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Role of Active Site Residues in the Glycosylase Step of T4 Endonuclease V.
Computer Simulation Studies on lonization States

Monika Fuxreiter: Arieh Warshef and Roman Osmarf*

Department of Physiology and Biophysics, Mount Sinai School of Medicine, New York, New York 10029, and Department of
Chemistry, Uniersity of Southern California, Los Angeles, California 90089

Receied January 26, 1999; Resed Manuscript Receed May 17, 1999

ABSTRACT. T4 Endonuclease V (EndoV) is a base excision repair enzyme that removes thymine dimers
(TD) from damaged DNA. To elucidate the role of the active site residues in catalysis, Kasivgere
evaluated using the semimicroscopic version of the protein dipdlasgevin dipoles method (PDLD/S).
Contributions of different effects to theKp such as chargecharge interactions, conformational
rearrangement, protein relaxation, and DNA binding were analyzed in detail. Charging of the active site
residues was found to be less favorable in the complex than in the free enzymé ldiehe N-terminus
decreased from 8.01 in the free enzyme to 6.52 in the complex, whilekthefislu-23 increased from

1.52 to 7.82, which indicates that the key residues are neutral in the reactant state of the glycosylase step.
These [KJs are in agreement with the optimal pH range of the reaction and support the N-terminus
acting as a nucleophile. The Glu-23 in its protonated form is hydrogen bonded wf @# sugar of 5

TD and can play a role in increasing the positive charge ofaddl, hence, accelerating the nucleophilic
substitution. Furthermore, the neutral Glu-23 is a likely candidate to protonate @4duce ring opening
required to complete the glycosylase step of EndoV. The positively charged Arg-22 and Arg-26 provide
an electrostatically favorable environment for the leaving base. To distinguish betw&esn& &2
mechanisms of the glycosylase step the energetics of protonating OZBfBas calculated. The enzyme

was found to stabilize the neutral thymine k8.6 kcal/mol, whereas it destabilizes the protonated thymine

by ~6.6 kcal/mol with respect to an agueous environment. Consequently, the formation of a protonated
thymine intermediate is unlikely, indicating amZSreaction mechanism for the glycosylase step.

UV light can induce modifications in DNA bases, such for selective recognition of thymine dimers and for the role
as formation of covalent bonds between adjacent pyrimidines of various active site residues has not been unequivocally
(). These photoproducts are mutagenetic and lethal for theestablished.

cells, often resulting in cance2,(3). The cells have elaborate It has been shown that the enzyme first associates with
protective mechanisms to eliminate these lesions by eitherthe DNA by nonspecific electrostatic interactioris8( and
base 4) or nucleotide excision pathways, ). Endonuclease  |ocates the damaged site by a scanning mechani$m (
V (EndoV) from bacteriophage T4 is a base excision 21). The positively charged residues on the interacting surface
enzyme, which initiates the repair ofa thymine dimer lesion of the enzyme were demonstrated by site-directed mutagen-
in DNA (7, 8). esis and substrate analogue binding to be significant for

The catalytic activity of endonuclease V comprises two specific binding 22, 23. The three-dimensional crystal
steps 9, 10: (i) cleavage of the glycosidic bond and (ii) structure of the enzyme in complex with DNA exhibits a
incision of the phosphodiester bond at the apyrimidinic site. kink of 60° near the thymine dimer (TD)16). Molecular
The enzyme was studied extensively by biochemitai dynamics (MD) simulations and NMR studies showed that
13) and structural methodd44—17), providing a wealth of ~ the DNA in solution has a smaller kink ef20° around the
information on its binding properties to DNA as well as on damaged site24—28). Thus, the protein induces a large
the catalytic mechanism. Nevertheless, the molecular basisdistortion in DNA structure when the complex is formed. In

the crystal structure, the adenine opposite thinymine of
— the dimer was found in an extrahelical position embedded
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also by National Institutes of Health Grant GM24492 (A.W.). inside the protein, presumably relaxing the sirain introduced
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PDLD, protein dipolesLangevin dipoles method; PDLD/S, semi-  displayed in Scheme 1. Capturing the reduced intermediate

macroscopic protein dipoled.angevin dipoles method; MD, molecular ;
dynamics simulations; LRA, linear response approximation; SCAAS, of the product of the glycosylase step established the role of

surface-constrained all-atom solvent model: RHF, restricted Hartree ~th€ N—terminu.s as the nycleophi@ﬂ- It has peen proposed
Fock calculation; ur, unrelaxed model; rel, relaxed model. that the reaction is facilitated by a protonation on O2 of the
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Scheme 1
1. Glycosylase step
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5' thymine of the dimerZ9, 30. Such a mechanism requires found to abolish the catalytic activity of the enzyniel,
an unprotonated N-terminus around pH 7 and assumes theThis suggests that the negative charge of this carboxylate
existence of a nearby residue that can donate a proton to thegroup has special importance in the course of the scission
thymine dimer. The i, of the N-terminus in the complex  of the glycosidic bond. The substitution of Glu-23 by Asp,
with DNA has not been measured. Furthermore, in the however, resulted in an inactive enzyme, which indicates
structure of the complex, Arg-26 is found close to O2 bf 5 that Glu-23 plays a more complex role in this reactib8)(
TD, but its ability to donate a proton is not known. The Mutations of Arg-3, Arg-22, and Arg-26 also reduce the rate
scission of the glycosidic bond is followed by an opening constant of glycolysis, although to a smaller extdri) (Arg-
of the sugar ring, which is assisted by a general base and &6 is of special interest, since the NH1 of this residue is
general acid that remove a proton from the amine and positioned 2.6 A from the O2 of' hymine of the dimer,
protonate the O4of the sugar moiety, respectively. The making it a likely candidate to donate a proton prior to the
product of this reaction is a protonated Schiff base, which cleavage of the glycosidic bond. Earlier quantum chemical
was experimentally identified via reductive methylati@)( calculations carried out in vacuo indicated that Arg-26
The identity of the general acid and general base that play aremains protonated during the reacti@)(
role in the formation of the Schiff base has also not been  The complexation with DNA did not cause significant
determined. changes in the overall structure of the enzyme; the RMSD
The cleavage of the phosphodiester bond occurs viabetween the free enzyme and the complex is 0.54 A for main
B-elimination @1, 32, followed by the hydrolysis of the  chain atoms and 1.13 A for heavy atoms, although some
Schiff base leading to the dissociation of the enzyme and active site residues are considerably moved. For example,
the formation of am,8-unsaturated aldehyde. In the presence the distance between the NH2 atoms of Arg-22 and Arg-26
of high concentrations of external nucleophile the DNA decreased by almost 3 A. To understand the effect of these
backbone remains intacBg), because hydrolysis of the conformational changes on thi of the active site residues,
Schiff base is preferred. an artificial model was constructed by removing the DNA
The presented reaction mechanism is not fully confirmed, from the complex structure. TheKgs calculated in this
since several intermediates cannot be investigated experi-artificial complex enzyme model were compared to those in
mentally. The catalytic effect of the enzyme, however, cannot the free enzyme as well as in the complex. In this way the
be explained without the knowledge of the detailed reaction effects of structural changes in the enzyme induced by DNA
mechanism. To study such a mechanism computationally, it binding and the interactions with the DNA groups could be
is essential to determine the charge state of the ionizablestudied separately.
residues, which also helps to elucidate the role of the catalytic ~ An important step in enzymatic catalysis of the hydrolysis
residues. The present work focuses on calculating Kasp  of the glycosidic bond is the stabilization of the leaving
of the active site residues of endonuclease V: the N-terminus,group, i.e., the Sthymine of TD. Since the pyrimidine anion
Glu-23, Arg-22, Arg-26, and Arg-3. is not a good leaving group, two possible pathways could
The N-terminus and Glu-23 were shown to be indispen- be envisaged. In one, a protonation of the anion will greatly
sable for the glycoslysis of thymine dimet3, 3Q. Since enhance the rate of the glycosidic bond breaking. In the other,
the N-terminus is the attacking nucleophile, it§,phas a a positively charged group could provide electrostatic
primary influence on the pH profile of this reaction. The stabilization of the leaving anion, which will be neutralized
replacement of Glu-23 by neutral residues (e.g., GIn) was in a subsequent step. Indeed, Arg-26 is positioned in the



Computer Simulations of Glycosylase Step in EndoV Biochemistry, Vol. 38, No. 30, 1999579

a) d) d)

AGP(AH,— A, + HY AAG"
[ S ——

-AG.P(AH) AGETH(AT)

-—

>
ﬂQ
‘+
B
R
.’E
9

/:
m I__
™

b) c)

AGL(AH— A" +H")
A

AH

Protein

Ficure 2: Thermodynamic cycle used in PDLD/S calculations.
AG'S;",W is the free energy of solvation in water, when the relevant
groups are infinite separation.Gso, wd = Qo) andAGY, (g = 0)

are the solvation energies of the protein in water when the relevant
groups are charged and uncharged, respecti%glyandV,q are

o . . . the interactions of the relevant groups with the charges and
proximity of O2 of the 5thymine, and it can serve in either  permanent dipoles of the proteia, is the dielectric constant in

of the two proposed roles. Alternatively, Glu-23 was water, and, is a scale factor that accounts for those effects which
hypothesized to participate in protonation of the pyrimidine were considered implicitly in the calculations.

ring (13, 16. To test this hyphothesis, we calculated the
stability of protonated Sthymine in the enzyme compared
to aqueous environment according to different protonation
schemes using the PDLD/S meth@&b),

Ficure 1: Thermodynamic cycle for calculation okpof ionizable
residues.AGy,, and AGY, are the free energies of solvation in
water and in protein, respectively, wherea§.® is the free

energy of moving the relevant group from water to the protein site.

residues are neutral and (ii) the interaction with other ionized
residues.

ngj p|nt+ Z(ApKaJ i

1=

METHODS 1
| - PG + g AACE) ZAG (3)
Calculation of pK. The (K, of an ionizable group can be 2.3R T=
calculated according to the thermodynamic cycle presented
in Figure 1 @6): where [K&; "t are the intrinsic Ka in protein when all other
residues are kept neutral in the process of charging and
AGp(AHp—> A+ HW+) = AG"(AH,— A, + (ApK® a)i Is the (K shift induced by the effect of othgth

ionizable residue. To evaluate this equation, two terms are
calculated: the self-energhAG.. ;)i when moving théth
residue from water to the protein site, keeping all other

Here p.and w d(inote the protein and water e”V”O””?e”t’ ionizable residues neutral, arrdGI”, the interaction with
respectively AGY P represents the free energy of moving 1

th ticul f tor to it tein sit other ionizable groups.
€ particuiar group from water o 1tS protein site. Determination of Self-Energylhe self-energy was cal-
Equation 1 can be rewritten as

culated as the difference between the solvation free energy
1 in water and in protein by the semimicroscopic version of
pKE; = pKa; + mAAGWﬁp(AHi —A") (2 the PDLD model (PDLD/S)35) using the thermodynamic

' cycle represented in Figure 2.

H, ") + AGY P(A7) — AGY P(AH) (1)

where p(fu- and [X3; are the Ky s of the ith group in w—p _ _
protein and water, respectiveAG* P(AH; — A, is the AAGT T=[-A 3°'W+ (AG,(d = do)
difference between the solvation free energy ofitheesidue AGY, (q= 0))](_ — l) + (V, +V )i (4)
in water and in protein in its charged and uncharged state, SO € € a “ein
respectively. Since thelq in water is often experimentally
known, the determination of thekgin protein is reduced to ~ where AGLg, , is the solvation energy of thigh residue in
the calculation of the second term. As the effect of the pro- water, when the charged groups are infinitively separated
tein environment is significantly larger on the ionized state from each otherAGSOIW (9 = qo) and AGsmw (g =0) are
than on the neutral state, teG" P(AH) term is usually the solvation energies of the protein in water when the
ignored. studied group is in the charged and uncharged form,
Since in general more than one charged group is con-respectivelyVqyqandV,q are the interactions with the protein
sidered, it is convenient to express the,f each protein charges and polar groups in a vacuum.is the dielectric
group in two terms: (i) the free energy of charging the constant of water, angh, is a scale factor that represents the
specific ionized group at the protein site when all other contributions which are not considered explicitly in the

in
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model. As induced dipole effects of the protein and water approach40, 47), residues beyond a certdRy > Ryt Were
penetration were included implicitlysiy, = 4 was used represented by a two-state charge model.
throughout this work. In this simplified model, the free energy of the charged

The solvation energy in the PDLD mode3®, 38 is state is expressed as
composed of the terms:

AGAH. — A7) =g{W’ + S W, g 9

AGE, = AG| + AGgy + AG,q + AGy, + AGy, + (AR )= AW Z, 1140 ©)
AGhydro (5) _ . R L
where(; is the charge of théh group in its ionized state
whereAG, is the Langevin term, the interaction of the water (—1 or 1). _
dipoles with the charges of the studied grotGson is the The average charge of the two-state charge model is
bulk solvation energyAG,, and AG,, are the interaction ~ calculated by
terms with the protein permanent and induced dipoles,
respectively AG,qy is the van der Waals interaction term, - g, exp{ —AG(AH;, — A )} (10)
andAGuyqrois an estimation of the hydrophobic contribution. i ,

The effect of protein structural relaxation upon formation exp{ —AG(AH; — A )f} +1
of charges was studied by using a linear response ap- ) . . .
proximation (LRA) @5), by averaging the PDLD/S results The free energy of a given charge Cor_lﬂ_guranon by the hybrid
over configurations generated by MD simulations with the @pproach can be obtained by combining eqs 7 and 9:
relevant group charged and uncharged, respectively:

N,

s Ns N
AG™= LA -Wo 5 Wil + " Wilg3 (11)
i J=Ns

AAG" P = %(mAGWQszqO + mAGWquzo) (6) 4 &
where thelAAG!_POterm is the average solvation energy wheremsis the charge configuration of the residues within
of configurations generated when the relevant groups arethe cutoff radiusN is the total number of ionizable groups,
charged andAAG)_P[term when they are uncharged. andN;s is the number of groups within the cutoff range, for

Interaction between lonizable ResiduSgce the interac-  Which the patrtition function is calculated self-consistently.
tion between two ionizable groups depends on the ionization In this work a 10 A cutoff radius was used.

state of all the other ionizable residues, to calculateNG8 'Models.The (X, calculations were performed using three

interaction term, the free energy of a given charge  different models: (i) free enzyme (2END.pd}4j, (ii)

configuration has to be evaluated: enzyme as in the complex, without the DNA (coordinates
derived from 1VAS.pdb)X6), and (iii) enzyme in complex

structure is that of the E23Q inactive mutant (1VAS.pdb)

] with DNA (1VAS.pdb). Since the available complex crystal
(16), the model for our studies had to be constructed by

_ 1
AG" =y —gN 2.3RTPK} — pH)+ -5 AG?
IZq."{ T(pKaj — pH) 2; i
N N replacing the glutamine by glutamate. Hydrogens were added
Z{ —q" W} + _Z\Nij a'q't (7) to the PDB coordinates, and the water structures were rebuilt
= 263 completely by the ENZYMIX program35).
Calculation of Self-Energyl’he three models which were
. . : . . : described above were subjected to 2 ps relaxation (using a
in a charge configuratiom. The (,:OUDl'ng, term is defined 0.5 fs step size), followed by 20 ps simulation using a 0.5 fs
asWj = 332(LRj'¢), whereRj' is themd.|stance between (ime step at 300 K with 0.3 kcal mol A2 contraints on
the centers ofith andjth group ande; is the effective  the protein and DNA atoms. The calculations were performed
dielectric constant between the two residues in this particular using the spherical boundary conditions by the SCAAS
charge configuration. _ _ _ model @2). The side chains of the studied residues were
Using the free energy of all possible charge configurations, included in region 1, and the center of each system was taken
the average charge of each residue can be calculated: 55 the center of region I. Region Il included the rest of the
protein and the DNA. This was immersed in a grid of

whereq" andqjm are the actual charges ith andjth group

> g exp{ —AG"B} Langevin dipoles of 18 A radius, which was surrounded by
= m (8) bulk solvent represented by a dielectric continuum. To treat
: 7 the long-range interactions properly, the local reaction field

model was used4@). The pK';“ results were obtained by
wherelg;[is the mean value of the charges of ttteresidue  averaging the PDLD/S energies of 10 configurations, which
andZ = Y wexp{ —AG"}. Equations 7 and 8 are solved self- were collected at each 2 ps interval of the MD simulation.
consistently. The I§, of theith residue is defined as the pH  Since the goal of this work was to calculate the difference
at which |G = 0.5, andApK,; is obtained by subtracting  in solvation free energy in protein and aqueous environment
pK'(,;‘jt from pK, according to eq 3. rather than explore conformational equilibrium of the protein,

The solution of eqs 7 and 8 is computationally demanding the convergence criteria were set according\teG" P, In

in the case of a large number of ionized residues; therefore,previous studies PDLD/S simulations were demonstrated to
this description was combined with the effective charge converge faster than all-atom LRA and FEP treatmédt (

approximation of Tanford and Roxby9). In this hybrid 45). The PDLD/S calculations were performed by the
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Table 1: X, Shifts of Arg-26 Due to the Presence of Arg-22 and Table 2: Charges of TD'5Atoms Included in Region | To
Glu23 Obtained by Explicit PDLD/S Calculations and Macroscopic  Calculate the Stability of the Protonated Thymine Dimer

Approach Intermediate
free enzyme complex charge set 1 charge set 2
PDLD/S 0.33 0.27 n p n p
et~ %) 213 0 N1 ~0176  -0176  -0.260  —0.136
macro ¢ = 20) 087 1.00 c2 0.502 0.802 0.797 0.782
macro ¢ — 40) 200 398 02 —0.540 —0.340 —0.611 —0.501
: : HO2 0.500 0.512
N3 —0.330 —0.330 —0.755 —0.750
program POLARIS 6.3035, 49, and the configuration H3 0.286 0.286 0.422 0.435
generation for PDLD/S was done by ENZYMI)3%) ca 0.411 0.411 0.639 0.602
. 04 —0.484 —0.484 —0.552 —0.454

Calculation of Interactions with Other lonizable Groups.

. . . . a I I
The K. shifts due to other ionizable residues were calculated , * N charge set 1, the charges of the thymine dimer are taken from
the Polaris standard charge set, and the protonation was represented in

using eq 11 on the original models as well as on each 5 gimpiified way. In charge set 2, charges were obtained by ESP
configuration generated by MD simulation for evaluation of calculations on neutral and protonated thymine dimers using the 6-31G*
ng“ (see above). It is important to note that, for configu- basis set. n and p correspond to neutral and protonated thymine,
ration generation, all ionizable groups were kept neutral with respectlvgly. The complete set of charges is available upon request from
. . int osman@inka.mssm.edu.
the exception of the one, for whichk§j' was calculated.
Thus, the relaxation reflects the structural changes due to
reorganization of permanent dipoles around a particular Using eq 4. As the phosphate groups are largely exposed to
charged group. solvent, with the exception of those of the thymine dimer,
The effective dielectric constant for interactions between ©nly the influence of the latter two was taken into account.
ionized groups was the subject of several previous studiesNeglecting the other ionized phosphate groups is based on
(46—49). It was shown by both experimental and theoretical the hypothesis that their charges are largely screened by the
approaches that this term is large inside prote&G-63). surrounding ions. Thely, shifts of the active site residues
Recently, it was concluded that a more microscopic treatmentdue to interaction with DNA phosphates were obtained as a
results in larget;, especially if the reorganization of protein ~ difference between K's computed with charged and
dipoles around the interacting ion pair is taken into account Uncharged phosphates, respectively, in the presence of
(54). Several studies demonstrated the robustness of usingonized Arg-3, Arg-22, Arg-26, and Glu-120 residues.
an effective dielectric constant of 40 to explain mutation Charging more groups did not result in considerable changes
effects 65, 56. On the basis of these findings, anof 40 in pK4's. Because of neglecting the charges of other DNA
was used in our studies to calculate the interactions betweerPhosphates and also to compensate the missing effect of
ionized residues. The resulting(pshifts were in reasonable  Protein dipole relaxation, a high effective dielectric of 40
agreement withApKa between strongly coupled residues Was usedg4).
(e.g., Arg-22, Arg-26, and Glu-23) obtained by an explicit ~ Calculation of the Stability of Protonated Shymine The
evaluation $4) as shown in Table 1. In the complex, where stability of 5 thymine in the neutral and protonated state
the K, shifts are of major importance, the error caused by was evaluated by comparing the solvation free energies in
using the macroscopic dielectric of 40 does not exceed 0.1protein and in water, respectively. To assess the error range
unit. of the calculations, two charge sets were used. The charges
The ApK, of the N-terminus due to interaction with other of the relevant groups are displayed in Table 2. The complete
ionizable residues could not be calculated by eq 11, sinceset of charges is available from the authors upon request.
this residue is not yet implemented in the Polaris 6.30 Charge set 1 was derived from the original Polaris charge
program. This technical problem was circumvented in the set @35), but in the protonated state thel charge was
following way: First the ionization states of the nearby distributed on C2, @ and H atoms. Charge set 2 was
residues (within~15 A from the N-terminus) were deter- obtained by fitting the electrostatic potential obtained from
mined as a sum of@“ and ApK, computed using eqs 4 @ single-point RHF calculation with a 6-31G* basis set,
and 11, respectively. In the free enzyme and in the complex according to the MerzSingh-Kollman scheme 7, 58.
enzyme model Arg-3, Arg-33, Arg-26, Glu-20, Glu-23, and The calculation was performed using the whole thymine
Glu-120 were ionized, whereas in the full complex Glu-23 dimer in which the sugars were replaced by two methyl
was considered neutral. To keep electroneutrality in the groups. The consistency with the Polaris model was main-
N-terminus environment, Asp-87 was ionized instead of Glu- tained by modifying the charges of the N1 atoms in charge
23. The X, of the N-terminus was calculated using eq 4 in Sét 2 to compensate the difference between the charges of
the presence of the above-mentioned charged residues witihe methyl carbons and Ctharges of the Polaris charge
ein = 20 to account for the relaxation of ionized groups and set @5). In this way the protonation of'&hymine only
to obtain results comparable to those with the macroscopicinfluenced the charges of the TD bases, not the sugar atoms.
treatment. The\pK. is obtained by subtracting the intrinsic In this model the positive charge delocalized on both bases;
pK, computed with uncharged ionizable groups fromtkg p  therefore, the charges of the relevant atoms (shown in Table
obtained with ionized residues averaged over 10 MD 2) reflect only the major changes.
generated configurations (according to eq 3). The difference between the free energy of solvation in
The K, shifts due to the charges of DNA phosphates were protein and in water AAG"~P) was calculated by the
calculated separately on the crystal structure of the complexPDLD/S method (see eq 4), averaging the results over
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Table 3: Intrinsic K,'s Calculated for (1) Free Enzyme, (2) 1407 ——
Enzyme in Complex Conformation without the DNA, and (3) ] D <
Complex 120 —=— nter
PKZ'(1) pKZ') PKZ'G)
10.0 o / B v
ur rel ur rel ur rel S T e )\/
Arg-3 971 9.97(0.49) 8.45 10.12(0.42) 5.51 6.18(0.94) /S X U .
Arg-22 10.90 11.15(0.20) 9.93 10.75(0.22) 6.58 8.53(0.30)  so0{ / e

Arg-26 11.15 11.72(0.12) 7.28 10.94 (0.60) 6.59 9.96 (0.50)

Glu-23 296 4.32(0.44) 432 5.59(0.53) 10.20 9.67 (0.74) i ST o
N-ter 7.00 7.03(0.48) 6.80 6.50(0.32) 1.84 1.88(0.57) 6.00 —\‘\/
aur designates the results obtained on the original unrelaxed model;

rel stands for the results obtained by averaging over 10 MD generated 4»00%
configurations. The standard deviations are displayed in parentheses.

200 @ — *'// T "/'/l ;\1\‘\;
configurations collected in 5 and 10 ps MD simulations ; - o
sampling at 1 ps intervals. After 2 ps relaxation of the initial 0.00 - : ‘ ‘ ‘
models, the MD simulations were run at a constant temper- 0 5 10 15 20
ature of 300 K wih a 1 fstime step using SCAAS boundary Time (ps)

conditions. In the SCAAS model, region | comprised N1, Fiure3: Intrinsic (K, of the N-terminus, Arg-3, Arg-22, and Arg-
C2, 02, HO2*, N3, H3, C4, and O4 atoms of thelymine 26 computed in the complex as a function of the generated
of the TD, whereas Arg-26 was kept in region II. configurations.

RESULTS residues in water and in protein. The differences between
the p([,:t values and the ,'s measured in water increase
The Kg's of the ionizable residues are controlled by two With the conformational change induced in the protein by
main effects, the difference between the solvation by protein DNA binding, as represented by the artificial enzyme model,
and water environments characterized hig"pand the ~ Where the DNA was removed from the complex. The
interaction with other charged groups in the protein reflected discrepancy betweerky" and AAG,(A—AH") in water
by ApKa To reveal the origins of theiy changes in the  increases more by the actual presence of the DNA in the
course of complex formation with the DNA, these effects complex.
were studied separately. Therefore, the results Kf p In general, the intrinsiAAGS,"(AH — A~), can be
calculations of the active site residues of EndoV are presentedobserved to decrease for Arg-3, Arg-22, Arg-26, and the
in three sections. First theklf' values are described in the ~N-terminus but to increase for Glu-23. According to eq 3
free enzyme, the complex enzyme model without DNA, and increase in lzig“ corresponds to positivaAG.,"(AH —
the full complex. The K, shifts induced by the surrounding  A~), which means that the enzyme destabilizes the charging
ionized residues are analyzed in the next section. The overallof that residue compared to water. The decreaseKifi' p
changes in KJ's of the active site residues are reported in corresponds to negativeK@‘, which is equivalent to posi-

the third part. This presentation of the results can lead to atjye AAGYP(A — AH™) for bases. For all studied residues

better understanding of the effects controlling th¢, jof it was found that the interactions with DNA result in positive
ionizable residues in the active site of endonuclease V. A AGw—P for the charged groups, indicating a less favorable
pKy' of the Actbe Site ResiduedThe intrinsic [K.'s of solvation in protein than in water when the other ionizable

the active site residues of endonuclease V calculated in theresidues are neutral. To find the rationale for this effect, the

free enzyme, the complex enzyme model (without the DNA), electrostatic free energy calculated in the protein with linear
and the entire complex are presented in Table 3. Theresponse approximation was decomposed into three terms:
convergence of theKd" values computed for the complex (i) interaction with the protein (or proteitr DNA) dipoles,
as a function of the generated configurations is displayed in (ji) interaction with water dipoles (Langevin term), and (iii)
Figure 3. The results appear to reach convergence aftembulk solvation energy (Born term). The results averaged over
approximately six configurations. The fluctuations in the 10 configurations are presented in Table 4. Out of the three
pK!™ values are less than 1 pH unit as indicated by the terms the Langevin term was found to be most sensitive to
standard deviations shown in Table 3 in parentheses. protein structural changes and to interactions with the DNA.
In the free enzyme the intrinsid@'s of residues located  Since the Langevin term is dominant INAGL,, its
on the surface of the binding site are close to the experimentalincrease caused by substituting the water dipoles with less
pKa's determined in water (seek'(1) rel in Table 3). For efficiently interacting protein and DNA dipoles has a

example, K" of Glu-23 is 4.3, which is identical to its{a significant impact on K, results.

in water. Also, the K';“ of 11.7 for Arg-26 is close to its Interestingly, the change inKt'j1t values does not cor-
pK, of 12.5 measured in water. Other residues partly buried relate with the extent of structural rearrangement. Arg-22
in the protein show larger deviations from thi€,pn water. and Arg-26 exhibited considerable distortion upon complex-

For example, the lp';“ of Arg-3 is 2.5 units below the ation with the DNA, decreasing the distance between their
experimental value obtained in water. These results are aNH2 atoms from 7.0 to 4.2 A Thelﬁ“ of Arg-22 and
direct consequence of the definition oK in eq 3, Arg-26, however, changed only by 0.4 and 0.8 pH unit,

becausAAG" P describes the difference in solvation of the respectively (seelﬁa”t(l) rel and pxg"(Z) rel in Table 3). In
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Table 4: Decomposition of PDLD/S Solvation Free Energies
Calculated in the Presence of Uncharged lonizable Residues,
Averaging over 10 MD Generated Configurations of Models: (1)
Free Enzyme, (2) Enzyme in Complex Conformation without the
DNA, and (3) Complek

AGE(1) AGE(2) AGL(3)

Arg-3 Viq —0.05 —0.16 —2.79
A —12.47 —-12.73 —5.48
Voulk —-1.93 —1.88 —0.86
Arg-22 Viq 1.66 1.49 -1.17
A —15.10 —-14.61 —-8.51
Voulk —2.03 —2.06 —-2.35
Arg-26 7 0.18 —-0.77 —-3.72
Vi —14.93 —-12.64 —9.95
Voulk —2.04 —2.03 —0.50
Glu-23 Viq —-3.11 —3.22 -3.12
A —-13.62 —12.00 —-5.25
Vbulk —2.00 —-1.97 —-3.37
N-ter Viq —-0.32 1.48 —-3.72
\A —15.35 -16.15 —7.36
Voulk —-1.97 —1.98 —0.58

aV,q is the interaction between the charges of the studied group with
the protein permanent dipoleg, is the interaction with water dipoles
(Langevin term), and/puk is the bulk solvation energy.

contrast, the K" of Glu-23 increased by much more,
although the conformation of this residue is not affected by
DNA binding in our model. The movement of the arginines,
however, involved the displacement of two water molecules,
which were previously hydrogen bonded to Glu-23. The
exclusion of these water molecules decreasediheerm

of Glu-23 by 1.62 kcal/mol (see Table 4), which was not Fcure 4: Replacement of water molecules upon complex forma-
compensated by the interactions with the protein dipoles, tion. The secondary structure of endonuclease V is represented by

; ; int _ ; ; helices and ribbons. The DNA is shown in white, and the thymine
leading ta an increase OKQ] of Glu-23 by 1.3 units. This dimer lesion is colored yellow. The active site residues of the free

example illustrates that different protein conformations do enzyme (2END.pdb) and the complex (1VAS.pdb) are super-
not necessarily lead to large differences Kl';b Rather, a imposed on each other and displayed by sticks. The free enzyme
more important change is due to the replacement of waters,residues are in lighter colors, and those of the complex enzyme
which cannot be predicted from structural changes alone, &€ in darker colors. The N-terminus is displayed in red, Glu-23 in
hi hasi he i ¢ f simulati blue, Arg-26 in magenta, and the Arg-22 in pink. The crystallo-
This emp aS|ze_>st € Importance of sSimulations as a NECessary anhic water molecules withis A from the active site residues
step in evaluating g, changes in proteins or protefiDNA in the free enzyme are colored blue and in the complex red. Upon
complexes. complexation with the DNA, 12 water molecules were excluded

Intrinsic pKy's computed in the crystal structure of the free  from the active site, resulting in a significant decrease in the self-
enzyme and in the complex enzyme model (corresponding €neray (due to the reduction in the Langevin term).
columns [K™(1) ur and K™(2) ur in Table 3) indicated  unit decreases inKJ", respectively, compared to the free
large changes ini™" due to conformational rearrangement enzyme (see K'(1) rel and K1'(3) rel in Table 3). The
induced by DNA binding. Arg-26 exhibited a particularly pK.(3) rel of Arg-3, which directly interacts with the
large decrease in" by 3.9 pH units. However, when the DNA, increased by a small extent upon relaxation, giving
relaxation of the local dipoles upon ionization was taken into rise to a 3.8 pH unit decrease in itKJ(3) rel upon
account (here it was done by the LRA approach) tk&'is complex formation. Inspection of the Langevin component
in different conformations became more similar. This of the solvation energy helps to explain these observations.
demonstrates that a large influence of protein conformation The Vi terms increased significantly for all active site
on pK, can come from the improper treatment of the protein residues upon complex formation (se&GP (1) and
relaxation 45). AGE,(3) in Table 4). This correlates with the change in the

Intrinsic pKy's especially of the N-terminus and Glu-2, number of water molecules in the enzyme active site, located
were affected dramatically by the presence of the DNA (see within 5 A of thecatalytic residues. Due to conformational
pK(3) ur in Table 3). In the complex theky' of the changes in the protein induced by DNA binding, two water
N-terminus is 5.1 pH units lower than in the free enzyme, molecules were displaced by Arg-22 and Arg-26. The
corresponding to 7.1 kcal/mol destabilization of the charged association with the DNA resulted in displacement of 10
state. For Glu-23 the intrinsid{qa increased by 5.3 pH units,  additional water molecules from the active site, leaving only
which means that ionizing this residue is less favorable by 3 of them in the close environment of the catalytic residues
7.4 kcal/mol in the complex than in the free enzyme. In the (Figure 4). The exclusion of the total 12 water molecules
case of Arg-22 and Arg-26, the relaxation of the complex from the active site due to DNA binding resulted in a
structure greatly reduced the destabilization of the chargedsignificant increase in the Langevin term in the complex
state caused by DNA binding, resulting in 2.6 and 1.8 pH compared to the free enzyme: 7.0 kcal/mol for Arg-3, 6.6




9584 Biochemistry, Vol. 38, No. 30, 1999 Fuxreiter et al.

Table 5: Interaction between lonizable Residues in (1) Free Table 6: K, Values for Active Site Residues of Endonuclease V in
Enzyme, (2) Enzyme in Complex Conformation without the DNA, (1) Free Enzyme, (2) Enzyme in Complex Conformation without
and (3) Complex the DNA, and (3) Compléex
APK4(1) APK4(2) APKA3)  ApKa oua PKa(1) PKo(2) PK(3)

ur rel ur rel ur rel ur Arg-3 11.47 10.49 8.68
Arg-3 1.02 150 013 037 013 102 148 Arg-22 12.17 11.25 10.14
Arg22 102 1.02 102 050 1.02 099  0.62 Arg-26 12.74 12.44 12.02
Arg26 102 102 008 150 008 150  0.56 Glu-23 152 2.19 782
Glu-23 0.00 —2.80 0.00 —2.80 0.00 —2.80  0.95 N-ter 8.01 769 6.52
N-ter 066 098 050 119 355 3.79 0.85 apK, was calculated according to eq 2 as a sum of the self-energy

aur designates the results obtained on the X-ray structure; rel stands2nd P<a shift due to interaction with other ionizable groups.
for the results obtained by averaging over 10 configurations A&,
of the N-terminus was calculated using eq 4.

3, Arg-26, and especially the N-terminus, which changed
by 2.6 pH units in the presence of the DNA (s&pKa(2)
kcal/mol for Arg-22, 5.0 kcal/mol for Arg-26, 8.1 kcal/mol  rel andApK4(3) rel in Table 5). lonizing the TD phosphates
for Glu-23, and 8.0 kcal/mol for the N-terminus. Although had a large influence of 1.5 pH units on thEmshift of
the interaction with the permanent dipoles displayed the Arg-3, which is in direct contact with the' phosphate of
opposite trend, the change in thg, term is smaller than  these groups. The other active site residues, which are beyond
that of the Langevin term. This behavior of the andV,q 5 A from the phosphates, had weaker interactions, resulting
terms is the consequence of replacing the unconstrained watein less than 1 pH unit increase mpK..
dipoles that solvate the free protein with a set of DNA dipoles  Owverall pK, Values.The [Kj's constructed from the sum
constrained by a relatively rigid helix structure. This again of the corresponding |fi:‘ and ApK, values calculated on
emphasizes the importance of reorganization of local dipolesthe relaxed structures and thé&pshifts induced by the
around a particular ionized group in the course of charging. interactions with DNA phosphates are presented in Table 6.
Interaction between lonizable Residugbe [K, shifts due Since the N-terminus and Glu-23 are critical in the glyco-
to interactions with other ionizable residues are presentedsylase step, theiry’s should be of primary importance to
in Table 5. The K, shifts computed in the crystal structures the reaction mechanism. Th&gpof the amino terminus was
are referred to as unrelaxed (uxpK,, whereas the results  found to decrease by 1.5 pH units upon DNA binding. The
averaged over 10 configurations are referred to as relaxedpK, of 6.5 in the complex predicts the presence of a neutral
(rel) ApKa. Since the protein coordinates are identical in the amino terminus in the pH range of—®.5 where the
entire complex and the complex enzyme model from which glycolysis reaction is most efficient. This finding is consistent
the DNA was removed, the results on unrelaxed structureswith the role of the amino terminus as the nucleophile in
are equivalent in the two cases. The effect of DNA charges the glycosylase step. Remarkably, thi€,mf Glu-23 has
were calculated separately (see Methods) and are displayedncreased in the complex by 6.3 pH units compared to the
as ApKa pna. In the case of K«(3) rel, the presence of the free enzyme. This is primarily the consequence of the
DNA only influenced the relaxation process. increase in self-energyAAGY.;") to more positive values
Although some K, shifts are particularly large, especially  caused by the loss of interactions with the surrounding water
those of the N-terminus and Glu-23, the corresponding molecules, which could not be compensated by interactions
AG! interaction energies are smaller in each case than thewith the protein and DNA dipoles. The negatively charged

AAGY, self-energies, which can be obtained froki"Bs phosphates of the DNA were found to have a much smaller
as defined in eq 3 (compare Table 3 and Table 5). effect on the K, of Glu-23 than the water dipoles. Th&p

The K, shifts were not influenced to a large extent by of 7.8 suggests that a neutral Glu-23 is present in the complex
structural changes in the protein induced by DNA binding, in the beginning of the glycosylase step.
as shown by the result obtained on unrelaxed structures of In the course of complex formation th&gs of Arg-3
the free enzyme and the complex enzyme model (seeand Arg-22 were reduced by 2.8 and 2.0 pH units, respec-
ApK4(1) ur andApK4(2) ur in Table 5). For example, while  tively. The conformational rearrangement is responsible for
Arg-22 and Arg-26 approached each other by almost 3 A 1.0 pH unit decrease, whereas the interactions with the DNA
during complex formation, th&pK, of Arg-26 decreased account for the rest of the change. The major part of the
by 1 pH unit and the\pK, of Arg-22 remained unchanged. pK, reduction upon complex formation is due to burying
Similarly to Arg-22, the K, shift of Glu-23 also remained  Arg-3 and Arg-22, which is only partially compensated by
unaffected by the protein conformational rearrangement. It the interactions with ionizable groups of the protein and
suggests that Glu-23 shields Arg-22 from the unfavorable DNA. The change in thelf, of Arg-26 due to DNA binding
approach of Arg-26 by compensating the repulsion be- is also to lower values, albeit only by 0.7 unit compared to
tween the two arginines. TheKp shift of Arg-3 decreased its value in the free enzyme. Th&pof 12 obtained in the
by 0.9 pH unit due to a conformational change of Lys-121, complex makes it unlikely for this residue to donate a proton
which brings the two positively charged groups close to each to the 3 TD, contradicting the hypothesis that Arg-26 would
other. act as a general acid in the glycolysis reaction.

Protein relaxation increased the interaction term with other  Stability of Protonated '5Thymine The glycosylase step
ionized residues, since the reorganization of dipoles aroundas a nucleophilic substitution reactionan follow either an
a single charged group always lowers the solvation energy.Syl or an &2 mechanism. In a monomolecular reaction
The inclusion of the DNA in the relaxation process consider- (Syl1) the protonation of the base leads to a fast cleavage of
ably increases theia shift of the interacting residues: Arg- the N1-C1' bond, followed by the attack of the nucleophile
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Ficure 5: Qualitative energy diagrams of thelSand &2 mechanisms of the glycosylase step, with respect to wA@Y.and AGP are

solvation free energies of the protonated thymine in water and in protein, respectively. The free energy required to transfer the protonated
thymine from water to the protein site is denotedA%G"P. The activation energy of breaking the glycosidic bond by either mechanism

is (AgH)¥ in water and Ag¥)P in protein, and the difference of the two energy barriers is denotedg)* . The enzyme is known to

reduce the overall barrier of the reaction ®yt1 kcal/mol compared to water.

______ A

on the resultant positively charged '‘Cdtom. In an {2 The results of theAAG" P calculations are summarized
reaction the attack of the nucleophile initiates the dissociation in Table 7. TheAAG" P was evaluated in three states (see
of the base, resulting in a pentacoordinate transition statecolumns i, ii, and iii in Table 7) corresponding to two
around C1 The schematic energy diagrams of these two different protonation schemes: (i) neutral thymine and
mechanisms in protein and in water are presented in Figurecharged Arg-26 (reactant state model), (ii) thymine

5. The rate constant of the glycolysis reaction by endo- protonated on O2 and neutral Arg-26 (representing the case
nuclease V is 7.2 1072 s (11), which corresponds to an  when Arg-26 is the proton donor), and (iii) both thymine
activation energy of 19.2 kcal/mol. The rate constant of the and Arg-26 positively charged (corresponding to a proton
reference reaction can only be approximated from the neutraldonation from another residue, e.g., Glu-23). The solvation
hydrolysis of thymine in water as 5.8 1071° s7* (59), free energy in the enzyme and in water was computed
corresponding to an energy barrier of 30.4 kcal/mol. Ac- according to the termodynamic cycle presented on Figure
cording to these data, the enzyme accelerates the glycosylas@. The effect of thymine charges on the results was studied
reaction by 8 orders of magnitude, corresponding to a by using two different charge sets, as described in Methods.
reduction of~11 kcal/mol in the energy barrier compared Simulations 3 were performed with charge set 1, whereas
to an aqueous environment. In the case of g2 @action simulations 4-9 were carried out using charge set 2 (see
this is due to a reduction in the(Ag")"*] activation energy ~ Table 7).

of breaking the glycosidic bond, while in the case of ad S Several initial conditions were used to assess the error
reaction this is composed of two terms: a decrease in therange of the calculations. The effect of the ionized residues
free energy of formationXAG"~®) of the protonated TD  was investigated by charging three different sets of ionizable
and a reduction in the activation energyXg")" P of the groups in calculatingAAG*P. In the minimal model only
scission of the glycosidic bond. If the glycosylase re- Arg-26 was considered ionized in the protein (see simulations
action were to take place by amy mechanism, the 1, 4, and 7 in Table 7). In the second set Arg-3, Arg-22,
environment must stabilize the formation of the protonated Arg-26, Glu-20, and Glu-23 residues were charged (simula-
intermediate; therefore, th®AG"~P term must be negative. tions 3, 6, and 9 in Table 7), while in the third case according
Consequently, based on the evaluation ofAleG" P term, to the results of the K, calculations, all the active site

it is be possible to distinguish between the two enzymatic residues were ionized with the exception of Glu-23 (simula-
mechanisms. tions 2, 5, and 8 in Table 7). In each set Arg-26 was ionized
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Table 7: AAG"~P Calculated for (i) Neutral Thymine, (ii) Protonated Thymine and Neutral Arg-26, and (iii) Protonated Thymine in the
Presence of Charged Arg-26

simul charge set time (ps) no. of config residues ionized in region 2 i ii iii
1 1 5 5 Arg-26* —-1.77 3.93 7.69
2 1 5 5 Arg-3, Arg-22, Arg-26*, Glu-20 —3.85 8.45 11.76
3 1 5 5 Arg-3, Arg-22, Arg-26*, Glu-20, Glu-23 —0.89 3.90 7.04
4 2 5 5 Arg-26* —-1.22 2.76 5.63
5 2 5 5 Arg-3, Arg-22, Arg-26*, Glu-20 —3.65 6.26 8.01
6 2 5 5 Arg-3, Arg-22, Arg-26*, Glu-20, Glu-23 —0.93 3.91 5.02
7 2 10 10 Arg-26* —1.41 2.98 5.73
8 2 10 10 Arg-3, Arg-22, Arg-26*, Glu-20 —3.60 6.56 8.29
9 2 10 10 Arg-3, Arg-22, Arg-26*, Glu-20, Glu-23 —0.87 3.82 5.33

aN1, C2, 02, HO2*, N3, H3, C4, and O4 atoms dftBymine were included in region |, whereas Arg-26 Was Kept in region II. The length of
the trajectory and the number of configurations used for averaging the results are indicated in the Table. Arg-26* Means that Arg-26 is only ionized
in columns i and iii.

Table 8: AAGY~P Computed for (i) Neutral Thymine, (ii) Protonated Thymine and Neutral Arg-26, and (iii) Protonated Thymine in the
Presence of Charged Arg-26 without Relaxation

simul charge set residues ionized in region 2 i ii iii
1 1 Arg-26* —5.64 21.59 35.90
2 1 Arg-3, Arg-22, Arg-26*, Glu-20 —7.49 26.87 40.94
3 1 Arg-3, Arg-22, Arg-26*, Glu-20, Glu-23 —1.99 17.92 32.22
4 2 Arg-26* —5.46 16.54 27.97
5 Arg-3, Arg-22, Arg-26*, Glu-20 -7.22 20.30 31.55
6 2 Arg-3, Arg-22, Arg-26*, Glu-20, Glu-23 —-1.80 14.95 26.37

in two cases, when the 3D was neutral and when both 5 consistent with those obtained using a more realistic charge
TD and Arg-26 were charged (columns i and iii in Table 7), set 2. Increasing the simulation length resulted in minor
according to the protonation schemes described above. Thechanges in the averagedAG" P values.
solvation free energies were averaged over 5 and 10 The free energies required to transfer neutral and pro-
configurations generated in MD runs. tonated models from water to a rigid protein are presented
The neutral thymine and charged Arg-26 pair is more in Table 8. TheAAG* P results obtained on unrelaxed
stable in the enzyme than in water by any simulation models compared to the relaxed data (Table 7) demonstrate
conditions as can be seen by the negativeG"P. The most the significance of reorganization of protein dipoles around
favorable environment for this reactant state model is when a given charged group. In the case of protonatetiyimine
the neighboring residues are ionized and Glu-23 is neutral.intermediates the protein relaxation can reduce the solvation
Hence, the solvation free energies are in agreement with theenergy by as much as 20 kcal/mol.
PKa calculations supporting the case that Glu-23 is neutral  The results of stabilization calculations for protonated
in the reactant state of the glycosylase reaction. AR&" ™ thymine dimer intermediates established that the protein
values show that the formation of a protonatédtymine  presents an environment which opposes the proton transfer
and neutral Arg-26 intermediate is unfavorable in the enzyme g the 5 thymine of the TD. It thus appears that the role of
by 2.8-8.4 kcal/mol. The other possible intermediate, in Arg.26 is to provide an electrostatic stabilization of the

which both thymine and Arg-26 are charged, is even more |aaying group rather than an actual proton-donating role.
destabilized by 5.611.7 kcal/mol in the enzyme than in

aqueous environment. This is not surprising, since in the p|SCUSSION
complex structure these two positively charged groups are
only separated by-2.5 A from each other. The calculation of K4's in proteins is fundamental in
lonization states of the active site residues significantly Simulations of enzymatic reactions and in understanding the
influence the AAG" ™ results. The largest differences Mmolecular basis of enzymatic catalysis. The electrostatic
between the solvation free energies of the protonated thyminemechanisms that determine the charged state of a protein
intermediates in enzyme and in water were obtained in the group are the same as those that stabilize the transition state
presence of charged active site residues and neutral Glu-230f an enzymatic reaction. The protein environment consists
In this environment charging of theé 5D requires 6.3-8.5 of dipoles, which are less polarizable than water but are
kcal/mol more free energy in enzyme than in water (see Statepreoriented to solvate the transition state of the particular
(i) in simulations 2, 5, and 8 in Table 7AAG¥ P values enzymatic reaction or control the ionization state of a
computed with the other sets of ionized residues indicated functional residue. The results presented in this work not
less destabilization of the protonated states. However,only illustrate the complexity of such mechanisms but also
regardless of the charge set or the environment, the proton-elucidate the major unifying concepts derived from electro-
ated thymine intermediates were unambiguously found to Statics.
be less favored in the enzyme than in an aqueous environ- Although the importance of theka calculations is widely
ment by at least-3 kcal/mol. The simplified representation accepted, to our knowledge it has not yet been applied to
of the protonation by using charge set 1 overestimated theproteir—-DNA complexes. This is partly due to experimental
destabilization effect byv2—3 kcal/mol, but the results are  difficulties in measuring K. values in these systems.
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Changes in K, values in enzymes when they interact with The K, shift due to this structural rearrangement is actually
DNA are patrticularly interesting, because the high density caused by the displacement of two water molecules, which
of negative charge on DNA and the burying of the residues increases the Langevin term.

in the enzyme-DNA surface could significantly affect the The calculated igy's indicate that in the free enzyme at
ionization states of protein residues and hence modify their neutral pH the N-terminus is protonated, while in the
role in catalysis. In this work we have computed,js for complex the K, is lowered by 1.5 pH units, resulting in a

catalytic site residues of endonuclease V with the semi- neutral group. The presence of the neutral N-terminus in the
microscopic approach, which enabled us to analyze differentcomplex is in agreement with experimental results, which
effects in K, changes in a consistent way. identified it as the nucleophile attacking the'Qif the 8

The evaluation of the self-energiesk{ll) was demon- TD sugar. The other indispensable element of the glycosylase
strated as having a crucial role iKpcalculations. The free  Step, Glu-23, exhibits a remarkabl&gpincrease by more
energy of charging the active site residues, the N-terminus, than 6 pH units upon DNA binding. This suggests that Glu-
Glu-23, Arg-3, Arg-22, and Arg-26 of endonuclease V in 23 1S not ionized in the reactant state of the glycosylase
the neutral protein, was found to increase upon DNA binding réaction. The solvation free energy obtained for the neutral
due to both conformational changes in the enzyme and 5' thymine with different ionized residues also confirmed
interactions with the DNA. The decomposition of the self- this result, since the environment containing a neutral Glu-
energies showed that the loss of interaction with the water 23 provided a better stabilization for the substrate than the
dipoles is responsible for most of this effect. The reduction ©n€ with charged Glu-23.
of the Langevin term is especially dramatic for the catalyti- !N the crystal structure of the E23Q mutant of endonuclease
cally indispensable residues: the N-terminus and Glu-23. V the NE2 of GIn-23 is 2.7 A from the O4f the sugar of
Comparison of the results in the unrelaxed crystal structures® 1D If Glu-23 is protonated in the complex of the native
to those obtained by averaging over MD generated configu- €Zyme, this hydrogen bond can be assumed to exist also in
rations illustrated that large deviations in self-energies in the wild-type enzyme. The hydrogen bond between the sugar
different protein conformations can be the consequence off 5 TD and Glu-23 can increase the susceptibility of C1
improper treatment of protein relaxation. This includes Of the 3 TD sugar to nucleophilic attack. Furthermore, the

structural relaxation and, more importantly, reorganization hydrogen bond between Glu-23 and'©#5' TD might help
of dipoles around the charged group. to stabilize the transition state, and hence it accelerates the

reaction by reducing the partial negative charge on th'e C1
atom. The protonated Glu-23 is a likely candidate to act as
a general acid by donating a proton to'Qd induce the
opening of the sugar ring. Although we did not calculate
the K, of this intermediate of the reaction, the mutagenesis
data seem to support our hypothesis. The Asp-23 mutant of
endonuclease V was found to have negligible glycosylase
activity (13). Since Asp is a shorter residue than Glu, it could
be geometrically incompetent to protonate the sugar ring.
Moreover, the effect of the protein and DNA may not raise

The interaction energies with other ionizable groups were
calculated with a macroscopic approximation, since the
evaluation of the chargecharge interactions with a micro-
scopic approach would have been an expensive proposal
The value of the chosen effective dielectric constant was
validated by a number of test calculations as well as by
computing theAG;; term explicitly for the strongly coupled
residues. The interaction energies derived from the resulting
pK, shifts are smaller than the corresponding self-energies,

emphasizing the importance of a consistent evaluation of theitS PK. enough to become neutral in the complex. On the

intrinsic pK's. . basis of calculated results and the above considerations, Glu-
The Kis of the N-terminus and Glu-23 were most 23 js proposed to have a triple role in the glycosylase step
substantially influenced by the presence of other ionizable of thymine dimer repair: (i) increasing the electrophilicity
residues; the Ig, of the N-terminus was increased by 3.8 of C1' and thus stabilizing the transition state, (i) acting as
pH units and that of Glu-23 decreased by 2.8 pH units. The a general acid to induce ring Opening of theT® sugar,
conformational change of Arg-22 and Arg-26, induced by and (jii) stabilizing the product, the protonated Schiff base,
DNA binding, was found not to have a major effect on the of the reaction by an ionic interaction.
PKa shifts. As expected, the charges of the TD phosphates  arg-3, Arg-22, and Arg-26 considered in this study are
increased thelg, of all active_site residues, most considerably |ess critical elements of catalysis as shown by mutagenesis
that of Arg-3 by 1.5 pH units. data (L1). Although burying these groups upon DNA binding
The Ky's of Arg-3, Arg-22, Arg-26, and the N-terminus  decreased theilfy's, these groups remain positively charged
in the complex decreased, while that of Glu-23 increased in the complex in the optimal pH range of the glycosylase
compared to the results in the free enzyme. Thus, chargingreaction. The K, of Arg-26 changed only by 0.7 pH unit
of these residues is less favorable in the complex than incompared to the free enzyme. This is particularly interesting,
the free enzyme. The increaseAM\G" P is mostly due to since this residue is located in the appropriate position to
the displacement of 12 water molecules from the catalytic donate a proton to O2 of Bhymine of TD. The calculated
site in the course of DNA binding. The reduction of the pK, clearly indicates that Arg-26 is unlikely to participate
interaction with the solvent Langevin dipoles was not in such protonation process. Moreover, the positive charge
compensated by the interactions with the dipoles and chargeof this residue is important since it can contribute to the
in the protein and the DNA. This can be rationalized by the stabilization of the developing negative charge on the 5
restrained orientation of the DNA dipoles resulting in a thymine in the transition state. This is in agreement with
significant increase in self-energies. The conformational experimental data that the substitution of Arg-26 by a neutral
rearrangement of Arg-22 and Arg-26 at the active site due residue results in a rate decrease of the glycosylase reaction
to DNA binding does not have a major effect on th&,/p. by 2 orders of magnitudel(). Similarly to Arg-26, Arg-22
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Ficure 6: Proposed reaction mechanism of the glycosylase step of endonuclease V based on the present work. The reaction f@lows an S
pathway; the glycosidic bond breaks upon the nucleophilic attack of the N-terminus. The transition state is stabilized by a hydrogen bond
between O4of the thymine sugar and the neutral Glu-23 as well as by the positively charged Arg-22 and Arg-26. The nearby arginines
also provide a favorable electrostatic environment for the leaving base. The ring opening of the sugar is induced by a proton donation to
04 from Glu-23. The proton from the N-terminus is shuttled to thé&se of TD by the assistance of a proposed water molecule. The
product of the reaction is a protonated Schiff base, which is stabilized by the negatively charged Glu-23.

also plays a role in providing a favorable electrostatic be able to reduce the activation energy of breaking the
environment for the leaving base. The replacement of Arg- glycosidic bond by~17.6 kcal/mol to compensate for the
22 by a neutral residue, GIn, reduces tQg by ~10-fold increase iINAAGY P (see Figure 5). Since this would be
(12). inconsistent with the optimization of the reaction by endo-
The Si1 mechanism of the glycosylase step was probed nuclease V by 11 kcal/mol, the glycosylase step is unlikely
by calculating the stability of two protonated thymine to take place by an\3 mechanism.
intermediates in the enzyme compared to aqueous environ- Instead, we propose that the reaction proceeds byan S
ment. The free energy required to transfer a protonated mechanism; a detailed scheme is displayed in Figure 6. As
thymine from water to the protein site indicates that charging previously suggested by experimental results, the neutral
5 TD is less favorable in the enzyme than in water. This N-terminus performs the nucleophilic attack on’ @f the
result is consistent with a lower proton affinity of thymine 5' thymine of the dimer. No protonation on O2 of BD
and the high K, of Arg-26, which excludes the proton precedes this reaction step. The susceptibility of @1
donation by this residue. The protonation by another residue,nucleophilic attack is actually enhanced by a hydrogen bond
e.g., Glu-23, is even less likely due to the proximity of the between Glu-23 and O4f the sugar. This hydrogen bond
positive charge of the guanidino group of Arg-26 to the helps to stabilize the transition state as well. The positively
O2H" of &' TD. charged guanidino groups of Arg-22 and Arg-26 are impor-
Endonuclease V reduces the energy barrier of the glyco-tant in providing a favorable electrostatic potential for the
sylase reaction by~11 kcal/mol compared to the same leaving base. Molecular dynamics simulations of the complex
reaction in water. If the glycosylase step were to follow the indicated a presence of a water molecule in the proximity
Syl pathway, the protonated thymine intermediate should of the N-terminus and the base 6ftBymine (to be published
be stabilized by~10 kcal/mol compared to an aqueous in a subsequent paper). We suggest that this water molecule
environment (see considerations in Results). The protonatedshuttles the proton from the N-terminus to the negatively
5" thymine, however, was found to have a positivRG" P charged leaving base. Protonation of theé 84par atom by
at all simulation conditions used in this study; therefore, it Glu-23 induces the opening of the sugar ring. This leads to
is less stable in the enzyme than in water. The difference the formation of a protonated Schiff base, a product of the
between the solvation free energies-i6.6 kcal/mol in the glycosylase reaction, which is stabilized by the nearby
most realistic protein environment. If the glycosylase reaction negatively charged Glu-23. The described mechanism is in
were to proceed by amy® mechanism, the enzyme should full accord with the results of mutagenesis experiments.
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