doi:10.1016/j.jmb.2010.05.021

J. Mol. Biol. (2010) 400, 632-644

MB

Available online at www.sciencedirect.com

ScienceDirect

N

ELSEVIER

Mechanism of DNA Methylation: The Double Role of
DNA as a Substrate and as a Cofactor

Ronen Zangi''?*, Ana Arrieta’ and Fernando P. Cossio’

'Department of Organic
Chemistry 1, University of the
Basque Country UPV/EHU,
Avenida de Tolosa 72, 20018
San Sebastian, Spain

*IKERBASQUE, Basque
Foundation for Science, 48011
Bilbao, Spain

Received 8 March 2010;
received in revised form
29 April 2010;

accepted 9 May 2010
Available online

21 May 2010

Edited by D. Case

Methylation of cytosine residues in the DNA is one of the most important
epigenetic marks central to the control of differential expression of genes.
We perform quantum mechanical calculations to investigate the catalytic
mechanism of the bacterial Hhal DNA methyltransferase. We find that the
enzyme nucleophile, Cys81, can attack C6 of cytosine only after it is
deprotonated by the DNA phosphate group, a reaction facilitated by a
bridging water molecule. This finding, which indicates that the DNA acts as
both the substrate and the cofactor, can explain the total loss of activity
observed in an analogous enzyme, thymidylate synthase, when the
phosphate group of the substrate was removed. Furthermore, our results
displaying the inability of the phosphate group to deprotonate the side
chain of serine is in agreement with the total, or the large extent of, inactivity
observed for the C81S mutant. In contrast to results from previous
calculations, we find that the active site conserved residues, Glull9,
Arg163, and Argl65, are crucial for catalysis. In addition, the enzyme-DNA
adduct formation and the methyl transfer from the cofactor S-adenosyl-L-
methionine are not concerted but proceed via stepwise mechanism. In many
of the different steps of this methylation reaction, the transfer of a proton is
found to be necessary. To render these processes possible, we find that
several water molecules, found in the crystal structure, play an important
role, acting as a bridge between the donating and accepting proton groups.

© 2010 Elsevier Ltd. All rights reserved.
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ism; DNA as cofactor;, DNA phosphate group; quantum mechanical
calculations

Introduction

analogy to the enzymatic methylation reaction of 2’-
deoxyuridine monophosphate by thymidylate

In eukaryotes, methylation of the DNA at cyto-
sines is an epigenetic mark that plays an important
role in embryonic development, regulation of gene
expression, X-chromosome inactivation, and ge-
nomic imprinting."” The methylation reaction,
catalyzed by DNA methyltransferases (DMTs),
proceeds by a transfer of a methyl group from S-
adenosyl-L-methionine (AdoMet) to position 5 of the
cytosine ring. An outline of the catalytic mechanism
(shown in Fig. 1) has been proposed based on

*Corresponding author. E-mail address:
r.zangi@ikerbasque.org.

Abbreviations used: DMT, DNA methyltransferase;
AdoMet, S-adenosyl-L-methionine; TS, thymidylate
synthase; M.Hhal, Hhal methyltransferase; dUMP,
2'-deoxyuridine 5’-monophosphate.

synthase (TS).>* Later, the crystal structure (pre-
sented in Fig. 2) of Hhal methyltransferase (M.Hhal)
bound to the substrate, DNA, and the cofactor
AdoMet confirmed this mechanism and provided
more details.”® Nevertheless, many issues in regard
to the way DMT executes the methyltransfer
reaction remain unclear. A remarkable feature of
this DNA—enzyme interaction is the flipping of the
target cytosine base out of the DNA helix, which
then can fit into the active site of the enzyme.”® This
is necessary because, in normal B-DNA structure,
carbon-5 of cytosine is buried too deep inside the
DNA helix, preventing the methylation reaction.

In general, the carbon at position 5 of the cytosine
ring is not a strong nucleophile that can react with
the electrophile methyl donor AdoMet. However, a
nucleophile from the enzyme can attack the cytosine
ring at position 6 (Michael or conjugated addition
reaction) forming a covalent bond between the
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enzyme and the DNA. In this covalent adduct, the
nucleophilic character of C5 of cytosine is activated
for an attack on AdoMet and a methyl group is
transferred. Subsequent elimination of the enzyme
nucleophile and deprotonation at position 5 resolve
the nucleotide—enzyme complex. Sequence align-
ment of DMT from 18 different sources found six
highly conserved motifs.”'” These building blocks
exhibit the same order, and between certain motifs
even the same spacings, in the different DMTs. Five
of these motifs are part of the active site and the
AdoMet binding pocket, which suggests that all
cytosine-5 DMTs share the same mechanism for
catalyzing the methylation reaction.

Five amino acid residues that are part of the active
site [Cys81, Glull9, Vall21, Argl63, and Argl65
(sequence numbering of M.Hhal)] are completely
conserved.'’ It is very well established that Cys81 is
the enzyme nucleophile that attacks C6 of cytosine,
forming a transient covalent complex with the
DNA.35611-15 Mutation of Vall21 to alanine sug-
gests that the role of this valine residue is to stabilize
the extrahelical cytosine that binds into the active
site of the enzyme.'® The other active site conserved
residues, Glull9, Argl63, and Argl65, were sug-
gested to facilitate the nucleophilic attack of Cys81
on C6 of cytosine. This is obtained by increasing the
electrophilic character of C6 through electron
delocalization (see Fig. 3). Argl63 and Argl65
were suggested to activate C6 by electrostatic
interactions with O2 of cytosine,"” while Glu119
does so by mediating protonation of N3 of cytosine.’
Mutation studies of the enzyme active site con-
cluded that Argl65 and Glull9 are important
for catalysis, cytosine positioning, and DNA
binding.”"” Nevertheless, a QM/MM study found

VS

NZ | N%\/G
A\ N

Ado
|3
@ S~ Met
/
CH;
~~ DMT
Fig. 1. Proposed schematic
representation of the methylation
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that Glu119 has no catalytic function, while Arg163
and Argl65 displayed only a minor assistance, for
the methylation reaction.'® It was, therefore, con-
cluded that the role of these residues is only to create
the reactive initial state conformer. Earlier quantum
mechanical calculations also investigated the cata-
lytic steps of DMT methylation reaction.'” However,
in this study, small models of the reacting molecules
were used without considering the effect of the
enzyme active-site residues on catalyzing the
different steps in the reaction.

Although there is no doubt in regard to the
identity of the first nucleophile attacking C6 of
cytosine, the protonation state of the sulfur atom
of Cys81 during this attack is not established. In
the majority of the studies, the nature of the
attacking sulfur atom is ambiguous or not
specified.?612.16:17.20 Tn other works, it is assumed
that a thiol*'® (neutral cysteine), while in others a
thiolate'>'®'? (anionic cysteine), attacks position 6
of the cytosine ring. The pK, value of the side chain
of cysteine in aqueous solution is about 8.4,*' and
inside the active site, away from bulk water
molecules, the sulfur atom is expected to be
protonated. Within this context, the questions we
are interested to address are the following: Is the
thiol group a strong enough nucleophile to attack
the cytosine ring? Is there a potential base in the
vicinity for deprotonating the thiol group before its
attack on C6? What is the role of the conserved
active site amino acid residues Glul19, Argl63, and
Argl6b in catalyzing the reaction? Additional
unresolved issue is the final elimination step of
the methylation reaction. The enzyme nucleophile,
Cys81, attacks the cytosine ring on the face that
is opposite to that attacked by the cofactor,
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AdoMet

Fig. 2. Crystal structure of cytosine bound to the active site of M.Hhal.” Only the side chains of the conserved residues
Cys81, Glul19, Arg163, and Argl65 and the methionine moiety of AdoMet are shown. We also present four of the active-
site water molecules (W) that we find in this article to be important for catalysis, as well as their distances to relevant

surrounding atoms. The distances indicated are in angstroms.

AdoMet.>® This would require the reaction to
proceed via the energetically unfavorable syn
elimination. Inspection of the crystal structure of
M.Hhal reveals no suitable base that can abstract the
hydrogen atom at position 5 of the cytosine ring.
Involvement of a phosphate group or a water
molecule has been suggested,® as well as hydroxide
(from autoionization of bulk water) that diffuses to
the active site through a water channel.'®

In this article, we perform quantum mechanical
calculations to investigate the catalytic mechanism
of M.Hhal. We find that in order to attack C6 of
cytosine, the thiol group of the enzyme nucleophile,
Cys81, has to be deprotonated. The negatively
charged DNA phosphate group, mediated by a
bridging water molecule, acts as the proton abstract-
ing base (the proton transferred might then be
donated to the solvent water molecules). This
finding, which indicates that the DNA acts as both
the substrate and the cofactor, can explain the total

loss of activity observed in analogous enzyme, TS,
when the phosphate group of the substrate was
removed. Furthermore, our results displaying the
inability of the phosphate group to deprotonate the
side chain of serine is in agreement with the total, or
the large extent of, inactivity observed for the C81S
mutant. In contrast to results from previous calcula-
tions, we find that the formation of the enzyme-
DNA covalent complex and the methyl addition
from the cofactor, AdoMet, are not concerted but
proceed via stepwise mechanism. In addition, we
demonstrate that the active site conserved residues
Glul19, Argl63, and Argl65 are crucial for catalysis.
The activation of many of the different steps in this
methylation reaction depends on the ability to
transfer a proton. It is shown that water molecules
in the active site, which are found in the X-ray
structure of M.Hhal (Fig. 2), play an important role
in facilitating several of these proton transfer
reactions.
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Fig. 3. Possible schemes for activating C6 of cytosine by different conserved residues in the active site of DMT. In both
cases, the activation is a result of electron delocalization by (a) electrostatic interactions of O2 with Argl63 and Argl65

and (b) N3 protonation mediated by Glul19.

Results and Discussion

The enzyme nucleophilic attack

In many studies, it was shown that Cys81 is the
enzyme nucleophile that attacks C6 of cytosine.
Nevertheless, the protonation state of the attacking
sulfur atom was not addressed. We performed
many transition-state optimizations corresponding
to this attack where different conserved residues
were placed around the cytosine ring for its
activation. However, except for one case (see
below), no proper transition state was found.
Therefore, we calculated two potential energy
profiles for this reaction. In the first one, a thiol
group (-SH) attacks position 6 of cytosine, while in
the second, the attacking group was thiolate (-57). A
thiolate group is a better nucleophile than a thiol
group, and indeed, it was used as the enzyme
nucleophile in the previous two theoretlcal studies
on the mechanism of DNA methylation.'®'* There-
fore, in order to facilitate this reaction for a thiol
group as much as possible, we included Glul19
(modeled as acetate) around the cytosine ring where
N3 is protonated, as well as Argl63 and Argl65
(modeled as positively charged guanidines). Figure
3 displays the potential activation through electron
delocalization by these residues. The energy profiles
as a function of the distance between the sulfur atom
of methyl thiol/thiolate and C6 of cytosine are
shown in Fig. 4. As this distance decreases, the
potential energy increases in the case of methyl thiol
while it decreases for methyl thiolate. These optimi-
zations were performed, probably, with maximum
potential activation of C6. Therefore, it is very
unlikely that a neutral thiol group can attack C6 of
cytosine. We also tried to find a concerted transition
state for this reaction in which the proton from the
thiol group is transferred to a water molecule or to a
phosphate group of the DNA but were unsuccessful.
Therefore, we conclude that Cys81 in a deproto-

nated thiolate form is the enzyme nucleophile
attacking C6 of cytosine.

Given the above finding, a suitable base that can
abstract the proton from the thiol group of Cys81
needs to be identified. From 1nspect10n of the crystal
structure of the ternary complex® of DMT, bound
DNA, and S-adenosyl-L-homocysteine, we did not
find such a group within a reasonable distance from
the thiol group, which is part of the enzyme.
However, the negatively charged phosphate group
of the DNA from the same, or the next, nucleotide as
the target cytosine can act as the base abstracting the
thiol proton of Cys81. This proton can subsequently
be transferred from the phosphate group to solvent
water molecules. The distance in the crystal struc-
ture between the sulfur atom and the closest
negatively charged oxygen of the phosphate group
on the same nucleotide is 5.38 A, and that on the next
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Fig. 4. Relative potential energy of the reaction
coordinate of the attack of Cys81 via thiol (-SH), as well
as, thiolate (-S7), on the C6 of cytosine. In both cases, the
cytosine is activated by (i) protonation at position N3,
hydrogen bonded to the carboxylic group of Glul19, and
(ii) strong electrostatic interactions at position O2 through
the positively charged guanidinium groups of Arg163 and
Argl6b.
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nucleotide is 4.65 A. The existence of a water bridge
between these atoms (Fig. 2) can, in principle, permit
this proton transfer reaction. Therefore, we choose to
model this reaction computationally. The model
system includes the methyl thiol of Cys81, a water
molecule, the nucleoside (sugar and base) of the
target cytosine, the phosphate group of the next
nucleotide, and methyl carboxylate representing
Glul19 (see Fig. 5). In order to preserve the
conformation found in the crystal structure, we
constrained two distances: one between the sugar
and the methyl attached to the phosphate group and
the other between the methyl thiol and the cytosine
ring. A transition state is obtained with a barrier of
31.4 kJ/mol. The structure is shown in Fig. 5. The
product has an energy of 13.2 kJ/mol above the
reactant. Including interactions with the environ-
ment through reaction field calculation increases the
barrier to 40.8 k] /mol. Therefore, a proton transfer
from a thiol group of Cys81 to a phosphate group of

the DNA is possible with hardly any need for a
conformational change (relative to the X-ray struc-
ture) of the enzyme-DNA complex. A similar
calculation but without the constraint on the
distance between the sulfur atom of Cys81 and C6
of cytosine resulted in a lower energy barrier of
23.6 kJ/mol (37.4 kJ/mol with the solvent effect).
However, the structure of the transition state
exhibits a large deviation compared to the crystal
structure.

One can argue that, alternatively, a water mole-
cule in the active site can abstract the thiol group
proton. To address whether this is possible, we
performed a search for a transition state but without
the sugar and the phosphate groups. The calcula-
tions met with no success. Therefore, we constructed
a potential energy profile for the proton transfer
reaction from a methyl thiol to a water molecule.
This is shown in Fig. 6a as a function of the distance
between the sulfur atom and the proton to be

Fig. 5. Structure of the transition state (v1s=1069 cm™ ') of the proton transfer from the methyl thiol (Cys81) to the
DNA phosphate group through a water molecule. The distances of the two atom pairs, which are circled and connected
by black lines, were constraint during the optimization search to the values obtained from the crystal structure. The
corresponding barrier height of the reaction is 31.4 kJ /mol (40.8 k] /mol when accounting for the environment). Removing
the constraint between the sulfur atom and C6 of cytosine lowers the barrier height to 23.6 kJ/mol (37.4 kJ/mol with

solvent effect). The distances indicated are in angstroms.
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Fig. 6. A hypothetical proton transfer from methyl
thiol to a water molecule (without the presence of a
phosphate group). (a) Relative energy and (b) the H-OH?
distance, as a function of the reaction coordinate, CH;S-H
distance.

transferred. The optimized distance between the
proton to be transferred and the water molecule is
shown in Fig. 6b, indicating that the water molecule
accepted the proton and converted into hydronium.
From these graphs, it is clear that such reaction is not
feasible since it corresponds to an uphill energy
curve with a very large activation energy (larger
than 200 kJ/mol).

The results supporting the involvement of the
phosphate group in deprotonating the enzyme
nucleophile are intriguing since they demonstrate
for the first time that the DNA is not only the
substrate (through the cytosine base) but also a
cofactor (via the phosphate group). This means that
by removing the phosphate moiety from the DNA,
the methylation reaction by DMT cannot take place.
Since such a function of the phosphate group as a
cofactor had not been suggested in the past, no
experimental studies were designed to test this
double role of the DNA in any enzymatic mecha-
nism. Nevertheless, support for this mechanism is
obtained from an X-ray crystallography study?* that
addressed the additivity of substrate fragments in
the binding of 2’-deoxyuridine 5’-monophosphate
(dUMP) to TS. In analogy to the covalent bond
between C6 of cytosine and the sulfur atom of Cys81
in M.Hhal, C6 of dUMP forms a covalent bond with
the sulfur atom of Cys146 in TS (in the presence of
the cofactor CB3717). Modification of dUMP to two
compounds not containing the phosphate group (2'-
deoxyuridine and to 2’,5'-dideoxyuridine) resulted
in substrates that can bind in a very similar manner
to the active site of TS. However, the covalent bond,
due to the Michael addition reaction, is not formed.
This is evident by the fact that in the case of dUMP,

the distance between its C6 and S” of Cys146 was
1.8 A and the pyrimidine ring was not planar. On the
other hand, the corresponding distance with either
of the modified substrates was 3.8 A, and the
pyrimidine ring was, unambiguously, planar.” Tt
is clear from these experiments that the phosphate
moiety is essential for forming the dUMP-TS
covalent adduct and it plays a fundamental role in
the catalytic mechanism. The interpretation given by
the authors for these observations is that the
phosphate group in dUMP introduces substantial
amount of stereochemical strain that activates C6 of
the pyrimidine ring. However, we argue that these
observations can be readily explained by our results
showing that the phosphate group is the conjugate
base deprotonating the thiol group of cysteine to
form a thiolate, and only in this anionic state can
cysteine attack C6 of pyrimidine and form a
covalent bond.

The involvement of the DNA as a cofactor can also
rationalize the experimentally observed results of
the C81S mutation. The mutation to serine, which
preserves the geometry of the side chain and
contains a nucleophilic hydroxyl group, exhibits a
total, or almost a complete, loss of activity.'*'>'°
The reason for this drastic effect is the inability of the
phosphate group of the DNA to abstract a proton
from the hydroxyl group of serine. A detailed study
of this mutation is presented in the Supplementary
Information.

Activation of C6 of cytosine
As mentioned in the Introduction and shown in

Fig. 3, three of the conserved residues in the active
site, Glul19, Argl63, and Argl65, can potentially
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Fig. 7. The role of the different active site conserved
residues in activating the nucleophilic attack of methyl
thiolate (Cys81) on C6 of cytosine. The graph exhibits the
relative energy as a function of the reaction coordinate, the
distance between S° and C6. Activation by arginine
(Argl63/Argl65) is modeled by guanidinium cation,
and that of glutamate (Glull9) is modeled by acetic
acid. In the latter, N3 of cytosine is protonated and the acid
is deprotonated, while in the absence of Glul19, N3 of
cytosine is deprotonated.
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Fig. 8. Transition-state structure of two possible protonation reactions of Glu119. (a) From the methionine moiety of
AdoMet (vrs=986i cm™!). The barrier for the reaction is 13.5 kJ/mol (21.6 kJ/mol when the environment is implicitly
taken into account); however, the carboxyl group of Glul19 experiences large motion relative to the cytosine ring. (b)
From the guanidino group of Arg163 (vrs=733i cm 1), The barrier for the reaction is 45.4 kJ/mol (54.0 kJ/mol with the
solvent effect). A similar computation, however, with freezing the position of C° (the central carbon of the guanidino
group) or N" (the one closer to the cytosine ring), instead of C°, of Argl65 resulted with a barrier height of 15.8 kJ/mol
(with Urs=878i cm ') or 23.7 kJ/mol (with vrg=965i cm '), respectively. These values for the barrier increase to 35.3 and
45.5 kJ /mol, respectively, when accounting for the environment. In the drawing of both transition states, the position of
the atoms circled by black lines and the distances between atom pairs circled and connected by black continuous lines

were kept frozen to the values in the crystal structure.

promote the electrophilic character of C6 of cytosine
through electron delocalization. The arginine resi-
dues can do so by electrostatic interaction with O2,
while Glu119 does it by mediating the protonation
of N3, of cytosine.23’25 To address the contribution
of each of these residues to the activation of C6, we
calculated the potential energy profile of the enzyme
nucleophilic attack for different combinations of
these residues around the cytosine ring. This is
shown in Fig. 7. In all cases, the reaction coordinate
is the distance between the sulfur of methyl thiolate
and C6 of cytosine. Since these residues are charged,
the position of their non-carbon heavy atoms was
frozen. When none of these residues is activating the
cytosine ring, the attack of thiolate is uphill and the
reaction is not likely to take place. With cytosine
protonated at position N3 and coordinated by
Glul19, there is a maximum in the energy profile
at approximately 3.0 A with a height of about
15 kJ/mol. Indeed, transition-state optimization of
this system found a structure with one imaginary

frequency with the same sulfur—C6 distance. A
stronger activation is obtained by the interaction of
02 with an arginine residue. When only Argl65 is
present, the curve is downhill and the product is
substantially stabilized and is lower in energy
compared to the reactant. Further inclusion of
Argl63 or Glull9 resulted in a larger stabilization
of the product. The biggest stabilization was
obtained with all three residues surrounding the
cytosine ring. However, it is not clear whether there
is a need for such strong activation by all three
residues, as the energy profile is already downhill.
In fact, it seems that activation by Arg165 and either
Argl63 or Glull9 is sufficient. The importance of
Glul19 was demonstrated experimentally by muta-
tion to glutamine."” In this case, the enzyme loses its
activity probably because glutamine cannot proton-
ate, or mediate the protonation of, N3 of cytosine.
The sufficiency to activate C6 by only one of the
arginines is important because in the conformation
of the active site, the guanidino groups of Argl63
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and Argl65 are very close to each other, and if they
are both positively charged, there is probably an
energetic penalty to maintain such conformation
(see below).

The distances, observed in the crystal structure of
M.Hhal, between the carboxylate oxygen atoms of
Glull9 and the nitrogen atom at position 3 of
cytosine strongly suggest the presence of a proton
between the two groups. It is hard to determine
what the protonation state of Glull9 is when the
cytosine binds to the active site of DMT. If it exists in
the ionized form, then a proton transfer from a
potential acid should occur. It was proposed that the
source of this proton might be the ammonium group
(-NH3) of the methionine moiety of AdoMet. A
water molecule found in the crystal structure (Fig. 2)
between these donating and accepting groups can
mediate the transfer of this proton.® We investigated
this proton transfer reaction from AdoMet to Glu119
via a bridging water molecule. When the cytosine
ring was included, the calculations did not find a
proper transition state and, therefore, it was
removed. A transition-state structure is shown in
Fig. 8a, and the corresponding barrier height is
13.5 kJ/mol (21.6 kJ/mol with the effect of the
environment). In this structure, the carboxy group of
Glul19 is oriented almost perpendicular to the plane
of the cytosine ring (if included in the calculations),
whereas in the crystal structure, it was almost in the
same plane. If such rotation inside the active site is
possible is yet to be studied.

We also investigated a proton transfer reaction
where the acid was the positively charged Argl63.
The pK, value of the guanidino group of arginine is
high, 12.48, and in aqueous solution, it is protonat-
ed. However, inside the active site and when the
accepting base is negatively charged, this value is
expected to be lower. In addition, the close
proximity of another positively charged arginine
residue should greatly reduce this value even
further. In the crystal structure, few of the nitro-
gen-nitrogen or the nitrogen-carbon distances
between the two guanidino groups range between
3 and 4 A. These distances are about the same, or just
above, their van der Waals contact diameter. If these
guanidino groups are positively charged, there
should be a relatively large energetic penalty to
permit such conformation. As shown in Fig. 7, if N3
of cytosine is protonated via Glu119, the existence of
the second arginine does not provide a significant
activation for the nucleophilic attack on C6 of
cytosine. Therefore, from the enzyme evolutionary
point of view, there is no necessity to maintain the
energetic penalty associated with the close proxim-
ity of the two charged arginines, unless it plays a
role in a different aspect of the methylation reaction.
For example, it might be possible that one of the
arginines donates its proton to Glul19. One of the
transition states of this reaction is shown in Fig. 8b.
Depending on the atoms frozen (in order to keep the
two positively charged arginines next to each other),
the barrier height is found to be between 15.8 and
45.4 kJ /mol (with continuum solvent calculations the

range of the barriers increased to 35.3-54.0 kJ/mol).
Also in this case, a water molecule between the
oxygen of Glul19 and the nitrogen Argl63 is present
in the crystal structure (Fig. 2). In summary, both the
protonated amino group of the methionine moiety of
AdoMet as well as the protonated guanidino group of
Arg163 can act as potential conjugated acid to donate
a proton to Glul19, via a mediating water molecule.
The barrier height in the former is lower, while in the
latter, smaller relative motion of the participating
residues is necessary.

The AdoMet electrophilic attack

The addition of the thiolate group to C6 activates
the nucleophilic character of C5 of the cytosine ring.
This is necessary for the transfer of the methyl group
from AdoMet to C5. Previous calculations suggest
that the reaction is more likelc}r to take place when N3
of cytosine is deprotonated.'® This is very reasonable
since, in this case, there is more negative charge on
the cytosine ring, and with electron delocalization, it
can also concentrate on C5. An equilibrium reaction
of the proton transfer between Glu119 and N3 can be
established. We calculated the potential energy
profile of this reaction, where the thiolate group is
covalently bound to C6 and the three active site
conserved residues Glull9, Argl63, and Argl65
activating the cytosine ring. We found two minima
corresponding to the reactants and products sepa-
rated by a maximum with a height of 3.8 k] /mol. The
energy of the products (deprotonated N3 of cytosine
and protonated glutamate) is lower by 18.0 kJ/mol
than that of the reactants (figure not shown).

Considering N3 of cytosine in its deprotonated
form, we calculated the reaction profile of the
AdoMet (modeled as trimethylsulfonium) electro-
philic attack. A transition-state structure is shown in
Fig. 9 with a barrier height of 8.8 kJ/mol. With
reaction field calculation to account for the environ-
ment, this barrier increases to 44.8 kJ/mol. When
both Glull9 and Argl65 were not taken into
account in the calculation (and N3 was still
deprotonated), the barrier was much higher,
76.8 kJ/mol (77.9 kJ/mol with solvent effect).
Electrostatic interactions of the guanidino group
with O2 and hydrogen-bond formation of the
carboxyl group with N3 will withdraw negative
charge from C5. This effect is likely to reduce the
nucleophilic character of C5 and, therefore, increase
the reaction barrier. On the other hand, hydrogen-
bond donation of N4 to the carboxy group will allow
to push negative charge towards C5 and, thus, reduce
the reaction barrier. The results suggest that for this
reaction, the latter effect is more important than the
former. In addition, the ability of the carboxy group to
push negative charge towards C5 explains why with
reaction field calculations the barrier height increases,
when Glull9 and Argl65 are taken into account,
while it hardly changes when these residues are not
surrounding the cytosine ring. In the former case, the
Mulliken charge of C5 is —0.23 e for the reactant and
—0.055 e for the transition state (i.e., when included in
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AdoMet

Glu119

Fig. 9. Structure of the transition state (vyg=353i cm ') of the attack of trimethylsulfonium (AdoMet) onto C5 of
cytosine. The corresponding barrier height of the reaction is 8.8 kJ/mol (44.8 kJ/mol with solvent effect). A similar
transition-state structure, however, without the surrounding Glu119 (N3 deprotonated) and Argl65 residues, yielded a
much higher barrier height of 76.8 k] /mol (77.9 k] /mol with solvent effect). Atoms circled by black lines, as well as the
angle C4.,—C5.y~Sadomet, Were kept frozen (the positions to the values in the crystal structure and the angle to the value
found in the transition state without Glu119 and Argl65) during the optimization search.

the calculations the dielectric property of the solvent
stabilizes the reactants relative to the transition-state),
while in the latter case, it is —0.025 e for both the
reactant and the transition state (i.e., when taken into
account the dielectric property of the solvent does not
change the stability of the reactants relative to the
transition-state).

The elimination reaction

The last step of the methylation reaction is the
elimination of the enzyme nucleophile, Cys81, at C6
and the abstraction of the proton at C5 of the
cytosine ring. Earlier calculations concluded that
stepwise elimination, where either the nucleophile
or the proton leaves first, is energetically
unfavorable.'” In addition, the fact that no suitable

base can be identified to act as the proton abstracting
agent in the crystal structure also favors the
concerted elimination scenario. It was suggested
that a negatively charged phosphoryl oxygen of the
DNA can act as the base assisted by a bridging water
molecule.® However, from the X-ray positions of the
groups involved, such reaction is hard to envision
(the distances between C5 and the two closest
phosphate groups are 7.9 and 10.6 A), unless
significant conformational change takes place.

The addition of the methyl group from AdoMet
occurs on the face opposite to the one of the
nucleophilic attack by Cys81. This means that the
two leaving groups in the elimination reaction leave
from the same face of the cytosine ring; that is, it is a
syn elimination, which requires larger activation
energy. In the crystal structures solved,” few water
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molecules are observed nearby the hydrophobic
edge (C5 and C6) of the flipped cytosine (Fig. 2).
Therefore, we assumed that the abstracting base in
the elimination reaction is the anionic sulfur of the
leaving thiolate bridged by a water molecule. We
obtained a transition-state structure of such reaction;
however, the barrier height was relatively high
(157.8 kJ/mol). Therefore, we considered an alter-
native elimination step. The cytosine base can exist
in different tautomeric forms.?¢>” We consider here
the imino hydroxy tautomer where an amine
hydrogen at position 4 is transferred to the carbonyl
oxygen at position 2. The conserved residues,
Glull9, Argl63, and Argl65, can facilitate such
proton transfer reaction.

In Fig. 10 we display the transition-state structure
found for the elimination reaction. In this case, only
one of the arginine residues is taken into consider-
ation. Note that many attempts to find a transition
structure with both Arg163 and Argl65, or with one
arginine and Glu119, did not succeed. The height of
the barrier of the transition state is 125.1 k] /mol, and
the products are more stable than the reactants by

Arg163/165

=D

20.6 k] /mol. By including the effect arising from the
dielectric constant of the environment, the transi-
tion-state barrier is reduced to 111.0 kJ/mol. In the
transition structure, we also included an acetone
molecule, representing the backbone carbonyl of
Phe79, which is hydrogen bonded to the mediating
water molecule. In the crystal structure, the distance
between the oxygen atom of this carbonyl and C5
cytosine is 3.66 A and is likely to be able to form a
hydrogen bond with a nearby water molecule. By
forming this hydrogen bond, the barrier of the
transition state is reduced by 10.4 kJ/mol. This is
probably due to the ability to stabilize better the
partial positive charge that is developed on the
water molecule in the transition state.

Conclusions

In this article, the different steps of cytosine
methylation catalyzed by DMT were investigated
by quantum calculations. We find the reaction to be
strongly catalyzed by the active site conserved

Fig.10. Structure of the transition state (vts=898i cm™ 1 of the elimination reaction. The barrier height is 125.1 k] /mol
and the product state is —20.6 k] /mol below the energy level of the reactant. With reaction field calculations, the barrier
height reduces to 111.0 kJ/mol. The acetone molecule hydrogen bonded to the bridging water molecule, representing the
carbonyl backbone of Phe79, helps to stabilize the transition structure by 10.4 kJ/mol relative to the reactant.
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residues, Glul19, Argl63, and Argl65, making the
enzyme nucleophilic attack as well as the AdoMet
electrophilic attack feasible. In particular, Glu119
mediates the protonation of N3 of cytosine from
either the amino group of the methionine moiety of
AdoMet or the positively charged guanidino group
of Arg163. In addition, Arg165 and, possibly, Arg163
withdraw negative charge from the cytosine ring via
electrostatic interactions with O2. These results are in
sharp contrast to the findings obtained by a quantum
mechanics/molecular mechanics calculations'®
where it was argued that (i) the residues Glull9,
Argl63, and Argl65 play no catalytic role, and (ii)
the nucleophilic attack by Cys81 and the electrophil-
ic attack by AdoMet proceed in a single step.

Arguably, the most intriguing result obtained
from our study is the double role of the DNA, acting
as the substrate and as a cofactor. The enzyme
nucleophile can attack C6 of cytosine only in its
anionic deprotonated form. However, within the
protein, there is no suitable base in the vicinity of
Cys81 that can protonate its thiol group. In this
article, we have shown that the negatively charged
phosphate group of the DNA adjacent to the target
cytosine can form an equilibrium reaction, where it
acts as a conjugate base, abstracting the thiol proton,
via a mediating water molecule. Depending on its
pK,, this neutral protonated phosphate can donate
this proton to solvent water molecules. With the
activation of the conserved residues in the active
site, this enzyme nucleophilic attack on C6 of
cytosine is downhill in energy. The subsequent
step of the AdoMet electrophilic attack is also
strongly catalyzed by these conserved residues. In
fact, only in the last step of the enzymatic
mechanism did we find a substantial energy barrier
(of 111.0 kJ/mol) that is associated with a syn
elimination reaction. In some proton transfer steps
studied in this work, we found that a bridging water
molecule was necessary. Evidence of such involve-
ment was obtained by recent X-ray crystallography
study demonstrating that several active-site water
molecules are important for catalysis.”® Note,
however, that the involvement of a bridging
active-site water molecule will add an entropic
penalty to the free-energy barrier of the reaction
and reduce the rate of the reaction. In general, water
molecules that are present in the active site are
characterized by a very low entropy compared to
bulk water and often referred to as structured water.
This loss of entropy is compensated by the enthalpic
gain from the interactions with active-site residues.
The additional restriction of the translation and
rotations of an active site water, so that it can
participate in the transition-state complex, would
require a much smaller entropic penalty than the
freezing of a water molecule in the bulk. It is,
however, difficult to provide an estimate for such
penalty since the density of states of the water
molecule inside the active site would need to be
determined first.

That the enzymatic activity of the cysteine to
serine mutant (C81S) is reduced is not surprising.

However, it is remarkable that there was a total loss,
or reduction by a factor of 10%, of the measured
enzymatic activity.'>'>"” Indeed, sulfur atom is
known to be a better nucleophile than oxygen due
to its larger size and polarizability. However, the
difference in this nucleophilic ability is not strong
enough to explain such large difference in catalytic
efficiency. Our findings from the calculations
addressing the cysteine-to-serine mutation indicate
that this selectivity can be largely enhanced inside
the protein active site. If the nucleophilic reaction
proceeds only via the anionic form of the nucleo-
phile, then in the absence of a strong base, cysteine
(thiol) can undergo deprotonation while serine
(alcohol) cannot, and thereby, only in the former
case can the reaction takes place. In line with this
argument, it is interesting to note that the difference
in pK, between the hydroxy and mercapto groups is
ca 6.5, which would translate to a difference by a
factor of 10°~10” in enzymatic activity.

Methods

The quantum mechanical calculations were per-
formed using the Gaussian 03 program® with the
polarized 6-31G** basis set. The energy resulting
from the exchange and correlation of the electrons
was approximated by the hybrid functional, B3LYP,
of Hartree-Fock exchange with Density Functional
exchange-correlation terms. Vibrational frequencies
were calculated to confirm the existence of a
transition state, which exhibits one, and only one,
imaginary frequency. In addition, for all transition
states identified, Intrinsic Reaction Coordinate
calculations in the forward/reverse direction led to
either the product or reactant complexes. However,
in most cases, full convergence of the reactant/
product state was achieved by an additional
optimization step.

The effect of the environment (which is composed
of the protein, DNA, and solvent) on the height of
the barrier of the different steps was approximated
by performing a Self-Consistent Reaction Field
calculation using the Polarizable Continuum Model.

For various proteins, the dielectric constant € was
estimated in the literature to be between 11 and 35.%
The value of € is not uniform inside the protein, and
estimation of its value locally yields a distribution in
the range 1-20.%" It is important to note that since the
flexibility of an active site is usually smaller than
that of the rest of the enzyme, it is argued that in this
region, the dielectric constant should also be
smaller.”” However, it is further argued that water
molecules that are present inside the active site
strongly increase the value of ¢.** Based on this and
on the crystal structure of DMT indicating a large
number of water molecules in the active si’ce,5 we
chose a dielectric constant of €=20.7, which corre-
sponds to solvating the model systems in acetone.

All starting coordinates in the calculations were
extracted from the crystal structure of wild-type
Hhal (from Haemophilus haemolyticus) C5-cytosine
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DMT with unmodified DNA and S-adenosyl-L-
homocysteine (Protein Data Bank ID: 2HR1%),
which is shown in Fig. 2. Addition of hydrogen
atoms and modifications, necessary to create the
system model for the calculation of each step in the
catalytic mechanism, were performed using the
Molden processing program.33

The conserved amino acids in the active site
proposed to catalyze the reaction (Glul19, Argl163,
and Argl65) as well as the cofactor AdoMet are
likely to be charged in the active site of the
enzyme. Therefore, in order to avoid the collapse
of two oppositely charged residues or the breakup
of like-charge residues, certain constraints on
atomic positions and/or angles had to be imposed.
These constraints are described in the text and in
the figures of the transition-state structure found.
Of course, within the protein, the integrity of the
active site is kept due to the stability of the native
folded conformation. A disadvantage of applying
these constraints is the possibility of observing
imaginary vibrational modes associated only with
employing the constraints. Nevertheless, in all the
transition states presented, the constraints were
chosen such that these additional imaginary vibra-
tional modes are not present and only one
imaginary frequency is observed. This procedure
did not succeed for all the reaction steps investi-
gated, and therefore, in these cases, we calculated
the potential energy profile as an alternative. The
search for a transition state with only one
imaginary frequency while imposing the con-
straints on charged residues (which are necessary)
also prevented us from applying the same model
system for all elementary steps analyzed.
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I. Cys81 to Ser Mutation

The enzyme nucleophile, Cys81 in M.Hhal, had been the
subject of several mutational (to Gly, Ala, Val, Trp, and Ser)
analysis that resulted in, either, complete loss or substantially
reduced activity 1. Indeed, any mutation to an amino acid with-
out a good nucleophile is expected to hamper the methylation
reaction. However, it is surprising that mutating cysteine to ser-
ine, which preserves the geometry of the side chain and contains
a potentially nucleophilic hydroxyl group exhibits at least 10*-
fold reduction in activity 2. In another study it was found that
the mutation to serine yielded no covalent complex between the
enzyme and the DNA3. We performed additional calculations
in order to understand the results of this mutation. As in the
case of the thiol group (cysteine), the hydroxyl group of ser-
ine can attack C6 only when it is deprotonated to its anionic
form. This is shown in Fig. 7a, where the attack by methanol
is an uphill process, while that by methoxide exhibits a down-
hill curve. The slope of the energy profile of this nucleophilic
reaction for methoxide is larger than that for thiolate by more
than a factor of 2 (see also Fig. 4). Consequently, the stability
of the product, relative to the reactants, is also larger. Thus, the
methoxide can potentially attack C6 of cytosine at least as good
as the thiolate. It is, however, questionable whether the nega-
tively charged phosphate group can act as a conjugate base ab-
stracting a proton from the more electronegative oxygen atom.
For example, the pKa of mercaptoethanol is 9.5% whereas the
corresponding value for ethanol is 16°. Starting from the tran-
sition state structure that we found for the proton transfer from
the thiol to the phosphate, we replaced the sulfur atom by oxy-
gen. Several optimizations did not locate any transition state
for the proton transfer from methanol to the phosphate. We fur-
ther searched for a concerted attack of the hydroxyl on C6 and
a proton transfer to the phosphate, however, as with the case
of the thiol, no transition state was found. We therefore, per-
formed a potential energy profile, shown in Fig. 1b, for the pro-
ton transfer reaction as a function of the CH3;0-H distance of
the methanol hydroxyl group. To confirm the expected structure
of the products we display in Fig. 1c the optimized distances,
involved in this proton transfer reaction, between the bridging
water molecule and the methanol hydroxyl group, as well as,
the negatively charged oxygen of the phosphate group. Fig. 1b
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Figure 1: Modeling the C81S mutation. (a) The relative energy of the attack
of methanol and methoxide (representing protonated and deprotonated serine,
respectively) on C6 of cytosine as a function of the O—C6 distance. As in the
case of Fig. 4, the cytosine ring is activated by Glul119, Argl163, and Argl65,
where N3 is protonated. (b) The relative energy of deprotonating the methanol
by the phosphate group through a bridging water molecule. (c) The distance
between the proton transferred from methanol and the oxygen atom of the me-
diating water molecule (blue curve), as well as, the distance between the proton
transferred from the mediating water molecule and the oxygen atom of the re-
ceiving phosphate group (red curve). In (b) and (c), the curves are plotted as a
function of the O—H distance of the methanol molecule.
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indicates that as the reaction proceeds there is only an increase
in the potential energy of the system, with substantial activation
barrier. This suggests that for the C81S mutant a proton transfer
from the hydroxyl group to phosphate is not likely, and there-
fore, the methylation reaction cannot proceed by the enzymatic
mechanism that we propose in this paper.
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