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Abstract: The reaction mechanism of the DNA (cytosine-5)-methyltransferase-catalyzed cytosine methylation
was investigated using ab initio quantum mechanical (at the MP2{8334HF/6-31+G* and MP2/6-3%G*//
HF/3-21+G* levels) and density functional theory calculations (Becke3LYP/6-G1) in the gas phase and

in solution. The effects of aqueous solvation on the reaction energies were included by using an isodensity
surface-polarized continuum model. The quantum mechanical model consisted of 1-methylcytosine (the model
of the target cytosine), methylthiolate (the model of the side chain of the catalytic cysteine), and
trimethylsulfonium (the model of the methyl-donating AdoMet). In addition, an approach is presented to
estimate the I§, of the cytosine N3 in the reaction intermediates and transition states and on the calculated
reaction profiles. The approach involves calculation of the gas-phase proton affinities and solvation energies
of the neutral and protonated forms of the molecules using ab initio quantum mechanical and continuum
solvation methods. The calculated aqueous-phase proton affinities were calibrated using a set of 13 nitrogen
acids with K, values from 0.5 to 17.5. The correlation coefficier?) between the calculated aqueous proton
affinities and the experimentaKg's was 0.988. During the attack of methylthiolate on C6 of the cytosine,

the (K, of the N3 atom of the cytosine was calculated to increase from 5 to 17. In the subsequent reaction
step, where C5 of the cytosine is methylated, ti& pf N3 drops from 17 to 5. The protonation and
deprotonation of the N3 atom was calculated to catalyze the two reaction steps. It seems likely that in the
DNA (cytosine-5)-methyltransferase-catalyzed cytosine methylation proton transfers take place between Glu119

of the active site and N3 of the cytosine. The implications of the model calculations for the DNA (cytosine-
5)-methyltransferase-catalyzed reactions are discussed.

Introduction

Methylation of DNA is an essential element of genomic
function in organisms ranging from bacteria to mamnials.
Methylation of cytosine residues in specific DNA sequences is
catalyzed byS-adenylt-methionine (AdoMet)-dependent DNA
(cytosine-5)-methyltransferases (DCMtase). Biochemical exper-
iment$~> and recent X-ray crystallographic studielof the
complexes betweeHhal and Hadlll DNA (cytosine-5)-meth-
yltransferases, AdoMet, and oligomeric DNA have revealed the
basic features of the catalytic evefisinterestingly, the X-ray

* (e-mail) mikael.perakyla@uku.fi.

(1) Adams, R. L. PBiochem J. 199Q 265, 309-320.

(2) smith, S. S.; Kaplan, B. E.; Sowers, L. C.; Newman, E.Rvoc.
Natl. Acad Sci U.SA. 1992 89, 4744-4748.

(3) Chen, L.; MacMillan, A. M.; Chang, W.; Ezaz-Nikpay, K.; Lane,
W. S.; Verdine, G. LBiochemistry1991, 30, 11018-11025.

(4) Ho, D. K.; Wu, J. C.; Santi, D. V.; Floss, H. G\rch. Biochem
Biophys 1991, 284, 264—269.

(5) Wu, J. C.; Santi, D. VJ. Biol. Chem 1987, 262, 4778-4786.

(6) O'Gara, M.; Klimasauskas, S.; Roberts, R. J.; Chend), Klol. Biol.
1996 261, 634-645.

(7) Reinisch, K. M.; Chen, L.; Verdine, G. L.; Lipscomb, W. Rell
1995 82, 143-153.

(8) Chen, X.; Kumar, S.; Posfai, J.; Pflugrath, J. W.; Roberts, Rell.
1993 74, 299-307.

(9) Klimasauskas, S.; Kumar, S.; Roberts, R. J.; ChengCe&ll 1994
76, 357—369.

(10) Verdine, G. L.Cell 1994 76, 197-200.

10.1021/ja981405a CCC: $15.00

structures showed that the target cytosine is flipped out of the
DNA helix and positioned in the active site of the enzylh!

The DNA methylation reaction is initiated by a nucleophilic
attack of a conserved cysteine residue on C6 of the target
cytosine (Figure 1). The attack generates a covalent enzyme
DNA intermediate and activates C5 of the cytosine ring for
methyl transfer from AdoMet. Activation of the ring carbon
by a nucleophilic addition to the adjacent carbon is a common
feature in the mechanism of several enzymes. For example,
thymidylate synthase, dUMP and dCMP hydroxymethylases,
certain RNA-modifying enzymes, and DNA (cytosine-5)-
methylases utilize such activatiéh!® In the case of cytosine
methylases, the nucleophilic attack increases #eob the N3

of the cytosine, which probably becomes protondtd.1>The
protonation may catalyze the addition reaction by neutralizing
the negative charge of the base generated upon adduct forma-
tion® However, N3 protonation makes cytosine more suscep-
tible to enzyme-mediated hydrolytic deamination and its con-
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Figure 1. Schematic picture of the active site of DNA (cytosine-5)-
methyltransferase.

version to thyminé® The last step in the enzyme mechanism
is S-elimination of the C5-proton and C6-thiolate, resulting in
a methylated cytosine. The elimination step can be blocked
by using 5-fluorocytosine as a target baseThis feature has
been used in trapping the covalent DNAnzyme intermediate
for structural and biochemical studies.

In this study, the catalytic steps of the DNA (cytosine-5)-
methyltransferase-catalyzed cytosine methylation were inves-
tigated by using small models of the catalytic residues and ab
initio guantum mechanical and density functional theory (DFT)
calculations. The effects of aqueous solvation on the reaction
energies were included by using a continuum solvation model.
The quantum mechanical model of the active site species of
the DCMtase included the target cytosine (as modeled by
1-methylcytosine), the side chain of the nucleophilic cysteine
(methylthiolate), and the methyl-donating AdoMet (trimethyl-
sulfonium). The purpose of the study was, first, to shed light
on the intrinsic properties of the DNA methylation reaction in

the gas phase and in agueous solution, and second, to inveStigat%olecules m

the protonation state of the N3 of the cytosine ring in the reaction

profiles. This allowed us to reach conclusions about the
catalytic effects of the N3-protonation, which in the DCMtase-

catalyzed reaction can take place between Glul119 and the N3+he B3LYP/6-3H

atom of the target cytosine (Figure 1). The computational
approach applied to the calculation of thi€;pralues is based

on the quantum mechanically calculated gas-phase proton
affinities (PA(gas)) and solvation energiedGsoy). The
calculated aqueous proton affinites (PA(ag) PA(gas) +
AAGson) Were calibrated using a set of compounds with known
pKa values. Although the computational approach is not
completely novelé23this is the first time g, values of reaction
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Furthermore, the implications of the model calculations for the
DNA (cytosine-5)-methyltransferase-catalyzed reaction are dis-
cussed.

Computational Details

All the ab initio quantum mechanical and DFT calculations reported
in this work were performed with the Gaussian 94 progfanThe
geometries of the minimum and transition states were optimized at the
HF/3-21+G*, HF/6-314+G*, and B3LYP/6-33%-G* levels unless oth-
erwise noted. Vibrational frequencies were calculated to confirm the
nature of the transition states (one negative eigenvalue, at the HF/3-
21+G* and HF/6-31%G* levels). Energies were further calculated at
the MP2/6-3%#G* level for the species optimized at the HF/342G*
(MP2/6-3H-G*//HF/3-21+G*) and HF/6-3%-G* (MP2/6-31+G*//HF/
6-31+G*) levels. The effect of aqueous solvation on the relative
energies was estimated by using the isodensity surface-polarized
continuum model (IPCM option of Gaussian923® A dielectric
constant €) of 78.3 (water), the HF/6-3&tG* level, and geometries
optimized at the HF/6-3tG* level were used in the solvation
calculations (IPCM-HF/6-3tG*//HF/6-31+G*). In the IPCM cal-
culations, the solute cavity is determined from the electron density of
the solute. A value of 0.0004 ef4for the charge density was applied
in the determination of the solute boundary. This value was observed
in this and in our earlier studi€=*®to give solvation energies which,
when combined with the gas-phase energies, reproduce the experimental
pKa values and the reaction energies reasonably well.

Results and Discussion

All the reaction steps (29 and 1H —9H") of the cytosine
methylation reaction studied in this work are presented in
Scheme 1. It also presents the structures of the isolated
olecular complexes, and transition states calculated.
Note that the reaction sequence is calculated for the nedjral (

Mand N3-protonated1H™) cytosine. Energies for the reaction

steps at the MP2/6-31G*//HF/3-21+G*, MP2/6-31-G*//HF/
6-31+G*, and B3LYP/6-3%G* levels in the gas phase and at
G* level with solvation energiesAGso,
IPCM-HF/6-3HG*) included are listed in Table 1.
Nucleophilic Attack on C6. The cytosine methylation
reaction is initiated by attack of the anionic methylthiolate on
C6 of the cytosine ring. Formation of the methylthiolate adduct
of the neutral cytosine2j from the bimolecular cytosine
methylthiolate complex1C) is endothermic in the gas phase
and in solution (Scheme 1, reaction 2). At the B3LYP/6r&*
level, the energy of the reaction is 12.9 kcal/mol, and at the

intermediates and transition states are calculated using purelyy1po/6.34-G*//HF/3-21+G* and MP2/6-3%G*//HF/6-31+G*

ab initio quantum mechanical methods. The approach used hergg, ais 5 6 and 1.3 kecal/mol respectively.

can be extended to study other pH-dependent reactions as well
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Inclusion of solvation
increases the reaction energies by 2.6 kcal/mol. In the case of
the protonated cytosineliit), formation of the cytosine
methylthiolate adduct2H™) from the bimolecular complex
(1CH™, reaction 2H) is strongly exothermic in the gas phase.
Although aqueous solvation lowers the reaction energy by 25.5
kcal/mol, it is still —4.5 kcal/mol at the B3LYP level. The
energies of these adduct formation reactions are calculated to
be 7—-18 kcal/mol more favorable at the MP2 than the B3LYP
level. In addition to reactions 2 and 2Hthis is seen in the
energies of the reactions 7 and 7;8Hn which the energy
differences between the two methods are even larger. Similar
trends between the two computational methods are observed in
the calculated reaction profiles of the addition reactions 2 and
2H" (Figures 2 and 3). Recently Zheng and Orngtsnpposed
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Scheme 1.Reaction Steps-19 and 1H—9H" of the

Cytosine Methylation Reaction Studied and Structures of the
Isolated Molecules, Complexes, and Transition States
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that MP2/6-3%#G**//HF/6-31+G** level calculations overes-
timate the stability of the transition state for—-S bond
formation. They studied the mechanism of nucleophilic aro-
matic substitution of 1-chloro-2,4-dinitrobenzene by glutathione
as a model of the mode of action of glutathid®&ansferases.

In addition, the B3LYP method has been found to greatly
underestimate the barrier fog& reactions of Cl with CHsCI

(29) Zheng, Y.-J.; Ornstein, R. LJ. Am Chem Soc 1997, 119, 648—
655.
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and CHBr.3% Therefore, the reliability of the MP2/6-31G*//
HF/6-31+G* and B3LYP/6-31-G* calculations in predicting
the C-S bond formation was investigated by calculating the
energies of Michael addition of methylthiolate to acrolein
(reaction 1).

CH,S

CHS + —\=g

\_\O_

Thomas and Kollma#t have used this reaction to model the
first step of the catalytic mechanism of thymidylate synthase.
Reaction energies for (1) are23.9,—23.7, and—17.9 kcal/
mol at the MP2/6-31G*//HF/6-31+G*, MP2/6-3HG*//MP2/
6-31+G*, and B3LYP/6-31%+G* levels, respectively. The
B3LYP also predicts less negative formation energies than the
MP2 method. Inclusion of more electron correlation at the
MP4(SDQ)/6-3#G*/IMP2/6-31+-G* and MP4(SDTQ)/6-
31+G*//IMP2/6-31+G* levels results in reaction energies of
—18.8 and—21.7 kcal/mol. Interestingly, inclusion of com-
putationally intensive triple substitutions on the MP4 energy
has a large effect{2.9 kcal/mol). Enlargement of the basis
set has practically no effect on the reaction energy. At the MP2/
AUG-cc-pVDZ*2 level, the energy for methylthiolate addition
to acrolein is—23.6 kcal/mol. Based on this comparison, we
can conclude that the MP2 calculations probably slightly
overestimate the stability of the-€S bond and the barriers for
C—S bond formation and B3LYP calculations probably under-
estimate them.

In Figure 2, the reaction profiles are presented for the addition
of methylthiolate to C6 of neutral cytosine, and in Figure 3 to
C6 of N3-protonated cytosine. The reaction coordirmd®—

S) is the distance between S of the thiolate and C6 of the
cytosine. In the gas-phase reaction profiles, the energies
(B3LYP/6-31+G*) of the neutral (Figure 2) and protonated
systems (Figure 3) increase and decrease monotonically,
respectively, as the-€S distance decreases. In contrast to the
B3LYP calculations, a TS was located in the gas phase at the
HF/6-31+G* level (geometry of the TS was optimized) and
can be seen to exist (Figure 2) at the MP2/6-&F//HF/6-
31+G* level for the addition of methylthiolate obH. In the

TS optimized at the HF/6-38G* level, the C-S distance is
2.22 A and energy 2.1 kcal midl at the MP2/6-3%+G*//HF/
6-31+G* level. This is only 0.2 kcal mot* larger than at the
pointr(C—S) = 2.2 A obtained using the €S distance as the
reaction coordinate. Inclusion of solvation energies induces
barriers on the profiles. The top of the barrier is located at a
C—S distance of about 2.4 A on the profile of neutral cytosine
and 2.6 A on the profile of N3-protonated cytosine. Together,
the calculated reaction profiles and the reaction energies
(reactions 1, 2, 1H, and 2H") show that adduct formation is
facilitated by the N3-protonation in the gas phase and in solution.
Furthermore, especially in the case of the N3-protonated
cytosine, the rate of the addition reaction is considerably more
favorable in the gas phase than in aqueous solution. It can be
concluded that the enzyme may facilitate the addition reaction
by protonating the N3-atom of the ring and by providing a
nonaqueous (i.e., desolvated) active site environiffetit.
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Table 1. Energies (kcal/mol) of the Reaction StepsQand 1H—9H" (Scheme B

MP2/6-3H-G*// MP2/6-3H-G*// B3LYP/ B3LYP/
reaction HF/3-214+-G* (gasy HF/6-31+G* (gas) 6-31+G*(gas) 6-31+G*(aq)
1 —22.8 —23.2 —-19.4 —0.6
2 5.6 1.3 12.9 15.5
1H* —89.6 —88.0 —88.3 -8.1
2H* —43.8 —47.6 -30.0 —-4.5
3 —87.7 (-99.9) —75.9 -71.1 -1.1
4 5.4 (17.6) -1.8 -3.4 9.9
5 —72.0 -74.5) —69.1 —63.8 —57.2
6 6.1 (8.5) 2.9 -1.6 -3.0
3H* —5.7 (-22.9) —6.9 -0.3 6.8
4H* 14.3 (31.6) 17.2 9.0 10.7
5H* —40.8 (-51.8) —41.1 -32.9 —33.0
6H* —0.1(10.9) 0.6 -35 —10.2
7 55.3 58.3 35.4 6.4
8 110.2 107.8 111.6 36.0
7,8H" 273.5 273.7 255.9 61.9
9 —149.8 —151.1 —148.4 —91.6
9H* —259.7 —260.4 —259.7 —68.8

a Calculated at the MP2/6-3G*//HF/3-21+G*, MP2/6-31+-G*//HF/6-31+G*, and B3LYP/6-3%-G* levels in the gas phase and at the B3LYP/
6-31+G* level with solvation energiesAGson, IPCM-HF/6-3HG*) included. Reaction energies calculated using geometries of the complexes
fully optimized at the HF/3-2&+G* level are in parentheses.
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Figure 2. Reaction profile for the addition of methylthiolat@)(on
C6 of neutral cytosinelj) ring in the gas phase at the MP2/6-3&*//
HF/6-31+G* (®, MP2(gas)) and B3LYP/6-32G* (M, B3LYP(gas))
levels and in aqueous solution at the MP2/6+&*//HF/6-31+G* +
AAGy (®, MP2(aq)) and B3LYP/6-3tG* + AAGsy (A, B3LYP-

Figure 3. Reaction profile for the addition of methylthiolat&)(on
C6 of the N3-protonated cytosin@H*) ring in the gas phase at the
MP2/6-3HG*//HF/6-31+G* (¢, MP2(gas)) and B3LYP/6-31G* (M,
B3LYP(gas)) levels and in aqueous solution at the MP2/3G1/
HF/6-31+G* + AAGsow (®, MP2(aq)) and B3LYP/6-3tG* +

(aq)) levelsr(C—S) is the distance between S of the attacking thiolate
and C6 of cytosine.

Methyl Transfer to C5. The next step in the reaction
sequence is transfer of the methyl group from trimethylsulfo-
nium, which mimics the methyl group-donating part of the
AdoMet, to the activated C5 of the covalent C6-thiolate adduct
of cytosine. Energies were calculated for formation of the
bimolecular cytosine adduetrimethylsulfonium complex (reac-
tion 3, 2C) from the isolated reactants, C6-thiolate adduct of
cytosine 2) and trimethylsulfonium &), for the TS of the
methyl-transfer reaction (reaction ZTS), for formation of the
bimolecular complex3C from 2TS (reaction 5), and for
formation of products, the isolatédand9, from the bimolecular
complex 3C (reaction 6). The same reaction steps were
calculated for N3-protonated cytosine as well (reaction$-3H
6HT). The geometries of all of the species were fully optimized
excluding the bimolecular complex@€, 2CH*, 3C, and3CH™.

AAGsoy (a,B3LYP(aq)) levelsr(C—S) is the distance between S of
the attacking thiolate and C6 of cytosine.

CH,

O=%N

H,C—NZE  ~a>Ci-NH
¢ 4CG—Q5<H; ?

H,...
H:;—'Cﬁ "(';4
L2
S
Cis

Figure 4. Atomic numbering of the transition stat8$S and2TSH*.

approach. The structures of fully optimized C6-thiolate adducts
(2, 2HT, 4, 4H7), trimethylsulfonium (or dimethyl sulfide), and

the corresponding TS structures were used. The cytosine adduct
and trimethylsulfonium (or dimethyl sulfide) were least-squares
fitted on the TS structure using the heavy atoms of the cytosine
ring and C12, S11, and C13 of trimethylsulfonium (or dimethyl

The energies of these species were estimated using a simplifiedsyfide, the numbering is shown in Figure 4). After that the

(34) Lightstone, F. C.; Zheng, Y.-J.; Maulitz, A. H.; Bruice, T.Roc.
Natl. Acad Sci U.SA. 1997 94, 8417-8420.

distance between the cytosine adduct and the trimethylsulfonium
(or dimethyl sulfide) was varied by changing the-8510 C
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cytosine than for the N3-protonated cytosine. The TS of the
N3-protonated cytosine closely resembles the corresponding TS
calculated for the model of the catechotmethyltransferase
(COMT)-catalyzed methyl transféf. In the model of COMT,

the methyl transfer take place between catecholate anion and
trimethylsulfonium. In both cases, the transferring methyl group
is close to being planar. Similarly to the TS of this study, the
attacking oxygen, the transferring methyl carbon, and the leaving
sulfur atom are in an almost linear arrangement in the transition
state of the catecholatérimethylsulfonium system. In the case

of catecholate, the angle was 27& compared to 175176

from the present work.

The overall methyl-transfer reactions from the isolated
reactants to the isolated products of the neutral and N3-
protonated cytosine adducts are highly exothermic in the gas
phase and in solution. In the case of neutral cytosine, the
methyl-transfer step (reaction 4) has a TS barrier 8f4 kcal/
Figure 5. Structure oR2TSH" optimized at the B3LYP/6-3G* level. mol in the gas phase and 9.9 kcal/mol in solution (B3LYP/6-

31+G*) when the geometry of the reactant complex was
and2CH™) or C10-S11 @C and3CH) distance in small steps  modeled using the TS structure. The negative barrier of reaction
(0.1-0.2 A) while keeping the two parts rigid. This was done 4 indicates that the methyl transfer to the neutral cytosine is
in order to be sure that there are no bad nonbonding interactionshighly favorable in the gas phase when the reactants are placed
between the two parts. It was found that the original fitting of in a conformation where the reaction can readily take place.
the molecules on the TSs provided acceptable structures. ThusfFor N3-protonated cytosine, the corresponding barrier (reaction
the energies of the bimolecular reactant and product complexes4H") is 9.0 kcal/mol in the gas phase and 10.7 kcal/mol in
are rough estimates of the energies of the reactive conformationssolution. Full optimization of the reactant complex increases
In these structures, the arrangement of the reactive species ishe TS energies in the gas phase by 12.2 kcal/mol for the neutral
close to the one they have in the active site of DCMtase. In system and 17.3 kcal/mol for the N3-protonated system. In the
addition to this the geometries of the bimolecular complexes optimized complexes, the trimethylsulfonium is located in the
2C, 2CH*, 3C, and3CH™' were fully optimized at the HF/3-  plane of the ring and the methyl hydrogens make hydrogen
21+G* level and energies calculated at the MP2/6+&*// bonds with the N3 and carbonyl oxygen of the ring. The
HF/3-21+G* level. These calculations provided energies for calculations clearly indicate that methyl transfer is more
the fully relaxed ground-state conformations of the molecular favorable for neutral cytosine than for N3-protonated cytosine.
complexes. Comparison of the TS energies obtained with the In addition, the rate of methyl transfer can be greatly accelerated
two approaches provides an estimate on how much rateby placing the transferring methyl group in a position that more
acceleration can (at the most) be gained by positioning the closely resembles the transition state of the reaction.
reactive groups in a conformation where the reaction can take The low TS energies, highly favorable energies of the overall
place without much structural reorganizatSri® methyl-transfer reactions, and the steps from the TSs to the

The structure of the transition ste28 SH™ optimized at the product complexes (reactions 5 and§téf the model calcula-
B3LYP/HF/6-31+G* level is presented in Figure 5. Selected tions indicate that the methylthiolate addutqr 2H*) is a
geometric parameters @S and2TSH* optimized at the HF/  transient intermediate which is rapidly methylated by the
3-21+G*, HF/6-314+-G*, and B3LYP/6-3%-G* are listed Table  enzyme. The short lifetime of the methylthiolate adduct would
2. From the table one can see that the geometries of the TSshe beneficial for the proper function of DCMTase. Namely, it
are remarkably similar at the three computational levels would lower the probability of the methylthiolate adduct, which

employed. o ) . ~ exists in an N3-protonated form (seBqxcalculations below),
The methyl group, which is transferred in the reaction, is to undergo hydrolytic deamination and mutation to thynifhe.
almost planar at the TS. The Ht&10-H15-H16 angle, Elimination of the C5-Proton and C6-Thiolate. From the

which measures the planarity of the methyl group (itis 180.0 C6-thiolate-C5-methyl adduct of cytosine4(or 4H*) the

for the planar Ch), is 152-161 for the neutral cytosine species,  yeaction can occur by (i) elimination of the Cé-thiolate, (ii)

and 168-173 for the species with protonated cytosine. In both  g|imination of the C5-proton, or (iii) concerted elimination of

cases, the top of the GHimbrella points toward the sulfur of  he C6-thiolate and C5-proton. The elimination of methylthi-

the methyl donor. _In the case of the N3-protonated cytosmle’ olate from the neutral cytosine adduct (reactions 7 and 8) and

the C5 of the cytosine ring, which accepts the methyl group in e N3-protonated cytosine (reaction 7;9Hs highly endot-

the reaction, is slightly more tetrahedral (H65—C4—C6 angle hermic in the gas phase. At the B3LYP/6-3G* level, the

in Table 2). In addition, in the TS of the N3-protonated species, energies are 147.0 and 255.9 kcal/mol for the neutral and the

the methyl group-accepting CS5, the C10 of the transferring N3-protonated systems, respectively. The corresponding ener-

methyl, and the donqr S11 are arranged almost linearly: the gies are 1819 kcal/mol larger at the MP2/6-31G*//HF/6-

C5-C10-S11 angle is 175176 for the protonated system 311G+ |evel. The inclusion of solvation energies lowers the

compared to 158166’ for the neutral one. Thus, as indicated  eaction energies considerably, but the reactions are still highly

by the more favorable reaction energy of neutral cytosine, the nfavorable. At the B3LYP/6-34G* + AAGqy level, the

TS of the methyl-transfer reaction is slightly earlier for neutral energies are 42.4 kcal/mol for neutral cytosine adduct and 61.9
(35) Lightstone, F. C.; Bruice, T. 0. Am Chem Soc 1996 118 2595- kcal/mol for the N3-protonated species. Since the elimination

2605.
(36) Lightstone, F. C.; Bruice, T. CI. Am Chem Soc 1997 91033- (37) Zheng, Y.-J.; Bruice, T. C1. Am Chem Soc 1997, 119, 8138~
9113. 8145.
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Table 2.
Methylthiolate Adducts ZTSH")?

"Rela

Selected Geometric Parameters of the Transition State of the Methyl-Transfer Reaction of the 9€8{raind N3-Protonated

HF/3-21+G* HF/6-31+G* B3LYP/6-31+G*

parameter neutral protonated neutral protonated neutral protonated
C4-C5 1.388 1.371 1.391 1.374 1.402 1.390
C5-C6 1.504 1511 1.493 1.508 1.486 1.504
C5-H5 1.075 1.074 1.076 1.075 1.086 1.085
C5-C10 2.476 2.304 2.496 2.319 2.568 2.324
C10-S11 2.250 2.339 2.204 2.361 2.184 2.313
C10-H14 1.065 1.068 1.066 1.067 1.079 1.082
C10-H15 1.070 1.066 1.070 1.067 1.085 1.080
C10-H16 1.061 1.066 1.065 1.067 1.080 1.080
S11-C12 1.811 1.809 1.812 1.809 1.827 1.824
S11-C13 1.811 1.809 1.807 1.809 1.823 1.824
C4—C5—-H5 120.29 118.49 119.53 117.67 120.62 117.81
C6—C5-H5 116.61 116.30 117.12 116.22 117.46 116.51
C4-C5-C10 85.01 97.36 84.94 97.43 83.84 98.56
C6—-C5-C10 100.02 100.25 102.51 103.15 102.49 102.99
C5-C10-S11 158.93 175.25 165.51 175.53 158.03 176.36
C10-S11-C12 95.65 101.35 96.55 102.91 94.29 100.50
C10-S11-C13 98.61 102.14 101.68 103.74 99.55 101.36
H14-C10-H15-H16 160.9 171.3 158.5 173.2 151.7 168.2
H5—-C5-C4—-C6 —149.5 —150.4 —149.0 —147.7 —153.1 —147.7

aOptimized at the HF/3-2£G*, HF/6-31+G*, and B3LYP/6-31-G* levels. Distances in angstroms, angles and torsion angles in degrees.
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Figure 6. Reaction profile for the elimination of methylthiolat@)(
from the C6-thiolate-C6-proton intermediaté in the gas phase at the
MP2/6-3HG*//HF/6-31+G* (¢, MP2(gas)) and B3LYP/6-31G* (H,
B3LYP(gas)) levels and in agueous solution at the MP2/6G¥/
HF/6-31+G* + AAGs (®, MP2(aq)) and B3LYP/6-3tG* +

AAGso (a4, B3LYP(aq)) levelsr(C—S) is the distance between S of
the leaving thiolate and C6 of cytosine.

reaction is clearly more favorable for neutral cytosine, the
reaction profile for methylthiolate elimination was calculated
only for this case (Figure 6). The reaction was followed on
the basis of the €S distance of the optimized covalent
intermediate (1.9 A) to a €S distance of 3.6 A. The energy
of the system increased without a barrier when theSGlistance
was increased. In the gas phase, the poinBG= 3.6 A was
calculated to be 62.0 and 43.3 kcal/mol higher in energy than
the stable intermediate at the MP2/6433*//HF/6-31+G* and
B3LYP/6-31+G* levels, respectively. Solvation energies sta-
bilized the point G-S= 3.6 A by 8.7 kcal/mol as compared to

reaction energies and the calculated reaction profile allowed us
to conclude that methylthiolate elimination has a large reaction
barrier.

The K, value of the C5-proton of the thiolatenethyl
adducts were roughly estimated to be about 18 for the neutral
species and 11 for the N3-protonated adduct (see below the
estimates of K, values). Due to the highlf, values of the
C5-proton, the lack of an active site base that could abstract
the protor?® and the large barrier for the C6-thiolate elimination,

a concerted elimination of C5-proton and C6-thiolate seems the
most plausible alternative for the mechanism of product
formation. In the concerted reaction, elimination of the C5-
proton would lower the barrier of C6-thiolate elimination
(deduced from the reaction profiles of Figures 2 and 3). On
the other hand, elimination of the C6-thiolate would lower the
barrier for proton elimination. The latter effect is seen from
the highly favorable energies for abstraction of the C5-proton
from the product of the C6-thiolate elimination reaction (reac-
tions 9 and 9H) by methylthiolate. Also, the total energy
change in the C6-thiolate and C5-proton elimination steps is
clearly favorable. The anionic sulfur of the leaving C6-thiolate
could function as a proton-abstracting base in the elimination
step. In this case, the reaction would take place via syn-
elimination which, based on the structures of energy profile of
Cé6-elimination, seems to be a structurally unfavorable alternative
(Figure 7, pointr(C—S) = 2.6 A). However, a change in the
ring conformation would arrange the €6 and C5-H5 bonds

into a synperiplanar position, suitable for syn-elimination.
Analyses of X-ray structures have not identified an active site
base that is located suitably to abstract the C5-proton. It has
been proposed that the base would be a negatively charged
phosphoryl oxygen of the flipped nucleotiflein this case, the
proton abstraction would be mediated by a water molecule
located between the phosphoryl oxygen and the C5-proton. More
detailed experimental studies or simulations of this reaction step
in the enzyme-DNA environment are needed to resolve this

the covalent structure. The geometry of the bimolecular product question.

complex,4C, was optimized as well. In the gas phase, this
complex was calculated at the MP2/643%*//HF/6-31+G level
to be 58.3 kcal/mol and at the B3LYP/6-BG* level to be
35.4 kcal/mol less stable than the covalent intermediate.
Solvation stabilized the complexes by 29.0 kcal/mol. Thus, the

In the X-ray crystal structure oHhal methyltransferase
complexed with S-adenosythomocysteine and DNA meth-
ylated at the target cytosine (reaction product), it was observed
that the catalytic sulfur of Cys81 interacts strongly with C6
(C—S distance is 2.77 A), and most interestingly, the C5 methyl
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Figure 7. Structure of intermediatg at the pointr(C—S) = 2.6 A of
the reaction profile of the methylthiolate elimination (Figure 6).

is bent~50° out of the plane of the cytosine riffg.Ilt was
proposed that the unusual position of the C5 methyl is probably
due to partial shcharacter at C5 and C6 and to the steric effects

of the conserved amino acid residues Pro80 and Cys81.
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Figure 8. Correlation between the calculated aqueous-phase proton
affinities (PA(aq) = PA(gas) + AAGsu,) and the corresponding
experimental K, values for nitrogen atoms of a set of cyclic and
aliphatic compounds. Compounds anig,s: pyridine, 5.2; oxazole,
0.8; pyrrole, 17.5; pyrazole, 2.5; thiazole, 2.5; imidazole, 7 and 14.5;
quinoline, 4.9; pyrimidine, 1.2; pyrazine, 0.5; methylamine, 10.7;
trimethylamine, 9.8; allyldimethylamine, 8.8.

Table 3. Calculated Gas-Phase (PA(gas), kcal/mol) and

Comparison of the crystal structures and geometries calculatedaqueous-Phase (PA(aq)) Proton Affinities andspvalues of

in this work led us to propose that a significant population of
species corresponding to the C6-thiota@5-proton intermedi-
ate4 exists in the X-ray structures. Thus, bending of the C5-
methyl and spcharacter at C5 of the cytosine observed in the
crystal structure would be due to the protonation of C5. It seems
unlikely, that the steric effects of the active site residues would
be strong enough to bend the C5-methyl out of plane of the
cytosine ring®® Furthermore, it has been suggested, that a
slowly reversible covalent bond is formed between cysteine’s
S and C6 of the cytosine in the DCMtasg-fluorocytosine-
S-adenosyk-homocysteine comple¥. Here the stabilizing
effect of the fluoro substituent resembles that provided by the
fluoro substitution (inductive effect) in the catalytic mechanism
of a S-glycosidasg?-43

pKa of the Cytosine N3. The protonation state of N3 of the
target cytosine probably changes during the catalytic cycle of
DNA methylation?® The N3-protonation has been proposed
to facilitate the attack of cysteine by increasing the charge on
C6* and by neutralizing the negative charge of the DNA
cytosine adduct!® Therefore, we estimated theKp of the
cytosine N3 in the intermediates and the transition state of the
methyl-transfer reaction and during the attack of methylthiolate
on C6. This was done by calculating the aqueous proton affinity
(PA(aq)) of the cytosine N3 (eq 2) at different stages of the

PA(aq)= PA(gas)t+ AAG 2)

solv

Reaction Intermediates and Transition-State Species

molecule PA(gas) PA(aq) Kp(calc)
1H* 232.8 275.2 4.5
1CH* 297.6 278.7 5.9
2H 346.5 304.6 16.6
2CH* 2775 298.5 141
2TSH" 258.6 291.2 111
3CH* 230.6 269.9 2.3
4H* 2329 277.5 5.4
5H+ 125.3 259.3 -2.1

6H 234.6 275.9 4.8

acid and conjugate base. PA(gas) was calculated from the gas-
phase energies of the acid and conjugate base without any
thermodynamic correctiofs at the MP2/6-3%+G*//HF/6-
31+G* level. TheAGsqy energies were calculated at the HF/
6-31+G* level using the isodensity surface-polarized continuum
model (IPCM-HF/6-3%+G*). To relate the calculated PA(aq)’s

to the correspondingkq, values, the correspondence between
the two values was calibrated by calculating the PA(aq)’s of
13 heterocyclic and aliphatic compounds havitkg'p between

0.5 and 17.5. The molecules used in the calibration are listed
in the figure caption of Figure 8. The figure also shows that
there is good correlation between the calculated PA(aq)’s and
known K, values?47the correlation coefficientrf) is 0.988
(standard deviatios = 0.606; correlation equationkp(calc)

= 0.4137PA(aq) - 109.372).

reaction and calibrating the calculated values using a set of acids Predicted [, values for the intermediates and TS of the

with known K, values. Thus, the calculated PA(aq) was equal
to the sum of the gas-phase proton affinity (PA(gas)) of the
acid and the solvation energy differen¢eAGson) between the

(38) Warshel, AComputer Modeling of Chemical Reactions in Enzymes
and SolutionsWiley: New York, 1991.

(39) Wyszynski, M.; Gabbara, S.; Kubareva, E. A.; Romanova, E. A;;
Oretskaya, T. S.; Gromova, E. S.; Shabarova, Z. A.; Bhagwat, NuSleic
Acids Res1993 21, 295-301.

(40) Withers, S. G.; Street, I. B. Am Chem Soc 1988 110 8551-
8553.

(41) Withers, S. G.; Warren, R. A. J.; Street, I. P.; Rupitz, K.; Kempton,
J. B.; Aebersold, RJ. Am Chem Soc 199Q 112, 5887-5889.

(42) Namchuk, M. N.; Withers, S. @iochemistry1995 34, 16194~
16202.

(43) Notenboom, V.; Birsan, C.; Nitz, M.; Rose, D. R.; Warren, R. A.
J.; Withers, S. GNature StructBiol. 1998 5, 812-818.

(44) Baker, D. J.; Kan, J. L. C.; Smith, S. Genel988 74, 207—210.

studied reaction sequence are listed in Table 3. The calculations
predict, in agreement with experiment, that tt& pf N3 of an
isolated cytosine is 4.5 in aqueous solutf®nComplexation

of cytosine with methylthiolate increases thi€,po 5.9 due to

the negative charge of methylthiolate, which stabilizes the
protonated form of cytosine. In the complexks and1CH™,

the negatively charged sulfur of methylthiolate is located in the
plane of the cytosine and is hydrogen bonded to H5 of the ring.

(45) Hehre, W. J.; Radom, L.; von Rag8ehleyer, P.; Pople, J. Ab
Initio Molecular Orbital Theory Wiley: New York, 1986.

(46) Lange’s Handbook of ChemistrivicGraw-Hill: London, 1979.

(47) Davies, D. TAromatic Heterocyclic Chemistr{xford University
Press: Oxford, UK, 1994.

(48) Mergny, J.-L., Lacroix, L., Han, X., Leroy, J.-L.,'kme, C.J. Am
Chem Soc 1995 117, 8887-8898.
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73 cytosine accepts a proton during the nucleophilic attack on C6
16 | in aqueous solution and is deprotonated during transfer of the
s methyl group to C5. It is possible that protonation/deprotonation
) steps take place in the enzyme-catalyzed reaction as well. Both
5 14 proton transfers were calculated to catalyze the corresponding
813 M reaction steps (Figures 2 and 3).
N
Sz o Conclusions
17 In this work, cytosine methylation reaction was investigated
10 4 * ° . in the gas phase and in solution using ab initio quantum
9 ‘ ‘ . , mechanical (up to the MP2/6-31G*//HF/6-31+G* level) and
19 21 23 25 27 29 density functional theory calculations (Becke3LYP/6+33*)
HC-S) (A) in combination with an isodensity surface-polarized continuum

Figure 9. pK, of N3 of cytosine during the attack of methylthiolate model (IPCM-HF/6-3%G*). A complete reaction sequence,

on C6.r(C—S) is the distance between S of the attacking thiolate and similar to the Ca}talytic mecha}nism propo§§d for the DCMtgse-
C6 of cytosine. catalyzed reaction was studied. In addition, a computational

approach was presented to calculat€, palues of reaction

Upon the nucleophilic attack of methylthiolate at C6, thé, p intermediates and transition-state species on the reaction profiles.
of the 2H increases to 16.6. The change in tHé.@s the The K, calculations showed that, during the attack of methyl
addition reaction progresses is shown in Figure 9. When the thiolate on C6 of the cytosine, th&pof N3 of the ring increases
distance between the nucleophilic S of methylthiolate and C6 from 5to 17. In the subsequent reaction step, where C5 of the
of the ring is 3.0 A, the K, of N3 in the bimolecular complex ~ Cytosine s methylated, thé<g of N3 drops from 17 to 5. These.
(1CH*) has increased from 5.9 to 9.8. This increase is due to Proton tra_nsfers were calcylated to catalyze the two reaction
the favorable electrostatic interaction between the positively Steps. Itis probable that, in the DCMtase-catalyzed cytosine
charged proton on N3 and the negative charge on thiolate. Asmethylation, proton transfers take place between Glu119 of the
the C-S distance decreases to 2.6 A, th& plecreases to 9.3, active site and N3 of the cytosine. Calculathns also indicated
probably because the favorable electrostatic interaction betweerfhat methyl transfer from AdoMet to the activated C5 of the
the charges has decreased. In addition, the negative charge hdg6-thiolate adduct of cytosine is a fast, highly exothermic
not spread from the thiolate to the ring system, so the positive "€action. According to the calculations and the recent X-ray
charge on the ring is not stabilized. When the addition reaction crystal structures, DCMtase may accelerate the methyl-transfer
progresses and the-CS distance decreases to 2.4 A, the,p  Step by p_ositioning the reactiv_e groups in a conformation Wh_ere
of N3 increases rapidly to 13.3. Further decrease in th&C t_he reaction can take place without much structural reorganiza-
distance increases th&pof the covalent adduct steadily to  tion. In the X-ray structure oHhal methyltransferase com-
the final value 16.6. Interestingly, rapid change of thé,p  Plexed withS-adenosyk-homocysteine and DNA methylated
occurs and the TSs of the methylthiolate attacks are located at@t the target cytosine, it was observed that the C5-methyl of
similar distances (Figures 2 and 3). In the active site of DNA the ligand is bent-50° out of plane of the cytosine plane. Itis
(cytosine-5)-methyltransferase, a glutamic acid (Glu119) hy- possible that a S|gn|f|cqnt population of species correspondlng
drogen is bonded to the N3 atom of the target cytosine (Figure t0 the methylated C6-thiolateC5-proton intermediaté, which
1) and is probably donated to N3 during catalysis. was calculated to be the most stable intermediate of the reaction

The [Ka. of the isolated covalent addu@CH* is 16.6. sequence studied, exists in the X-ray structure. This would
Therefore, the cytosine is presumably in a protonated form at €xplain the bent C5-methyl of the target cytosine observed
physiological pH and in the enzyme environment. The next €xperimentally.
step in the reaction sequence is transfer of methyl from
trimethylsulfonium to the activated C5. Th&pof N3 at the
(gas-phase) transition stat@TGH') of the methyl-transfer
reaction was calculated to be 11.1. That of the product complex
3CHT™, is 2.3, and that of the isolated C6-thiolat€5-methyl
adduct,4H", is 5.4. These calculations indicate that N3 of JA981405A
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