singly protonated forms of histidine, respectively.
Bond length and angle terms were not includetljnor Ug

(in other words, these terms were not scaled by the coupling
parameter).

For the linear coupling in eq 2 and the empirical energy
function that was used4, 25) (specifically, the repulsive
r~2term in the Lennard-Jones potential), the derivative of
the free energy in eq 3 is expected to be singulakr &t 0
andA = 1 [dG/aA ~ A~%*and (1— 1)~%4, respectively] 26).

The physical basis for this behavior, which can be derived
by performing an expansion afG/dA in powers of the
density for a homogeneous system of soft sphe2éy (s

that the ensemble average in the integrand involves structure
in which environment atoms overlap sterically with the atoms
being introduced or removed. Consequently, in this study,
the windows were spaced at intervals/of = 0.1 between

A =0.1 andi = 0.9, and the contribution from this region

was integrated numerica"y using Simpson’s rule. When 0.01 FIGURE 2: Comparison of nucleic acid structures for whichk=

: 0.01. The ligand and H148 from the HSE/ss simulation are colored
S.l = 0'94 and 0.96 4 < 0.99, the Wme.WS were spaced red; those from the HSD/ss simulation are colored blue, and those
with A7 = 0.01, and théUg — Ua[J values in each of these  from the HSD/ds simulation are colored gray (the HSE/ds simula-

two regions were fit to the known functional form26j: tion and starting structure are very similar to the HSD/ds simula-
A~%*and (1— 1)~% respectively. The contributions obtained tion). The protein conformation is for the HSD/ss simulation, which
by analytically integrating these functions were then added is representative of that part of the system for all the simulations.
to that from the well-behaved intermediate region. .

As discussed below, free energy simulations can convergeSS- @nd dSDNA cases, hydrogen atoms were added using the
quite slowly, particularly for protein systems, which are HBUILD command in CHARMM @4).
relatively inhomogeneous. It is of interest, therefore, to ~ The complexes were solvated by centering a 22 A sphere
represent the system as economically as possible. A numbepf pre-equilibrated TIP3P water2@, 30) on H148 and
of studies have shown that it is reasonable to treat solventdeleting molecules that were within 2.8 A of protein or DNA
explicitly close to the area of alchemical change and heavy atoms. On the basis of continuum electrostatics
implicitly elsewhere in molecular dynamics free energy calculations 4), all of the histidine residues other than H148
simulations 16). The method was subsequently extended in were taken to be in the HSE neutral form. Side chains of
the context of QM/MM calculationsl{) and applied to UDG ~ the remaining ionizable residues (arginine, lysine, aspartate,
(4). The essential features are that charges of ionic groupsand glutamate) and phosphate groups with any atoms more
farther than a certain distance from the alchemical changethan 22 A from H148 were scaled to mimic solvent shielding.
are scaled to enable conformational sampling in a vacuum The scale factors were determined using the electrostatic
and that continuum electrostatics methods are used subsepotential-based method introduced in &€f In this method,
quently to calculate corrections to the free energy differences.the charges are scaled by the ratio of the potential at the
Below, we first describe the molecular dynamics simulations origin from a specific residue in a vacuura £ 1 every-
in the presence of the scaled charges and then the correctiosvhere) and that in aqueous solutian=t 1 for the protein
procedure. Importantly, we introduce an additional step in ande = 80 for the solution). Here, the origin was taken to
the procedure relative to earlier studidsi6, 17) to account  be the grid site closest to the bitom of H148. The resulting
for truncation effects that are important for the specific choice scale factors are given in Tables S1 and S2. The charges of
of charge scale factors used in this study (Tables S1 and S2onizable residues and phosphate groups wholly in the
of the Supporting Information). explicit solvent region initially were not scaled. All con-

SystemFor the alchemical changes in the proteDNA tinuum electrostatic calculations were performed with the
environment, the system studied was human UDG in the PBEQ module in CHARMM g1).
presence of either ss- or dsDNA (Figure 2). These molecules The resulting systems were divided into three parts. Protein
were represented by the CHARMM all-hydrogen topology and nucleic acid atoms more than 22 A from H148 were
and parameter sets (c22 for the protein and c27 for the nucleicfixed in place (FIX, 2448 atoms); those between 17 and 22
acid) 4, 25, 27, 28); the calculations were performed with A were harmonically restrained with force constants chosen
CHARMM version c30b2 Z4). In the case of the dsSDNA  to reproduce reasonable extents of thermal motion as
simulations, an initial structure was obtained by swapping discussed below (HARM, 791 atoms), and the remainder
the C1 and N5 atoms of the pseudouridine inhibitor in PDB were completely free (FREE, 833 atoms). Throughout the
entry 1IEMH (12). In the case of the sSDNA simulations, we study, the water molecules were restrained to remain in the
went on to delete one of the DNA strands as well as one 22 A sphere with the stochastic boundary potential introduced
and three nucleotides from thé &d 3 ends, respectively, by Brooks and Karplus3@). A switch function was applied
of the remaining strand. The resulting system contains a five- to the van der Waals interactions over B A, and a force
nucleotide ssDNA oligomer (GpTpdUpApT) representative shift function was applied to the electrostatic interactions to
of the ligands studied by Jiang and Stivetg)( In both the truncate them at 12 A2¢, 33) (see ref34 for a discussion
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of different cutoff schemes in the context of free energy were 31 ps! (36). Those for protein and nucleic acid heavy
simulations). atoms were 500 p$ scaled by eq 5 of re36.

The system configurations were then relaxed with the  One important issue concerning successful application of
H148 residue in the doubly protonated form. First, the the thermodynamic integration procedure is that the system
hydrogen atom positions were relaxed by energy minimiza- must reach equilibrium in each window. Recently, it was
tion with fixed heavy atom positions [1000 steps of the pointed out in a detailed analysis of thermodynamic integra-
steepest descent algorithm (SD) followed by 1000 steps of tion that convergence can be assessed by evaluating whether
the adopted basis NewteiiRaphson algorithm (ABNR) the fluctuations in the derivative of the free energy (the
(24)]. Then, with the protein and DNA fixed, the water integrand in eq 3) exhibit Gaussian statisti@9)( For the
molecules were relaxed by applying the same minimization system presented here, we found that this criterion was
protocol, heating them from 0 to 300 K over 20 ps, and typically met only after simulation for5 ns at eacii value.
simulating their dynamics for an additional 20 ps at 300 K However, when we compared the numerical integration of
with the leap frog algorithm35). The HARM and FREE  the free energy derivatives from thie= 0.01 toA = 0.04
atoms were then restrained harmonically, and their positionswindows using the fully converged simulations and ones
were adjusted by repeatedly applying the same minimization limited to 2 ns (using data only from the second half of each
protocol with progressively weaker force constants (from 128 trajectory), the differences were typically on the order of
to 1 kcal mot* A%, decreasing each time by a factor of 2). 0.01 kcal/mol. These results suggest that the Gaussian
During the production run, the main chain and side chain statistics test is stricter than necessary for achieving errors
HARM atoms were restrained to their minimized positions routinely considered acceptabte I kcal/mol). The reverse
with force constants of 8.78 and 4.92 kcal moh 1 scaled cumulative averaging procedure introduced in the same paper
by eq 5 of ref36. These values were chosen to yield (39) was used and found to be very effective. At mast
reasonable mean square displacements (0.410 and 02732 Avalues, we equilibrated the system for 1 ns and sampled for
as in Table 7 of ref36). 1 ns; to ensure that there was no incremental errdrwas

For the free energy difference simulations to obtA{E increased, we equilibrated the system until it exhibited
(Figure 1), the system was composed of a histidine with Gaussian fluctuations in the free energy derivative at
acetyl and\-methylamide blocking groups (to make the N- 004, 0.5, and 0.96.
and C-termini neutral) in a sphere of the same radius as that Electrostatic CorrectionsAs mentioned above, continuum
used above (22 A). The starting structure of the peptide waselectrostatics methods are used to correct for scaling the
constructed from ideal internal coordinate values in the charges of exposed ionizable groups. In the scheme intro-
CHARMM (c22) topology and parameter set85). The duced in refl16 and refined in refl?7, the free energy
waters were added to the doubly protonated system asdifference in the presence of the scaled charges in a vacuum
described above, and their positions were relaxed by the samés determined using thermodynamic integration (step | with
minimization and heating protocol used for the water contributionAG;), the energy associated with restoring the
molecules in the presence of the protein. Because the samacaled charges to their full values in a vacuum is calculated
solution calculations are used in the thermodynamic cycles (step Il with contributionAW,), and the system is then
for the ss- and dsDNAGE', only two free energy simula-  transferred from vacuum to bulk solvent (step Il with
tions are needed in this case: one for the(NSP— HSD) contribution AW,). For step Il, we use the CHARMM
and one for the N(HSP— HSE) tautomer. Coulomb electrostatic energies without any truncation, which

Molecular Dynamics (MD)Dual-topology free energy &S shown to _prov!de good agreement with grid-based
perturbation simulations were carried out using the BLOCK Vacuum calculations in ref7. For step I1l, we use the PBEQ
module of CHARMM @7). In this protocol, the side chains module in C_HARMM @D. In all the P(_)lsson calculations,
of the singly and doubly protonated tautomers of H148 are NO Salt was included, and the water dielecterWas taken
represented by two separate sets of atoms. All of the sidet© P€ 80; are of 1 was used otherwise (in a vacuum and in
chain atoms (from Eoutward) were duplicated; the proto- the protein interior). T_he c_alculatlons were initially conducted
nated tautomer was represented by the HSP residue and th@N & 75x 75 x 75 grid with 2.0 A spacing and focused to
neutral tautomer by either the HSD or HSE residue in the & 140> 140 x 140 grid with 0.5 A spacing.

CHARMM (c22) topology and parameter sets. Nonbonded In this study, we added a step to the procedure between
and dihedral angle interactions between the duplicated sidestep | and step Il. Namely, we calculate the contribution to
chains and the rest of the system were scaled by the controlthe (free) energy associated with extending the cutoff for
parameter{ and 1— 1 in eq 2). As mentioned above, the the electrostatic interactions with the scaled charges from
initial structures were constructed by energy minimization that used in the molecular dynamics simulation to infinity
with the protonated tautomer; the initial structures of the (step Il with contribution AW;-). Neglecting this step for
neutral tautomers were obtained by duplicating these coor-the systems considered in this study resulted in large
dinates and deleting the appropriate hydrogen atoms. We thercorrections £27.2 to—74.2 kcal/mol in Table 1), in contrast
setl equal to 0.01 (protonated end point) and used Langevinto expectation when the potential-based charge scaling
dynamics to heat the system in steps of 20 K every 10 psprocedure described above is uséé)( Including step Il

until 300 K was reached. The SHAKE algorithi38f was reduced the magnitudes of these values to-2@.4 kcal/
used to constrain the lengths of the bonds to hydrogen atomsmol. The contribution from this step was not important in
and the integration time step was 1 fs. The random force refs4 and17 for two reasons. (1) Entropic contributions to
was applied only to atoms more than 17 A from H148. The enzyme activation free energies are small in general. In our
friction coefficients for water oxygen atoms in this region earlier work on the chemical mechanism of UDG, (we
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Table 1: Calculated Free Energy Differences for H148

system AG AAWim  AAWyram AG: AAG  pKa

HSP—HSD/ds 39.1 -—-27.2 20.4 595 523 442
HSP—HSE/ds 209 —-74.2 —4.0 169 85 122
HSP—HSD/ss 294 -63.3 2.4 318 246 240
HSP— HSE/ss  23.1 —65.7 3.3 26.4 18.0 19.2
HSP— HSD/pep 2.0 52 72
HSP— HSE/pep 9.7 -13 8.4

AAG. = AG, + AVV||'V||,|||. AAG = AGEr - AGgq. ngr = AAG/

2.3RT + pK3% AW,y is the total electrostatic correction obtained
without step I, and AW, i is that obtained with it.

thus explored only the effective energy (potential energy and
implicit solvent free energy) surface with constrained
minimization. Here, we are interested in protonation and
binding, which both typically involve significant entropic
contributions. Consequently, MD simulations at 300 K were
used to obtain relative free energies. The MD simulations
access a larger portion of the accessible conformation space

03’
of the enzyme than does minimization. Due to the greater |
heterogeneity of the sampled structures, errors are less likely

Ficure 3: Schematic illustrating the coordinatesando) used to

to cancel. (2) The step Il calculations in refvere performed  paracterize the position of the2 phosphate group.

entirely with PBEQ even though = 1 everywhere in that

part of the procedure, so the truncation was treated consis-difference between end point averages, in this case, of
tently within each step. Here, the energies for increasing the

charges to their full magnitudes in a vacuum were calculated W = Z[(I)x(e=80) — @y (e=1)]q, (6)

with the Coulomb electrostatic term in the CHARMM force IE]

field, to which a force shift function is applie@4, 33). . . ) ) ]

The total free energy differences reported are sums of theWhere ®x is the electrostatic potential obtained with the
energy contributions from steps I/ 111, and Il for each of ~ Partial charges for H148 in state X with the dielectric
the four simulations (Table 1). For the blocked histidine in boundaries determined by the full protein system (all other
solution, there are no scaled charges, so the free energ)parual charges are set to zero). The electrostatic corrections
differences are simply the sums of steps | and IIl. That is, Were averaged over only every tenth saved structure (1 ps

we add the free energy change of transferring the blockedintervals) to limit computational cost.

histidine and the sphere of water surrounding it into the bulk
solution € = 80) to the thermodynamic integration result.

Decomposition Analysi®ecomposition of the free energy
into residue-by-residue contributions can provide valuable
insight into the physical basis for the estimatd¢, palues
(15). For residud in C in eq 2

G|

|
9G]

IE oA

oA

ZDUJ'A - Ung

Jei

(4)

whereG! is the step | contribution froni to a calculated
free energy differenceAGE"), Ujx is the interaction (with
the scaled charges) between atpand block X (X= A or
B), and the sums run over the atomd.iThe contributions
reported include the solvent corrections and are

L . 0G ,
AGi=fod/lg+AV\/i'x+AV\/i”x+AV\/i">'( (5)

Potential of Mean Force CalculationsTo probe the
conformational preferences of the& phosphate, which plays
an essential role in this analysis, we determined the free
energy as a function of an order parameter characterizing
the position of thet-2 phosphate group relative to the protein
(g)- The choice ofg is discussed in the Results. In brief, it
is a linear combination odl, the distance between the P of
the +2 phosphate group and,©f H148, anda, the angle
spanned by the P of the2 phosphate group, O8f the +1
phosphate group, and CSmmediately 3 of the +1
phosphate group (in other words, 'Caf the dU sugar)
(Figure 3); specificallyg = 0.998%/angstromst 0.055%/
degrees. The system was the same as that for the alchemical
free energy simulations except that only the doubly proto-
nated tautomer of H148 was included (corresponding to the
A = 0 end point), since thelf, calculations make clear that
this state is the most populated in all the cases that are
considered. The potential of mean force aloggwas
evaluated with umbrella sampling3, 40). A harmonic form
was used for the biasing restraints; the force constants and
minima of the restraints are detailed in the legend of Figure

Wy and Wy are the average energies associated with 6. For each window (each of which corresponded to a
extending the cutoffs and restoring the charges of residue different restraint), we equilibrated the system for 500 ps
to their full magnitudes ir) a vacuum at a particular value of and then sampled for an additional 500 ps. Although the
A, respectively, andAW}, and AW, are the differences  charges were scaled as in step | above, the electrostatic
between thel = 1 and4 = 0 end points. These quantities  corrections were not applied since our goal was to understand
are straightforward to calculate since they are each basedhe forces that stabilize the structures observed sampled in
on a sum of pairwise terms. FQXV\fi')'(, we again take a  the molecular dynamics simulations with the scaled charges
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Table 2: Residues That Contribute at Least 2 kcal/mah@f' and 1 kcal/mol toAG, in One or More of the Four Simulatiohs

AAG (HSD/ds) AAG (HSE/ds) AAG (HSD/ss) AAG (HSE/ss)
index type MD Ele Tot MD Ele Tot MD Ele Tot MD Ele Tot
144 Gin -1.3 —-2.4 -3.7 -1.2 -1.2 —-2.4 -2.4 -1.0 -3.4
145 Asp 2.6 4.2 6.8 2.6 4.6 7.2 3.1 7.7 10.8 15 7.7 9.2
146 Pro 2.3 1.0 3.3 3.1 1.3 4.4 3.1 0.5 3.6 1.8 0.5 2.3
147 Tyr —3.3 —1.8 —=5.1 —-4.0 —0.6 —4.6 —4.2 —-0.3 —4.5 —2.6 —-0.3 —-2.9
210 Arg 2.6 -8.2 -5.6 3.7 —6.6 -2.9
212 His 6.8 0.0 6.8 2.7 1.0 3.7 3.3 1.0 4.3
213 Gin 4.0 11 5.1 78 —0.7 7.1 33 -05 2.8
214 Ala 2.0 2.0 4.0 —-2.3 —-0.9 —-3.2
+3P 4.2 7.0 11.2 2.3 4.6 6.9
+2P 52.6 10.6 63.2 39.0 8.3 47.3 39.1 0.1 39.2 17.4 12.2 29.6
+1P 10.5 27.6 38.1 11.3 23.3 34.6 20.4 8.2 28.6 40.2 0.0 40.2
—1P 111 4.6 15.7 9.3 4.1 134 15.2 9.9 25.1 4.7 115 16.2
aMD is the contribution toAAG,, Ele the contribution taAW, i, and Tot their sum. A number of crystallographic water molecules also made

contributions greater than 2 kcal/mol but are not listed for clarity. DNA nucleotides are nhumbered according to their phosphate groups, which
dominate the contributions; the ssDNA oligomer spans positiedigo —2. Non-ionic residues can have non-zero electrostatic corrections due to
the contributions from steps'land llI.

in a vacuum. Data from different windows were combined
with the weighted histogram method (WHAM31). R210

RESULTS

In this section, we show that H148 is protonated in the
presence of ss- and dsDNA. In the former case, &
phosphate is fully solvated, which accounts for the small
effects observed upon neutralization or deletion in experi-
ments with short ssDNA oligomers. Q213

Protonation State of H148The calculated free energy
differences between the singly and doubly protonated states
of H148 are given in Table 1. Both in the presence of the
protein and in solution, removing a proton is unfavorable
(AG; > 0) due to the loss of electrostatic interactions.
However, the free energy cost is greater in the pretBINA
environment in all cases (6.8 kcal/molAAG < 51.1 kcal/
mol). The AAG values correspond tokp shifts relative to

the solution value _(6'(,)4)' and the res‘%‘“”g absolutg p Ficure 4: Residues contributing significantly to the determination
values (12.4-44.7) indicate that H148 is expected to be of the site-specific K. of H148 (Table 2). Q144, D145, P146, and
protonated over the experimentally studied pH rangelld Y147 are colored green; R210, H212, Q213, and A214 are colored
(10)]. The results thus support the earlier assignment of H148 blue, and P atoms of 1 to +3 phosphate groups are colored red.

; ; ; The structure is from the HSD/ds simulation oriented as in Figure
(4). Moreover, they are consistent with the observation that 2. H148 is as marked (colored according to atom type with cyan

there is no change in activity over the pH range of7.5 {5, ¢ biye for N, white for H, and red for O); the base of dU can
10.5 for theE. colienzyme 42), which was cited as evidence  pe seen behind Y147 and the sugar behindithehosphate group.
for a neutral histidine at the corresponding position in ref
11 we can obtain meaningful information about the conforma-
To gain physical insight into the basis for the estimated tional space accessible to the molecule by examining the
pKss, we identified the residues that make the largest structures sampled at the end points of the free energy
contributions to theAAG values using free energy decom- simulations £ = 0.01 andi = 0.99). In particular, in the
position analysis (Table 2). The sign of the free energy HSE/ss simulation at the doubly protonated end pdint(
contributions is such that a positive number indicates that 0.01), there was a large movement of the ligand atohao$ 5
the doubly protonated state is preferred. As is reasonablethe deoxyuridine such that the2 phosphate became more
protein residues that are close to H148 play the most solvent exposed¥6 A as can be seen by comparing the red
significant roles. These include ones that are close in and gray structures in Figures 2 and 5). To quantify the extent
sequence (Q144Y147) and those in a loop that packs of solvation, we calculated the surface accessible area (SAA)
against H148 (R21:6A214) (Figure 4). However, consistent  of the +2 phosphate for the structures sampled in the last
with our earlier findings4), the largest contributions overall nanosecond of this simulatiod & 0.01 for HSE/ss) and
come from phosphates in the DNA backbone, in particular found that it generally was the same as the SAA in the
the +2 phosphate that interacts directly with H148 in the absence of the protein-60 A?). In contrast, neglecting the
X-ray crystallographic structurel ). protein changes the SAA by67 A2 on average (from 87
Binding Mode of Single-Stranded DNAs described in  to 20 A?) in the dsDNA case.
Methods, systematic criteria were employed to ensure that Consistent with the shift in position of the2 phosphate,
the simulations were adequately equilibrated. Consequently,its contribution toAAG for deprotonating H148 in the HSE/
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D145 (backbone) 6 1 .5 0 o e
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Ficure 5: Orientation of the uracil base at the= 0.01 end point. 0.05[ il
Colors and orientation are the same as in Figure 2. The D145 e e K N
backbone is from the HSD/ss structure, and the S169 side chain is 0.00
from the HSE/ss structure to show the interactions that stabilize
the different conformations of the uracil base in the ssDNA
simulations. ()
o . : ]
ss simulation is considerably smaller than in the others (29.6 =
kcal/mol compared with 39:263.2 kcal/mol in Table 2). =
To determine if water compensated for this change, we =
calculated the interaction energy between the solvent mol- G
ecules and H148 in each of its protonation states. The G}

difference between the neutral and protonated form%iS8
kcal/mol for HSD/ss and 15.4 kcal/mol for HSE/ss. These
balance thet-2 phosphate contributions from the molecular
dynamics simulations (39.1 and 17.4 kcal/mol, respectively, FIGURE 6: Projection of the structures observed in the alchemical
in Table 2). In other words, the sums of th@ phosphate ~ €€ €nergy simulations. (a) Contour plot of the frequency of
. observing configurations with different valuesaénda (defined
and solvenAAG values are essentially the same for the tWo i "the text) during the ssSDNA/HSE = 0.01 simulation. The
ssDNA simulations (32.6 and 32.8 kcal/mol for HSD/ss and  dimensionless combined coordinatés defined so that/degrees
HSE/ss, respectively) even though th& phosphate group —17.991@/angstromst ¢/0.0555; each value af/0.0555 thus
becomes fully solvated in only the HSE/ss case. That the tcc?;L‘;Stpsohnoﬁnto(g)]eHIigigrcr:ﬁz g?tt&%xéfaoi‘;a gﬂilp:reg%(ﬂtc;éaénto
+2 p.hOSphate of the SSDI_\IAlollgom(.-:‘r is solvated supports the combined coordinatgl-g (c) Potential of mF()ean forcF:e aJlIong the
the idea that electrostatic interactions between combined coordinate calculated from independent umbrella sam-
phosphate and the active site are shielded in the sSSDNA casepling simulations ) and comparison with the data in panel b
which would account for the lack of an effect observed upon plotted asksT In P(q) (= — —). The positions of the minima in
deletion or neutralization of that group. The alternative dimensionless variablg (force constants in kilocalories per mole)

binding mode is not inconsistent with the calculatéd of the harmonic biasing potentials used in the simulation are 10.0

i ! . (12.0), 10.65 (6.0), 10.8 (10.0), 11.2 (12.0), 11.65 (3.0), 12.3 (10.0),
In the HSE/ss simulation, the whole DNA backbone shifts 12 .95 (6.0), 13.1(10.0), 13.25 (10.0), 13.6 (6.0), 14.25 (6.0), 14.6

(12.0), 14.9 (9.0), 15.25 (6.0), 15.65 (9.0), 15.9 (12.0), 16.35 (9.0),
16.55 (3.0), 17.2 (5.0), 17.85 (3.0), 18.4 (5.0), 19.15 (3.0), 19.7
(8.0), 20.45 (6.0), 21.0 (6.0), 21.75 (6.0), 22.25 (6.0), and 23.05
(6.0).

level of solvation of the backbone to which it is covalently
linked.

We thus sought to identify a suitable coordinate for
characterizing the position of the2 phosphate and serving
as the basis for umbrella sampling simulations. Good
separation between structures with the phosphate close to
its position in dsDNA and those in the HSE/ss alchemical
simulations was obtained in projections ortcand o as
defined in Methods (Figures 3 and 6a). To reduce the
computational cost of the potential of mean force calculation,
which increases exponentially with the number of indepen-
dent coordinates, we linearly combined these two variables
into a single onexg = 0.998%/angstromst 0.055%/degrees

and the+1 phosphate occupies roughly the position of the
+2 phosphate in the starting structure (Figure 2).
Comparison of the HSD/ss and HSE/ss structures at the
= 0.01 end point, where both simulations correspond to the
doubly protonated histidine, shows that the two structures
are similar. This suggests that the protein is well-behaved.
However, the uracil ring is oriented differently in the active
site in the two simulations (Figure 5). In the HSD/ss
simulation, the uracil ring rotates approximatet0°® from
the starting structure such that the 622 and N3-H3
groups hydrogen bond with the backbone amide and carbonyl
groups of D145, respectively. In contrast, in the HSE/ss
simulation, the uracil ring rotates approximatety50¢° such
that these groups interact with the side chain of S169 (the
C2=02 group with the g—Hz group and the N3H3 group
with O,). In both cases, the G404 group hydrogen bonds
with the backbone amide group of F158; these interactions

stabilize the uracil ring in a shallower position in the active (Figure 6b). Up to a constant factor, this mapping takes points
site pocket relative to the starting structure. This shift in the in Figure 6a to the intercepts of lines orthogonal to that
position of the uracil base is consistent with the increased shown and in this way measures the projection onto the
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Table 3: Electrostatic Interaction between th2 Phosphate Group has a specific activity that is only approximately half that of

Atoms (P, O1P, O2P, O5and O3) and the Deoxyuridine Sugar the wild type @5). One possible explanation for this
Atoms (C1, H1', C2, H2, H2", C3, H3, 03, C4, H4, and O4)? observation is that slow dissociation of the apyrimidinic
system 1=0 A=1 system 1=0 i=1 product in the absence of competing protein factets) (
HSP— HSD/ds 22 55  HSP-HSD/ss 25 o5 masks _thg effects of |'ntroducmg the aliphatic s@e chain
HSP— HSE/ds 2.6 25 HSP-HSE/ss 0.7 0.7 [DNA binding is essentially unchangeds)]. Alternatively,
aValues (in kilocalories per mole) are averages over 50 configura- H148 is Ir?deed neutral. The St"’,‘blhza“,on for the protonated
tions, spaced 10 ps apart, for the protonatee(0) and neutral{ = tautomer in the HSE/ss simulation derives from the fact that

1) end points. the +1 phosphate group moves into the position occupied
by the+2 phosphate group in the starting structure. If this
is not the case, and neither thel or +2 phosphate group

indicated diagonal (see the legend of Figure 6 for further . X o
details). The potential of mean force alogés displayed in is near H148 (meaning each is likely to be solvated), a neutral
Figure 6¢. There is a rough double well, and the basin tutomer is favored.
corresponding to the solvated stateX 15) is ~1.1 kcal/ That the ssDNA and dsDNA ligands bind in somewhat
mol lower in free energy than that corresponding to the bound different manners is consistent with available structural data.
state (| < 15). Figure 6¢ does not contain information about In particular, the uracil base in the ssDNA simulations is
the rate of diffusion alongy, and thus, interconversion not as deep in the active site pocket as in the dsDNA
between the basins could be relatively slow despite the structure. Rather, the region that it populates overlaps
relatively small barrier height (see ref3 and 44 for a substantially that of a thymine base in a published X-ray
general discussion). Nevertheless, the potential of mean forcecrystallographic structure of UDG in complex with a thymine
is adequate for demonstrating that, at equilibrium, the trinucleotide 47). In this structure, thet2 phosphate for
preferred binding mode of th&¢2 phosphate of the ssDNA  that ligand binds in the position occupied by thel
ligand is solvated. phosphate in the ssDNA simulations in this study, which
Implications for CatalysisPoisson methods were used to indicates that there is a stable phosphate binding position in
estimate the impact that solvation of € phosphate group  that location. In the case of UDG bound to a cleaved dUAAp
has on its contribution to catalysis. Specifically, we calculated oligomer, no electron density for the abasic trinucleotide is
the electrostatic energy for a system with partial charges onobserved, suggesting that it is disordered if presés}. (
only the +2 phosphate group atoms and the sugar of the These data, combined with the fact that ssDNA oligomers
deoxyuridine, which carries the positive charge in the have higher off-rates4@, 49), further support the idea that
oxacarbenium cation intermediate. The dielectric boundariesthe ssDNA oligomer samples alternative binding modes.
were determined from the protein and DNA molecules; no |t is argued by Jiang et al. (footnote 4 of réf) that
explicit solvent molecules were considered. Regardless of differences in solvation between the various bound substrates
whether structures from the protonated or neutral end pointsare not likely, based on the fact that deletion and MeP
were used, the interaction between th2 phosphate group  substitution influence the reaction to similar extents. In our
and the sugar is reduced significantly in the HSE/ss simula- simulations, the-2, —1, and+1 phosphates do not move
tion with the alternative binding mode (0.7 kcal/mol com-  significantly, while the+2 phosphate becomes fully solvated.
pared with 2.2-2.6 kcal/mol in Table 3). These data support |n comparing the MeP data with the calculations, we must
the hypothesis that recent experiments fail to observe aglso keep in mind that, although the total charge on these

significant change in catalytic activity upon deletid®or Jinkers is zero, they are not apolar. In contrast, in the
neutralization {1) of the+2 phosphate group due to solvent  decomposition analyses presented in 4gfll the partial
shielding. charges on a group are removed. Consequently, the changes

measured upon MeP substitution represent lower bounds for
DISCUSSION the contributions of the phosphateskq. Of course, both

the basis for an apparent discrepancy between theoretica@round or transition state more than the other; depending

predictions 4) and subsequent experiment§,(11) concern- 0N which state underwent a greater change in free energy,
ing the mechanism of the DNA repair protein uracil-DNA the net change would have a different sign.
glycosylase. The calculations indicate that the termisa)( We stress that the fact that substrate electrostatic interac-

phosphate group of the ssDNA oligomers that were studiedtions play a very large role in lowering the energy of the
is fully solvated. The resulting shielding is sufficient to rate-limiting transition state for the base excision reaction
reduce the catalytic contribution of this group, as indicated does not mean that specific protein residues are unimportant.
by continuum electrostatics calculations using structures fromD145, P146, C157, and H268 all make large contributions.
either the protonated or neutral end points of the alchemical In particular, the calculated AE values 4) for these residues
simulations. In the dsDNA case, this group is likely to be are sufficient to account for the hydrolysis of the minimal
well-structured and contribute to catalytic activity as sug- substrate deoxyuridine (dU)Q). Assuming H148 is neutral
gested previously4). for the enzyme with dU, as indicated by continuum elec-
The calculations support the idea that H148 is doubly trostatics calculations (determination of th&.py more

protonated over the experimentally studied pH range and thusrigorous means, such as those employed here, is not
destabilizes the oxacarbenium cation intermediate and thewarranted in the absence of better structural data for this
transition state leading to it, as we suggested previod3ly (  case), the protein is estimated to contribute 11.5 kcal/mol to
In this regard, it is important to note that the H148L mutant cleaving the Ct-N1 bond, which is in good agreement with
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the value of 8.3 kcal/mol suggested from differencek.in 8.

for the minimal and optimal substrates for taecoli enzyme.

The charge scaling procedure for treating solvent far from g
the active site in an efficient but accurate manngri,
17) makes the simulations in our study computationally
tractable. In this paper, we refined the procedure to account
properly for free energy contributions associated with the

fact that the electrostatic interactions are truncated only in 11.

the molecular dynamics simulations and not the grid-based
postprocessing. Given the importance of substrate electro-
static interactions for the catalytic activity of UDG, it is
natural to ask about the extent to which the results depend
on the choice of protein dielectric. However, the scale factors
for the ionizable groups are dominated by the water dielectric
(e = 80), so it is unlikely that the conformations that are
sampled would differ qualitatively from those in this study.

The results of our study reinforce the conclusions of the 14

earlier QM/MM calculations, which pointed to the large
catalytic and anticatalytic roles played by phosphates and 15
H148, respectively, in addition to the “obvious” catalytic
residues D145 and H268. With regard to these calculations,
it is important to emphasize that, although quantitative
accuracy is always desirable, their primary purpose is to
provide qualitative insight into the features that give rise to
a mechanism. Because they provide information that comple-
ments that accessible to experiments, such calculations and

the ones described here play an important role in understand- 18.

ing protein behavior as already evidenced by the experiments
motivated by our earlier study(11).
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