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ABSTRACT: DNA cytosine methyltransferases regulate the expression
of the genome through the precise epigenetic marking of certain cytosines
with a methyl group, and aberrant methylation is a hallmark of human
diseases including cancer. Targeting these enzymes for drug design is
currently a high priority. We have utilized ab initio quantum mechanical/
molecular mechanical (QM/MM) molecular dynamics (MD) simulations
to investigate extensively the reaction mechanism of the representative
DNA methyltransferase HhaI (M.HhaI) from prokaryotes, whose overall
mechanism is shared with the mammalian enzymes. We obtain for the first
time full free energy profiles for the complete reaction, together with
reaction dynamics in atomistic detail. Our results show an energetically
preferred mechanism in which nucleophilic attack of cytosine C5 on the S-
adenosyl-L-methionine (AdoMet) methyl group is concerted with
formation of the Michael adduct between a conserved Cys in the active site with cytosine C6. Spontaneous and reversible
proton transfer between a conserved Glu in the active site and cytosine N3 at the transition state was observed in our simulations,
revealing the chemical participation of this Glu residue in the catalytic mechanism. Subsequently, the β-elimination of the C5
proton utilizes as base an OH− derived from a conserved crystal water that is part of a proton wire water channel, and this syn β-
elimination reaction is the rate-limiting step. Design of novel cytosine methylation inhibitors would be advanced by our structural
and thermodynamic characterization of the reaction mechanism.

The DNA methyl transferases play critical roles in many
biological functions. They are key players in regulating

gene expression:1 in embryonic development,2,3 in X-
chromosome inactivation,4 in genomic imprinting,5 and,
overall, in epigenetic mechanisms that transmit genetic
information without altering the actual base sequence of the
DNA through regulation of the methylation status.6−8 Aberrant
methylation is a feature of cancers and other diseases.9−11

Methyl transferase activity is impaired by DNA damage
resulting from environmental carcinogens, notably benzo[a]-
pyrene,12,13 and methylation status has an important impact on
the reactivity of DNA with benzo[a]pyrene metabolites.14 The
design of methylation inhibitors is an active current research
frontier.15−19 Understanding the mechanism for the methyl
transfer reaction in atomistic detail would advance drug design
and could provide novel opportunities for regulating gene
expression through control of the methylation process.
We focus here on the very well-studied prokaryotic cytosine

methyltransferase HhaI (M.HhaI) which carries out the
enzymatic process for methylation of cytosine C5 in DNA.
Like all methyltransferases it uses S-adenosyl-L-methionine
(AdoMet) as the methyl donor and flipping of the target base
into a pocket of the enzyme. It has been established based on
numerous investigations that the catalytic process entails
nucleophilic attack of cysteine 81 (Cys81) of this enzyme on
the cytosine C6 to form a covalent adduct via Michael addition;
this adduct promotes the nucleophilicity of the cytosine C5 for

attack on the AdoMet methyl group,20 and subsequently, the
C5 proton is abstracted via a β-elimination reaction.6,21 The
mammalian enzymes employ a similar mechanism,6,8,22 which
has recently been substantiated with a crystal structure of a
productive covalent DNMT1−DNA complex.23 It is notable
that this crystal structure reveals a covalent adduct between a
conserved cysteine and C6 of the target cytosine, as had been
observed crystallographically with the prokaryotic enzyme,
including some examples containing incorporated nucleoside
inhibitor drugs in place of the cytosine.24−26 It is also worth
noting that DNMT1 is a maintenance methyltransferase, and in
this case the mechanism for maintenance and de novo
methyltransferases such as M.HhaI are similar; hence, new
mechanistic insights could be relevant to drug design for
inhibition of both methyltransferases.
Current DNA methyltransferase inhibitors generally fall into

two categories: nucleoside analogues and non-nucleoside
inhibitors. The nucleoside analogues become incorporated in
the DNA and may function by inhibiting methylation or β-
elimination, but they form the Michael adduct and thus act as
covalent inhibitors. Two nucleoside analogue inhibitors are
currently in use, azacytidine and decitabine, employed to treat
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myelodysplastic syndrome. The non-nucleoside inhibitors bind
DNA methyltransferases and exert their inhibitory effects
through a variety of different mechanisms.27

At present, a full atomistic, thermodynamic, and dynamic
characterization of the chemical reaction process remains to be
determined. Questions that remain not fully resolved include
whether the methylation reaction is concerted or stepwise, the
specific roles of certain key amino acids in the active site, the
nature of the base that abstracts the C5 proton, the role of
waters in the chemical process, and the energetics and
dynamics of the bond forming and breaking events. Previous
computational studies28,29 for this enzyme system did not
obtain free energies or take the enzyme dynamics into account
and either used the semiempirical density functional based tight
binding (DFTB) approach as the quantum mechanical
method28 or treated the heterogeneous enzyme environment
with an implicit continuum solvent model.29

We have utilized Born−Oppenheimer ab initio QM/MM-
MD calculations to investigate the mechanism for the methyl
transfer reaction in M.HhaI; the chemically reacting moieties
are described by the ab initio QM method, the surrounding
enzyme and aqueous environment are treated explicitly by
classical MM, and the enzyme active site dynamics and those of
the surroundings are simulated on an equal footing. This
approach now has the power to robustly elucidate the full
course of the chemical steps in enzyme mechanisms.30−36 We
explored many mechanistic issues that remain under consid-
eration and thoroughly investigated a variety of plausible
reaction schemes. Our extensive computational investigations
resulted in a preferred methyl transfer mechanism for M.HhaI.
This mechanism involves nucleophilic attack of deprotonated
Cys81 thiolate on the cytosine C6, concerted with methyl
transfer. Subsequently, an OH−, derived through a proton wire
to surface water and involving crystal and solvent waters, serves
as the base to abstract the C5 proton. Our results provide
complete free energy profiles for the reaction mechanism,
reaction barriers and transition state and intermediate
structures for both methylation and proton abstraction steps;
our extensive investigations of possible bases support the
previous mechanistic suggestion28 that the OH− is likely to be
the proton-abstracting base and that proton abstraction is
chemically rate-determining. We obtain atomistic and dynamic

views of the bond breaking and forming processes, which reveal
the intricate dynamic interplay between formation of the
Michael adduct and the methyl transfer step. We also resolve
uncertainties in the role of Glu119 in the active site: it forms a
hydrogen bond with cytosine N3 at the reactant and at the
transition state where the proton spontaneously and reversibly
oscillates between being bonded to Glu and to cytosine N3.
Hence, the chemical participation of the Glu in the reaction
mechanism is manifested. Thus, our study for the first time fully
characterizes the HhaI methyltransferase reaction, provides new
molecular insights on experimental data,20,24,37 and more
broadly is very likely applicable to the critical human cytosine
methylation enzymes that are key in governing epigenetic
inheritance, since mammalian DNMT1 relies on a similar
chemical mechanism.23

■ COMPUTATIONAL METHODS
Initial Preparation. The initial structure of the enzyme-

reactant complex was constructed based on a ternary crystal
structure of the DNA methyltransferase M.HhaI with S-
adenosyl-L-methionine (AdoMet) and DNA (PDB ID:38

6MHT) (Figure 1).39 The critical methylation target sequence

is ′‐ * ‐ ′
′‐ ′ ‐ ′

5 GC G C 3
3 CG C G 5 with C* as the target for methylation by

AdoMet. In this structure, the O4′ of the target cytosine has
been replaced by a sulfur atom (4′-thio-2′-deoxycytidine) in an
effort to inhibit the methylation reaction. In addition, the DNA
was hemimethylated, with a methyl group on C′. Despite the
presence of the 4′ thiol, partial reaction did take place, and two
sets of coordinates were presented for the methyl group and
the sulfur of Cys81: in one set, the methyl remained on the
AdoMet and the sulfur on Cys81, while in the second set the
methyl had transferred to the cytosine C5, and the sulfur of
Cys81 was partially bonded to C6 of cytosine. We selected the
former set of coordinates for our study, and we remodeled the
sulfur atom on the sugar as the natural oxygen. Since we wished
to investigate de novo methylation, requiring a prechemistry
system containing unmethylated DNA and AdoMet, we
replaced the methyl on C′ with a hydrogen atom. No crystal
structure of such a prechemistry system without mutation
appears to be yet available for M.HhaI; the structure we
selected for this study had the highest resolution (2.05 Å) of
any available M.HhaI crystal structure containing the AdoMet.

Figure 1. (A) Ternary structure of HhaI methyltransferase (PDB ID:38 6MHT). The flipped out cytosine and the cofactor AdoMet are colored by
atom. The protein is pink. The large and small domains are indicated. The DNA is gray and the catalytic loop is red. (B) The active site, including
the target cytosine, catalytic Cys81 from the catalytic loop, Glu119, Arg163, and Arg165 from the large domain and the cofactor AdoMet are shown,
and crystal waters are indicated. The active site structure was remodeled from the crystal structure as described in Computational Methods.
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The molecular modeling was performed with Discovery Studio
(Accelrys Software, Inc.). Hydrogen atoms were added to this
model of the enzyme−substrate complex by the LEAP module
of the AMBER 10 simulation package.40 The protonation states
of charged residues were computed by the H++41,42 and
pdb2pqr43 programs. In addition, we considered the potential
H-bonding network, solvent exposure of the ionizable residues,
potential steric clashes if the proton was added, and
preservation of the crystal structure in assigning protonation
states. The assignments that we made are given in Table S1
(Supporting Information).
The initial model was subjected to 4 ns of MD simulations

using AMBER 10.40 We employed the Amber99SB44−46 force
field with modification for DNA by parmbsc0.47 Bond length,
bond angle, torsional and van der Waals parameters for the
methyl donor AdoMet were taken from Markham et al.48

Partial atomic charges for the AdoMet were calculated by using
Hartree−Fock quantum mechanical calculations with 6-31G*
basis set49,50 without geometry optimization, employing the
Gaussian 03 package from Gaussian, Inc.51 The charges were
then fitted to each atomic center with the RESP algorithm.52

The fitted charges are shown in Table S2 (Supporting
Information). The structure was neutralized by 20 Na+
counterions and was solvated with a periodic rectangular box
of TIP3P water53,54 with 10 Å buffer around the enzyme−
substrate complex. The total number of atoms in the system
was ∼60 453, of which ∼54 432 were water molecules. Details
of the MD protocols are given in Supporting Information. The
final snapshot from the stable 4 ns trajectory was utilized for the
subsequent QM/MM calculations. PyMOL (Schrödinger,
LLC) was employed to make molecular images and movies.
Born−Oppenheimer Ab Initio QM/MM-MD Simula-

tion. In the QM/MM calculations, the enzyme substrate model
prepared as described above was partitioned into QM
subsystem and MM subsystem, in which all components that
participated in chemical reactions are included in the QM
region, as illustrated in Figure S1 of Supporting Information.
The QM subsystem was treated by the hybrid density
functional B3LYP55−57 with a medium split valence basis set

and polarization functions 6-31G*. The QM/MM interface was
described by a pseudobond approach.58−60 All other atoms
were described classically. To reduce computational cost for the
MM calculations during the QM/MM simulation process,
spherical boundary conditions were utilized: the C5 atom of
cytosine at the active site was selected as the center, and atoms
that were 20.0 Å away from the C5 atom were fixed during the
simulation. Solvent water molecules with a distance from the
C5 atom greater than 30.0 Å were removed. The prepared
system had ∼12 779 atoms in total, which included 6001
protein atoms, 2258 water molecules, and 4 Na+ counterions.
All QM/MM and QM/MM-MD calculations were carried out
with modified versions of the Q-Chem61 and Tinker
programs.62 After the partition of the QM and MM subsystem,
the entire reactant system was minimized first by an iterative
optimization procedure. Then an iterative minimization
procedure with the reaction coordinate driving method63 was
employed to map out a minimum energy path with ab initio
QM/MM calculations. For each determined structure along the
reaction path, an MD simulation of the MM subsystem with the
MM force field was further carried out for 500 ps with the
frozen QM subsystem. The resulting snapshots were used as
starting structures for Born−Oppenheimer ab initio QM/MM-
MD simulations with umbrella sampling30,64,65 that applies a
harmonic potential to constrain the reaction coordinate (RC)
at successive values. In order to ensure sufficient overlap
between the successive windows, force constants in the range of
40−100 kcal·mol−1·Å−2 were employed. We sampled 30 ps for
each window. For these biased QM/MM-MD simulations, the
Beeman algorithm66 was used to integrate the Newton
equations of motion with a time step of 1 fs. Cutoffs of 18
and 12 Å were employed for electrostatic and van der Waals
interactions between the MM atoms, respectively. There was
no cutoff for electrostatic interactions between the QM and
MM regions. Configurations of 25 ps were collected for data
analysis after a 5 ps QM/MM-MD equilibration. Finally, the
probability distributions of each window were determined and
pieced together with the weighted histogram analysis method
(WHAM)67−69 to obtain free energy profiles. This computa-

Scheme 1. Computational Protocol
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tional protocol (Scheme 1) has been demonstrated to be
feasible and successful in several enzyme investigations.30−36

■ RESULTS

We have made an extensive exploration of the M.HhaI
catalyzed methyl transfer reaction, utilizing state-of-the-art ab
initio QM/MM-MD simulations. We investigated many
reaction schemes. For each scheme, we calculated the minimum
energy path or the two-dimensional minimum potential energy
surface, employing the reaction coordinate driving method and
B3LYP (6-31G*) QM/MM computations. The most promis-
ing schemes derived from the one- or two-dimensional searches
were further investigated with B3LYP (6-31G*) QM/MM-MD
simulations with umbrella sampling. Numerous mechanistic
paths could be examined through this hierarchy of strategies.

We were motivated to apply this robust methodology to this
enzyme system because it is a well-studied representative of
DNA methyltransferases, which share catalytic mechanistic
features6,8 with mammalian DNMT1.23 The extensive literature
including kinetic studies,20,37,70 X-ray crystal struc-
tures,24,25,39,71,72 and studies of mutant enzymes73−75 have
implicated conserved residues76,77 Cys81, Glu119, Arg163, and
Arg165 in the catalytic process. Cys81 is understood to form a
covalent bond with cytosine C6 to activate the cytosine C5 for
nucleophilic attack on the methyl group of cofactor
AdoMet.6,20,21 However, the literature contains varied
perspectives on certain key mechanistic issues.
We have therefore investigated a number of mechanistic

possibilities for the methyl transfer reaction. (M1): Concerted
methyl transfer and covalent bonding of Cys81−S− with C6 of
cytosine (Figure 2).28 (M2): Stepwise methyl transfer; covalent

Figure 2. (A) Mechanism for the methyl transfer reaction catalyzed by M.HhaI involving concerted methyl transfer and covalent bonding of Cys81−
S− with C6 of cytosine. Key structures of the obtained mechanism with bond distances are shown. Blue dashed lines indicate hydrogen bonds. Red
dashed lines denote key distances. (B) Free energy profile. The potential energy profile and bond length analyses are shown in Figure S2 of
Supporting Information. (C) Distance between cytosine N3 and HOε2 of Glu119 (black) and the distance between cytosine N3 and Oε2 of Glu119
(red) in the QM/MM-MD simulation; there are two configurations at the transition state 1 (TS1) with Glu119 hydrogen oscillating between being
covalently linked to cytosine N3 and Glu119. These are circled in 2A. See Movie S1 of Supporting Information.
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bonding of Cys81−S− with C6 of cytosine followed by methyl
transfer (Figure S3 of Supporting Information).20 (M3):
Stepwise methyl transfer catalyzed by proton transfer from
Glu119 to N3 of cytosine; the protonation promotes S−C6
covalent bond formation and is concerted with it; methyl
transfer follows (Figure S4 of Supporting Information).78

(M4): Deprotonation of Cys81−SH before the methyl transfer
reaction; Cys81−SH is deprotonated by the nonbridging
phosphate oxygen on the 3′ side of the target cytosine, via a
mediating water;29 then the concerted methyl transfer reaction
proceeds (Figure S5 of Supporting Information). (M5): Direct
nucleophilic attack of the C5 on the methyl group of AdoMet
but with Cys81 protonated (Cys81−SH). This mechanism tests
the possibility that the role of Cys81 is to electrostatically foster
the activation of C5 for the methyl transfer step, without
forming a covalent bond with cytosine C6 (Figure S6 of
Supporting Information). Our motivation (M4 and M5) was
that the protonation state of the cysteine in the reactant
complex is an open question.29,37

For the cytosine C5 proton β-elimination, we investigated
several possibilities for the proton-abstracting base. (E1): The
leaving Cys81−S− directly abstracts the proton (Figure S7 of
Supporting Information).79 (E2): Cys81−S− abstracts the
proton through a water bridge (Figure S8 of Supporting
Information).29 (E3): The nonbridging phosphate oxygen on
the 3′ side of the target cytosine abstracts the proton, via a two-
water bridge (Figure S9 of Supporting Information).24 (E4): A
proton wire water channel provides a OH− as the base (Figure
3A).28

Our wide surveys have indicated that the energetically most
favored mechanism entails methyl transfer that is concerted

with covalent bonding of Cys81−S− and cytosine C6 and that
the base for proton abstraction is an OH− provided by a proton
wire through a water channel. The mechanism also reveals a
dynamic proton transfer between Glu119 and cytosine N3
during the transition state of the methyl transfer step.

Methyl Transfer Is Concerted with Michael Addition
and Catalyzed by Proton Transfer from Glu119 in the
Transition State. We have determined that the first, methyl
transfer step in our preferred mechanism for the reaction is a
nucleophilic attack of the C5 on the methyl group of AdoMet,
with concerted catalytic attack by the Cys81−S− group at the
C6 position of the target cytosine to form a 5-methyl-6-Cys-81-
S-5,6-dihydrocytosine intermediate (Figure 2A). It is note-
worthy that the Cys81−S−, which is highly nucleophilic, attacks
the cytosine C6 spontaneously. A free energy profile for the
methyl transfer step was determined by ab initio QM/MM-MD
simulation and umbrella sampling as shown in Figure 2B,
determined by employing 21 umbrella windows along the
reaction coordinate, each simulated for 30 ps with B3LYP (6-
31G*) QM/MM-MD calculations. The calculated free energy
activation barrier for the methylation reaction is 15.8 ± 0.3
kcal/mol. Unrestrained 1−2 ps QM/MM MD simulations of
39 snapshots from the transition state structures showed that
they relaxed to the reactant and intermediate with almost equal
probability, indicating that a real transition state had been
located (Figure S10 of Supporting Information). The
intermediate 1 (I1) is an energetically very stable state, which
has a much lower free energy (−30.4 kcal/mol) than the
reactant state.
We obtained the active site geometry of the determined

reactant, transition state, and intermediate in the initial

Figure 3. Mechanism for the proton β-elimination reaction catalyzed by M.HhaI. (A) A proton wire provides a OH− as the base to abstract the
cytosine C5 proton (H5). The chain of water molecules connecting to surface bulk water is shown by dashed lines. WAT1 and WAT3 are at the sites
of the respective crystal waters shown in Figure 1B and WAT1 provides the OH−. (B) The mechanism with the key structures and distances
denoted. The blue dashed lines are hydrogen bonds. Red dashed lines denote key distances. (C) Free energy profile. See Movie S2 of Supporting
Information.
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methylation step, as shown in Figure 2A and Movie S1 of
Supporting Information. In the reactant state, the Cys81−S− is
3.2 Å away from the C6 of the cytosine ring and is well
positioned for nucleophilic attack on C6 to form a covalently
bonded adduct between Cys81−S− and cytosine C6. The
methyl donor AdoMet is also well situated for an in-line
nucleophilic attack by C5 of the activated cytosine, with a
CH3−C5 distance of 3.3 Å. At the transition state, the AdoMet
S−CH3 distance has stretched from its normal covalent bond
distance of 1.8 Å to 2.2 Å, and the CH3−C5 distance has
shortened to 2.3 Å. In addition, the distance between cytosine
C6 and Cys81−S− has shortened to 2.2 Å. The 30 ps QM/
MM-MD simulation of the transition state structure showed
fluctuations in the S−C6 distance that occasionally reached ∼3
Å (Figure S11 of Supporting Information), indicating that this
bond can episodically reverse and reform, consistent with
experimental evidence.37 As described below, the Glu119
carboxylic acid hydrogen is hydrogen bonded to N3 of cytosine
in the reactant and transition state. Notably, the 30 ps QM/
MM-MD simulation for the transition state showed that the
Glu119 carboxylic acid hydrogen spontaneously fluctuates
between being positioned on the Glu119 with a hydrogen
bond to cytosine N3 and being covalently bonded to the
cytosine N3, with constant heavy atom to heavy atom distance
(Figure 2C). When the methyl group has completely
transferred to the cytosine, we obtain the energetically very
stable intermediate 1 (I1).
We analyzed hydrogen bonding interactions between certain

active site amino acid residues and substrate. Glu119, Arg163,
and Arg165 are conserved residues.76,77 Mutating Glu11973 and
Arg16575 reduces the overall catalytic rate by several orders of
magnitude. While there are no mutation studies for Arg163, it
has been implicated as playing a role in the methylation
process.24,28,29,75 These amino acids may be essential for
maintaining the target cytosine in the flipped-out position, and/
or they may play a role in the chemical reaction directly.73 We
monitored hydrogen bonding interactions between these
residues and the substrate for the key states in our preferred
mechanism. Hydrogen bond occupancies are shown in Figure
4, and time-dependence of distances and angles are given in
Figure S12 of Supporting Information. We find close and stable
hydrogen bonds between Glu119 and cytosine N3 as well as
N4 in the reactant state; in the transition state the Glu119
carboxylic acid hydrogen spontaneously and reversibly transfers
to N3 as described above (Figure 2C); it is present as a

hydrogen bond in the intermediate state. This Glu119 was
protonated in the reactant state for all investigated mechanisms
because crystal structures of M.HhaI complexed with
unmethylated or hemimethylated DNA together with S-
adenosyl-L-homocysteine (AdoHcy) show heavy atom to
heavy atom distances between Glu119 carboxylic acid oxygen
(Oε2) and cytosine N3 that strongly suggest hydrogen bonding,
with distances of 3.22 Å, 2.75 Å, and 2.97 Å for the three
obtained structures.24 Protonation allows hydrogen bonding
with or proton transfer to cytosine N3. The stable hydrogen
bond we observed explains the increase in pKa in the enzyme,
as the energetic cost of protonation of the Glu119 is
compensated by the formation of the hydrogen bond.80

Hydrogen bonding between Arg163 and cytosine O2 is weak
in all three states, but stabilizing electrostatic interactions from
near-hydrogen bonding orientations are present in all states
(Figure S12 of Supporting Information). Arg165 also maintains
hydrogen bonds or electrostatic interactions that are near-
hydrogen bonding with cytosine O2 and O4′ in the reactant,
transition state, and intermediate.
Other mechanistic possibilities for the methyl transfer that

were investigated are fully detailed in Supporting Information
and Figures S3−S6 of Supporting Information. They were all
unfavorable, providing unstable intermediates or much higher
energy barriers.

β-Elimination Uses a Crystal Water-Derived OH− as
Base. The nature of the base and mechanism for abstraction of
the C5 proton has been the subject of considerable interest. We
thoroughly explored four different possibilities, detailed above,
beginning with the intermediate 1 (I1) from the methyl transfer
step (Figure 2A). One possibility for the base, suggested by
Zhang and Bruice,28 is that the base is a nearby OH−; a solvent
water channel mediates the proton interchange to provide the
OH−, and it was pointed out that the production of this OH−

would cost about 12 kcal/mol.a Of the mechanisms that we
explored, this mechanism provided the lowest free energy
profile. Moreover, we determined that the OH− could be
provided by a proton wire to bulk water. Using 10 ns molecular
dynamics simulations, we observed a stable channel of water
emanating from the approximate position of WAT1 (Figure
1B) to the enzyme surface and bulk water. The channel is
shown in Figure 3A for a random snapshot of the MD. It is
noteworthy that WAT1 and WAT3 in Figure 3A are in
positions of crystal waters,24,39 and they remained there stably
throughout the MD simulation. Other crystal and solvent
waters may provide different proton wire channels. WAT1 is
conserved in a number of crystal structures of M.HhaI.24,75,81

We replaced the water at the WAT1 position with a OH−, and
the system is referred to as intermediate 2 (I2). The mechanism
for proton abstraction through OH− is shown in Figure 3B and
Movie S2 of Supporting Information. Our obtained free energy
profile using B3LYP (6-31G*) QM/MM-MD simulations with
30 umbrella sampling windows, each calculated for 30 ps, is
shown in Figure 3C. A barrier of 8.7 ± 0.9 kcal/mol was
obtained. Together with the 12 kcal/mol required to produce
the OH−, the barrier is 20.7 kcal/mol, making the proton
abstraction the rate limiting step.
Figure 3B shows that in the intermediate state 2 (I2) the

OH− is 3.2 Å away from the C5 proton, while in the transition
state, the distance has shortened to 1.4 Å, and the C5 proton
has begun to leave the C5 with a distance of 1.3 Å. In the
intermediate and transition state, the bond between cytosine
C6 and Cys81−S− remains intact (1.9 Å) until the C5−H5

Figure 4. Hydrogen bond occupancies along the 30 ps QM/MM-MD
simulation for each key state in the methyl transfer step. Hydrogen
bond criteria: heavy atom to heavy atom distance less than 3.4 Å and
heavy atom − H − heavy atom angle of 180° ± 45°.
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bond is broken, and then the Cys81 detaches and releases the
methylated cytosine and AdoHcy. The complete bond length
analysis for the process which reveals this dynamic is shown in
Figure S13 of Supporting Information. Our hydrogen bond
analyses (Figure 5) show that as in the methylation step,

hydrogen bonding or electrostatic interactions due to near-
hydrogen bonding orientations (Figure S12 of Supporting
Information) are present in intermediate, transition state, and
product except for Glu119 in the product. In this case, cytosine
N3 remains hydrogen bonded through a water, but cytosine N4
is no longer close to Glu119, initiating the release of the
methylated cytosine.
Other mechanistic possibilities that we investigated for the

proton abstraction had much higher energy barriers. These are
detailed in full in Supporting Information and Figures S7−S9 of
Supporting Information.

■ DISCUSSION
We investigated extensively the methylation reaction catalyzed
by M.HhaI, exploring many mechanistic possibilities; we used
for the first time state-of-the-art ab initio QM/MM-MD
methods in which the chemically reacting moieties are treated
by high level ab initio QM methods, while the surrounding
enzyme is treated by classical MM. A key feature of our
approach is that the dynamics of the enzyme active site and its
surroundings are treated on an equal footing. The free energy
profile along the reaction coordinate is obtained from a series of
biased simulations,63 which are employed to enhance the
sampling of lower probability states, with the weighted
histogram analysis method (WHAM).67−69 This advanced
approach provides a first-principle QM description of the
chemical reaction. Furthermore, it adequately accounts for the
biological environment. Importantly, it takes a balanced
account of the fluctuations of the reaction active site and the
surrounding enzyme system. Mechanisms of various enzymes
that are consistent with experimental data have been
determined with this powerful method.30−36

We investigated mechanistic issues that have been of
significant interest, but are not definitively resolved. For the
methyl transfer step of the reaction, we explored whether the
formation of the Michael adduct between conserved Cys81−S−
and cytosine C6 and the transfer of the methyl group are
concerted or stepwise, as there are conflicting views.20,28,29,78

We also investigated the possibility that the conserved residue
Glu119 donates a proton to cytosine N3 to promote the

formation of the covalent adduct.78 In addition, we considered
the possibility that the Cys81−SH thiol is deprotonated to the
Cys81−S− thiolate through proton transfer to a nonbridging
phosphate oxygen.29 Also, we investigated a mechanism in
which the Cys81−SH, the thiol protonated statewhich
cannot form a covalent adductmight provide nonbonded
electrostatic stabilization to facilitate the methyl transfer. For
the proton elimination step, we considered the following
potential bases: (1) the leaving thiolate of Cys81 acts as the
base either directly, or (2) through a water;29 (3) the 3′
nonbridging phosphate oxygen of the target cytosine acts as the
base via two waters; and (4) an OH− derived from a crystal
water acts as the base, utilizing a water channel as suggested by
Zhang and Bruice.28 While our extensive investigations
provided a clearly favored mechanism, it remains a possibility,
as always in computational investigations of reaction energy
surfaces, that there are other pathways that were not found.
Our energetically preferred mechanism (Movie S1, Support-

ing Information) involves a methylation reaction in which
spontaneous attack of Cys81−S− to form a Michael adduct with
cytosine C6 is concerted with methyl transfer, in agreement
with Zhang and Bruice.28 Our bond length analyses (Figure
S11 of Supporting Information) show that the covalent bond
between Cys81−S− and cytosine C6 forms rapidly, and QM/
MM-MD simulations show that the bond can form and break
reversibly, consistent with kinetic studies.37 An important
finding is the observation of proton transfer from Glu119 to
cytosine N3, spontaneously and reversibly, during the transition
state for the methylation step; this transfer indicates the
catalytic participation of Glu119 in the chemical reaction, as
proposed by Verdine.78 The conserved Glu119 is protonated
and hydrogen bonds with cytosine N3 and N4 throughout the
whole reaction (Figures 4 and 5) until the release of the
product. The increase in pKa of the Glu in the enzyme is
explained by the stable hydrogen bond to cytosine N3, as its
protonation allows the formation of the hydrogen bond.80 The
hydrogen bonds between Glu119 and cytosine provide
electrostatic support for the mechanism, particularly by
withdrawing electrons in the reactant to make C6 more
positive for attack by Cys81−S−, and these hydrogen bonds
have been strongly suggested by crystal structures.24

For the proton elimination step (Movie S2, Supporting
Information), our favored mechanism utilizes as base a OH−

that has migrated to the active site through a proton wire
involving a channel of waters between the active site and bulk
water. Simulations have shown that proton transfer between
adjacent water molecules in a proton wire is spontaneous and
very fast.82 The key water that provided the OH− is in the
position of a crystal water (Figures 1B and 3A), and other
crystal waters may participate in the proton wire. We found that
the proton abstraction step is rate-limiting when factoring in
the energetic cost, about 12 kcal/mol,a of generating the OH−

through the proton wire. This is chemically reasonable since the
proton abstraction involves a syn β-elimination; the proton
leaves on the same face of the cytosine ring as the Cys81−S−,
which is sterically crowded and hence slow.83 Furthermore, the
difficult syn-elimination requires a strong base for the proton
abstraction, which supports the OH− as base in our preferred
mechanism. The total barrier of 20.7 kcal/mol for this rate
limiting step is in good agreement with measured kcat values for
the overall methyl transfer reaction (0.02 S−1 to 0.09 S−1,20,84,85

which corresponds to 19.0−20.0 kcal/mol according to

Figure 5. Hydrogen bond occupancies along the 30 ps QM/MM-MD
simulation for each key state in the β-elimination step. Hydrogen bond
criteria are the same as in Figure 4.

Biochemistry Article

dx.doi.org/10.1021/bi400163k | Biochemistry 2013, 52, 2828−28382834



transition state theory: kcat(T) = (kBT/h) e
−(ΔG‡/RT) (where kcat

is the catalytic rate-constant, kB is the Boltzmann constant, h is
the Planck constant, R is the universal gas constant, T is the
temperature (300 K), and ΔG‡ is the free energy of activation).
The roles of the conserved residues Glu119, Arg163, and

Arg165 are further elucidated in our hydrogen bond analyses.
All of them provide stabilizing hydrogen bonding (Figures 4
and 5) or near-hydrogen bonding electrostatic interactions
(Figure S12 of Supporting Information) throughout both the
methyl transfer and β-elimination steps except for Glu119 in
the final product, which has moved away to initiate the release.
In addition to stabilizing the flipped out position of the
substrate cytosine in the enzyme reactive site pocket,73,75 their
electrostatic impact in the reactant state in withdrawing
electrons from the target cytosine makes C6 more positive
for attack by Cys81−S−. Furthermore, we demonstrated that
the Glu119 carboxylic acid proton is reversibly transferred to
cytosine N3 in the transition state for methylation, and thus
this residue participates in the chemical reaction.78

■ CONCLUSION

We have utilized state-of-the-art ab initio QM/MM-MD
simulations, exploring multiple mechanistic possibilities, to
fully characterize the reaction mechanism of a representative
DNA cytosine methyltransferase. From prokaryotes to
mammals, all of these enzymes share mechanistic features.
They play critical roles in governing epigenetically the function
of the genome. Furthermore, their function is misregulated in
many human diseases, and targeting them pharmacologically is
currently a very important research direction. Molecular
understanding of the mechanism is required to effectively
target cytosine methyltransferases with aberrant activity. Our
results provide for the first time a complete structural and
thermodynamic characterization of the full reaction profile. We
provide an atomistic characterization of the reaction dynamics
and a determination of the roles of key protein residues in the
active site. We show how a conserved Glu residue chemically
promotes the methyl transfer reaction during the transition
state and how a conserved crystal water provides a critical OH−

base needed for β-elimination of the C5 proton, via a proton
wire through a water channel. The complete depiction of the
structural, dynamic, and thermodynamic elements in the
cytosine methyltransferase reaction should facilitate the design
of therapeutic inhibitors, particularly novel and more potent
transition state analogue inhibitors that are of interest for drug
design as transition states become fully characterized.86
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