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Abstract

M.Hhal is a DNA Methyltransferase from Haemophilus haemolyticus that
catalyzes the transfer of a methyl group from S-adenosyl-L-methionine (SAM) to
the Cs position of a cytosine. This enzyme is a paradigmatic model for Cs DNA
Methyltransferases due to its major homology to mammalian enzymes and to
the availability of high resolution structures of the DNA-enzyme complex. In
spite of the number of experimental and theoretical analysis carried out for this
system many mechanistic details remain unraveled. We have used full atomistic
classical Molecular Dynamics simulations to explore the protein-SAM-DNA
ternary complex where the target cytosine base is flipped out into the active site
for both the wild type and Glu119GIn mutant. The relaxed structure was used
for a combined Quantum Mechanics/Molecular Mechanics exploration of the
reaction mechanism using the string method. Exploration of multidimensional
Free Energy Surfaces allowed determining a complete picture of the reaction
mechanism in agreement with experimental observations. In our proposal
Cys81 becomes unprotonated after formation of the ternary complex. This
residue then attacks Cg position of the target cytosine establishing a fast and
reversible equilibrium. Methyl transfer from SAM to position Cs takes place after
the previous addition and the Transition State is stabilized by means of
hydrogen bond interactions established between the cytosine base and Glu119.
Although previous proposals suggest that a hydroxide anion could be the base
abstracting the proton from the Cs position, our calculations show that the free
energy cost needed to have this anion in the active site is too high. Instead, a
crystallographic water molecule can remove the excess proton once the
cytosine has been activated by means of a proton transfer from Glu119 to the
N3 position. This observation explains the consequences of mutations of this
residue on the pre-steady state and steady state rate constants. Our proposal
then clarifies the role of Glu119 and identifies the nature of the base in charge
of proton abstraction, two issues that have been the subject of a long debate in
the literature.



1. Introduction

DNA Methyltransferases (DNA MTases) are the enzymes in charge of DNA
methylation, an essential biological process in bacteria, plants and animal cells.
In general, DNA methylation is a central mechanism in epigenetic inheritance
because information can be encoded in a stable but reversible manner.’
Epigenetic mechanisms comprise gene silencing, parental imprinting,
maintenance of genome integrity, X chromosome inactivation, protection of the
genome against selfish DNA and regulation of development.>* Autoimmune
disorders, carcinogenesis and other diseases are often related to aberrant DNA
methylation. Methylation patterns, for example, are disrupted in tumor cells with
hypomethylation and region-specific hypermethylation.®

DNA MTases of prokariotes catalyze the methyl transfer from S-adenosyl-L-
methionine (SAM) to an adenine (Ng position) or a cytosine nucleo base (N4 or
Cs positions); while in mammals and other vertebrates methylation only takes
places at the Cs position of cytosine.® The catalytic C-terminal part of Cs-
MTases is conserved between prokaryotic and eukaryotic Cs-MTases.” In
addition these enzymes share a similar overall reaction mechanism; all DNA
MTases flip the target nucleo base out of the DNA helix and place it inside the
active site before transferring the methyl group from SAM to the nucleo base.?
The reaction mechanism in Cs-MTases (see Scheme |) involves the nucleophilic
addition of a cysteine placed in the active site to the Cs atom of the cytosine ring
and the methyl transfer from the cofactor to the Cs position.? It has been
suggested that the nucleophilic attack by cysteine could be favored by a
transient protonation of the cytosine ring carried out by a conserved and
protonated glutamic residue present in the active site. Afterwards (see Scheme
), the excess Hs proton from the Cs position must be abstracted and the
covalent bond between the enzyme and the cytosine base cleaved to liberate
the methylated DNA. Some questions concerning the mechanism have been
controversial during the recent years:'>% the stepwise or concerted nature of
each chemical step, the protonation state of the nucleophilic cysteine, the role
of the conserved glutamic residue and, in particular, which is the base
abstracting the proton from Cs during the B-elimination step.
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Scheme I. General reaction mechanism for DNA methylation in M.Hhal.

Development of inhibitors of the Cs-MTases activity is an active field for cancer
treatment.?* Cs-MTases inhibitors can be classified into two broad categories:
nucleoside and non-nucleoside inhibitors.??® The most promising nucleoside
based inhibitors with antiproliferative cancer activity are zebularine,27
decitabine, 5-azacytidine and its 2’ deoxy analog.®® These compounds are
incorporated to DNA and act forming covalent adducts with DNA MTases.
Zebularine, for example, traps the enzyme through a reversible covalent
complex.? Nevertheless, nucleoside inhibitors have to be improved in terms of
toxicity and stability to decrease side effects. On the other side, non-nucleoside
inhibitors generally act binding to DNA MTases and competing with natural
substrates, SAM or DNA. Some examples of reversible DNA MTases inhibitors
are known cardiovascular drugs as hydralazine or procainamide and natural
compounds like poliphenols and antibiotics.?® Sequence specific oligomers that
bind to the DNA inhibiting enzymatic CpG methylation preventing the translation
of the MTase are also under research.*

In this work we focus on the Cs-MTase from Haemophilus haemolyticus
(M.Hhal), an excellent model to study DNA methylation due to its major
homology to mammalian enzymes and to the availability of high resolution
structures of the DNA-enzyme complex.®’ This enzyme catalyzes the



methylation in the Cs position of the underlined cytosine within the recognition
sequence 5-GCGC-3’ in duplex DNA. This system has been the target of
several experimental'®'2151832 ganq theoretical’®?® studies because provides a

paradigm for enzymes inducing conformational changes in DNA.'%23

Previous computational studies on the reaction mechanism of M.Hhal have
shown that the nucleophilic attack by Cys81 and the methyl transfer from SAM
could take place either concertedly or sequentially.?'?®* The role of Glu119 has
been also a matter of controversy. It has been proposed that proton transfer
from protonated Glu119 to the N3 position of the target cytosine could activate
the base for the nucleophilic addition of the thiolate group of Cys81 to the Cs
position of the cytosine.''® Kinetic measurements showed that the catalytic
activity of Glu119 mutants is dramatically reduced, concluding that this residue
has a crucial role in catalysis and not only a structural function."” A theoretical
analysis on a cluster model carried out by Zangi and coworkers showed that
Glu119 does not protonate the substrate during the methylation step.?? Bruice
and coworkers found no evidences for a proton transfer from Glu119 to the
substrate during the methyl transfer step.?' Finally, using QM/MM modelling,
Zhang and coworkers proposed that Glu119 may transiently transfer the proton
to the N3 position during the methyl transfer step.?> Regarding the B-elimination
step, Bruice and coworkers proposed that a hydroxide anion could reach the
active site through a water channel observed in the X-ray structures.?’ The free
energy profile for the abstraction of the excess Hs proton on Cs position by a
hydroxide anion was recently explored with QM/MM methods, displaying a
reasonable free energy barrier.?> However, the proposals in which the hydroxide
anion acts as the base in charge of the Cs-proton abstraction has never
considered the free energy cost of having the anion in the active site, which can
be significantly different to the cost of creating the anion in bulk water.

In order to unravel the still controversial features of the reaction mechanism for
Cs methylation in M.Hhal we have performed classical molecular dynamics
(MD) and quantum mechanics/molecular mechanics (QM/MM) calculations to
obtain the free energy profiles associated with the reaction mechanism.
Because of the nature of the reaction, where several chemical steps can take
place sequentially or concertedly, we used the string method*® to explore many



different mechanistic variants and characterize the most favorable paths on a
multidimensional free energy surface. According to these calculations the
reaction proceeds through a reversible nucleophilic attack of a deprotonated
Cys81 to the cytosine ring followed by a methyl transfer from SAM to the Cs
position. Proton transfer from Glu119 to the substrate is not needed at this
stage. However, protonation of the N3 position of the target cytosine by this
residue is essential for the following step, the elimination of the excess proton
from the Cs atom. Our calculations show that a water molecule placed near the

S is the base that abstracts the

Cs position, as seen in the X-ray structure,’
proton, while formation of a hydroxide anion in the active site has a large free
energy cost. Finally, in the last step, deprotonation of the N3 atom of cytosine by
Glu119 and the cleavage of the covalent bond formed with Cys81 leads to the
reaction products. This mechanistic proposal allows a complete reconciliation
between theoretical modelling and experimental data in M.Hhal, a Cs-Mtase

enzyme that serves as a model for this relevant epigenetic process.



a) /‘///5 §’ ?J/

| \Wat348
/‘/ Gﬁmef

b)

Figure 1. a) Active site insert from the X-ray structure of M.Hhal complexed with a

dodecamer of DNA (PDB code 2HR1). b) Model system used in the simulations
(solvent water molecules are omitted for clarity). The catalytic loop (residues 80-100) is
drawn in purple. The insert shows an insight into the active site with cofactor SAM, the
target cytosine base (C18) and key residues establishing hydrogen bond interactions
with C18.

2. Methodology
Building the System

The initial coordinates for our study were taken from the crystallized structure of
Cs-MTase from Haemophilus haemolyticus (M.Hhal) in complex with a DNA 13-
mer and with S-Adenosyl Homocysteine, SAH (PDB ID:2HR1). This structure
was solved with a resolution of 1.96 A."® In the X-ray structure the target
cytosine nucleo base is flipped out of the DNA helix and inserted into the

catalytic pocket of the M.Hhal enzyme. We remodeled the crystalized SAH into



SAM by adding a methyl group while DNA was modelled as a dodecamer
because of the absence of structural information for one of the terminal
nucleosides in the X-ray structure. We calculated the pK, of all titratable
residues at pH=7 using Propka 3.0.>**” Once pK, values were determined,
hydrogen atoms were added to the enzyme-SAM-DNA complex using the LEAP
module of AMBER program.®® The pK, obtained for Cys81 was 10.6 in absence
of DNA and about 14.0 when DNA was included. This change reflects the
electrostatic influence on the pK,. However, as these calculations do not
consider the effect of the DNA ionic atmosphere we built up two different model
systems: one where Cys81 was neutral and another one where it was
deprotonated and we analyzed the deprotonation process. As discussed below,
our calculations show that the free energy difference between the protonated
and unprotonated forms of Cys81 in the ternary complex must be small. Both
systems were solvated with a buffer of water molecules of at least 15 A around
the system in all directions, keeping crystallization water molecules. This
procedure was carried out with LEAP module and resulted in simulation boxes
of 88 x 88 x 99 A of size with 19/20 sodium ions added to neutralize the system
for the protonated/deprotonated Cys81 models, respectively. The final systems
consisted in a total of 23523/23235 water molecules and a total of 76592/75728
atoms, for protonated and deprotonated Cys81 models, respectively. We used
the TIP3P* and AMBER99SB force fields,*® including the DNA-refined
parameters parmbsc0,*’ to carry out optimizations and molecular dynamics
simulations with the NAMD program.*? Parameters for the cofactor SAM were
taken from Stacklies et al.** These parameters were already successfully
employed in simulations of another DNA MTase.** Analysis of the hydrogen
bond interactions established between the cofactor SAM and the protein during
our simulation confirmed the correctness of these parameters (see Figure S1 in
the Supporting Information).

Molecular Dynamics Simulations

The same simulation protocol was applied to both model systems containing
protonated and deprotonated Cys81. Classical MD simulations were performed
with a time step of 2 fs applying the SHAKE algorithm45 to bond lengths
involving hydrogen atoms. Periodic boundary conditions were applied using the



particle mesh Ewald method with a cutoff of 12 A in the real part of the sum.*°
Short range non-bonded interactions were calculated using a smooth switching
function with inner and outer cutoff radii of 10 and 12 A. In order to equilibrate
the systems water molecules and counterions were first relaxed by means of 1
ns of MD simulation in the NPT ensemble followed by 1 ns of NVT simulation.
Pressure was kept at 1 atm using the Langevin piston method with a period of
100 fs and a damping time constant of 50 fs. Langevin-Verlet dynamics were
performed using a damping coefficient of 10 ps™ at a target temperature of 300
K, the same temperature than in previous theoretical studies.?®%4
Subsequently, the enzyme and DNA atoms were gradually released starting
with side chains and nucleotide bases atoms and finishing with backbone
atoms. At each step the system was first minimized by means of 10000 steps of
conjugate-gradient algorithm followed by MD simulations where the system was
gradually heated from 0 to 300 K rescaling velocities during 500 ps. Additional
500 ps were performed at constant temperature. During this process harmonic
restraints were applied to the hydrogen bond interactions observed between the
flipped out cytosine base and active site residues (Phe79, Glu119, Arg163 and
Arg165, see Figure 1), to the distance between the sulfur atom of Cys81 and
the C¢ atom of cytosine and to the distance between the the carbon atom of
SAM methyl group and the Cs atom of cytosine. These harmonic restraints were
gradually removed through several cycles of optimization and MD simulations.
After equilibration, we performed 100 ns of fully unrestrained MD simulation in
the NVT ensemble at 300 K for the two model systems.

QM/MM Calculations

The fDynamo program®® was used to perform QM/MM-MD simulations, starting
with a structure selected from the last 10 ns of the MD simulation. The QM
subsystem was described at the AM1 semiemprirical level of theory*® and at the
MO06-2X level®® (see below) while the MM system was described using the
AMBER force field as implemented in fDynamo.***' The QM subsystem
included SAM, the target cytosine base and the side chains of those residues
participating in each of the steps of the chemical reaction. Thus, the QM region
is different for each reaction step and we refer the reader to the Supporting
Information for a detailed list of the side chains atoms incorporated into the QM
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subsystem at each reaction step (see Schemes S1 to S5). To saturate the
valence of the QM/MM frontier we used the link atom procedure.’** In the
AMBER force field nucleotides and aminoacids side chains have no-integer
charge. To overcome this issue we redistributed the small fractional charges
remaining in the MM subsystem between C1’ and H1’ atoms of the sugar, in the
case of the target cytosine, and between CA and HA atoms for those residues
whose side chains were included in the QM subsystem.>* For each QM/MM
definition the system was prepared by means of a minimization and a 500 ps
long NVT simulation with periodic boundary conditions where all the atoms of
the system were free to move. Short range non-bonded interactions were
calculated using a smooth switching function with inner and outer cutoff radii of
10 and 12 A. We also explored the Potential Energy Surfaces (PES) at the
M06-2X/6-31G*/MM level for the complete system as described above, studying
different mechanistic options. These computational levels have been shown to
produce good results in the study of other methyltransferases.***® These
calculations were done with an interface between fDynamo and Gaussian09.°

Free Energy Calculations

We performed QM/MM-MD simulations to obtain minimum free energy paths
(MFEPs) by means of the on-the-fly string method.?® After obtaining the MFEP

8,57 \vas defined to obtain

for a given mechanistic step a path collective variable
the potential of mean force (PMF) using umbrella sampling.58 This
methodological combination offers an efficient approach for studying the
multidimensional free energy landscape associated with complex reactions
where the dependence of the reaction coordinate on several degrees of
freedom has to be considered. Therefore, we were able to take into account
multiple variables that conform the best global reaction coordinate at each step,
as required in the analysis of the complex reaction mechanism of the Cs-
MTase. The set of coordinates selected to trace the MFEP for each reaction
step (the active spaces) are detailed in the Supporting Information (Schemes
S1 to S5). A total of 30 string nodes were used to localize each MFEP and the
values employed for the force constant and friction in the string method were K
= 6000 kJ-mol™-A? and y = 9000 ps”, respectively. For each string we
performed 30 ps of Langevin dynamics at 300 K with a time step of 1 fs or 0.5 fs
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if a proton transfer was involved. The strings converged within the first 10 ps of
dynamics and the averaged positions of the string nodes were determined over
the last 20 ps. We used different initial guesses to explore all possible reaction
mechanisms within the selected active spaces. In most cases different initial
guesses converged to the same string indicating that among the proposed
mechanisms only one corresponds to a MFEP on the free energy surface.

In order to obtain the PMF a set of 100 points were interpolated from the string
nodes to be used in the definition of the collective path coordinate (the s
coordinate )’ for each MFEP. This coordinate was parameterized with values
ranging from 0 to L, where L corresponds to the total arc-length of the path.
Negative values and values larger than L correspond to structures extrapolated
beyond the reactant and product structures, respectively. This extrapolation
procedure is used to ensure well-defined reactant and product valleys in the
PMF. For each converged string, the force constants for 120 umbrella sampling
windows were adjusted to flatten the free energy profiles obtained from the
string method with values ranging between 2000 and 5000 kJ-mol™-A?. Initial
structures for each window were taken from the final snapshot of the closest
string node. 10 ps of relaxation followed by 30 ps of production dynamics with a
time step of 1.0 or 0.5 fs, if a proton transfer is involved, were performed for
each simulation window. Then PMFs were integrated from the respective
histograms of the s coordinate using WHAM.*® PMF statistical uncertainties
were calculated using statistical bootstrap technique® with 1000 samples
generated from the original data from Umbrella Sampling. PMFs were obtained

61,62

using interpolated corrections along the s coordinate:

E =Ejy+ Egﬁd v+ Emu + SpI[AEHE(5)]

where Spl denotes a one dimensional cubic spline function and its argument,
AEHL | is a correction term obtained as the difference between the single-point
high-level (HL) energy of the QM system and the low level one (LL=AM1). As
HL theory we chose M06-2X/6-311+G**.*® The structures were optimized at
different values of the s coordinate at the low level. To confirm the conclusions
obtained with our correction scheme we also explored the PES associated with
the converged mechanisms at the M06-2X/6-31G**/MM level of theory.
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We also performed free energy perturbation (FEP) calculations in order to
unravel which is the base abstracting the Cs-proton during the B-elimination
step. Previous theoretical studies®"?* have considered that a hydroxide anion
would be a suitable base to abstract this proton and to transfer it to the solvent.
These proposals estimated the free energy cost of generating the hydroxide
anion from its concentration in pure water (12 kcal-mol™).?"** However, it
should be taken into account that the free energy of generating such an anion in
the catalytic pocket can be quite different from the value obtained in bulk water
due to the very different environment. To investigate this issue we performed
FEP calculations to estimate the free energy cost to bring the anion to the
catalytic pocket from bulk. Two alchemical transformations were made for this
purpose: a water molecule was transformed into a hydroxide ion in a periodic
box of water molecules and the same calculation was performed for a water
molecule located inside the active site. Finally, in order to estimate the free
energy cost of having a hydroxide anion in the active site, the free energy
difference between the two transformations was added to the free energy cost
estimated from the self-ionization product of pure water. Computational details
for these FEP calculations are provided as Supporting Information (see Free
Energy Perturbation Protocol and Scheme S6). Using the same protocol, we
performed FEP calculations to obtain the free energy associated to the delivery
of the leftover proton from the active site to the bulk once it has been abstracted
by a water molecule found in the active site (see Free Energy Perturbation
Protocol and Scheme S7).

3. Results
MD Simulations

A previous analysis of 1 ns MD simulation on the same enzymatic system
emphasized the role of some residues in catalysis (Cys81 and Glu119), and in
the stabilization of the DNA chain (GIn237 and Ser87) and of the flipped out
cytosine (Arg163, Arg165 and Glu1 19).20 In the present work we performed 100
ns long NVT MD simulations for the two DNA-enzyme-SAM systems, containing
a protonated or a deprotonated Cys81 residue, respectively. From these

trajectories we analyzed DNA structure, DNA-enzyme interactions and active
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site interactions established between the flipped cytosine base and the
surrounding residues. Here below we only present the analysis for the Cys81
deprotonated system, which is the one undergoing the nucleophilic attack to the
target cytosine base. Plots of the Root-Mean-Square Deviations (RMSDs) of
enzyme and DNA backbone atoms in the Cys81 deprotonated system are
presented as Supporting Information (Figure S2). The number of direct and
water mediated hydrogen bonds between the DNA and the enzyme are
provided as Supporting Information (Figure S3) as well as the analysis of the
important protein-DNA hydrogen bond interactions (Figure S4). The average
number of hydrogen bond interactions between nucleo base pairs is also shown
as Supporting Information (Figure S5). Finally, a complete analysis of the
simulation of the neutral Cys81 system is provided only in the Supporting
Information (see Figures S6-S10).

Active Site Interactions

The flipped out cytosine base C18 is stabilized by several hydrogen bond
contacts when inserted in the active site of M.Hhal. Figure 2 shows the average
distances and standard deviations for the hydrogen bonds established between
the target base C18 and the protein during the MD simulation. The exocyclic
nitrogen atom of C18 establishes two hydrogen bonds, one with the O¢1 atom of
Glu119 and another with the carbonyl oxygen of Phe79 backbone. The O,
atom of Glu119 acts as hydrogen bond donor to the N3 atom of the C18 base.
In some cases a water molecule can be placed between these donor and
acceptor atoms. This water molecule (labelled as 355) is found in the X-ray
structure at 2.9 A of the Glu119 O, atom." The O, oxygen atom of the cytosine
base establishes up to three different hydrogen bonds with the surrounding
arginines: Arg163 is hydrogen bonded through the N,; atom while Arg165 can
be simultaneously hydrogen bonded through N> and N¢ atoms. These arginine
residues have been postulated to play an important role stabilizing the cytosine
base in the active site and accommodating the negative charge developed on
the cytosine ring after the nucleophilic attack by Cys81." In our MD simulation
with Cys81 deprotonated the sulfur atom of this residue is found at an average
distance of 3.46 + 0.18 A from the Cs atom of the target C18 base. In general,
the small values of the standard deviations associated with the distances
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analyzed in this section indicate that the interactions between active site
residues and the C18 base remain stable over the simulation with small

fluctuations.

After a 100 ns simulation of the system where the Cys81 residue was modelled
in its neutral form the average distance between the sulfur atom and the Cs
atom of the cytosine was found to be 3.36 + 0.27 A, very similar to the value
found in the simulation of the unprotonated form. In order to elucidate the
mechanism for Cys81 deprotonation we also monitored the interactions
established between this residue and its surroundings. During this simulation
the thiol group of Cys81 was found donating a hydrogen bond either to the O,
atom of Ser85 (with an occupancy of 16.7 %), to a water molecule (with an
occupancy of 10.9 %) or to the Os atom of Asn120 (7.5 % of occupancy). It has
been previously proposed that the water molecule hydrogen bonded to Cys81
can assist its deprotonation transferring the proton to the nearest phosphate
group of DNA.% In our simulation, in most of the structures where the thiol
group of a neutral Cys81 donates a hydrogen bond to the O, atom of Ser85, the
hydroxyl group of this residue is, in turn, hydrogen bonded to the C18
phosphate group of DNA. Thus, an activated Ser85 could also act as the base
in charge of Cys81 deprotonation. This possibility is also explored in the present

work.
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Figure 2. Interactions established between the C18 base and amino acids of the
M.Hhal active site. The plots on the left show the instantaneous distances observed
during the simulations. The values shown in the active site scheme displayed on the
right correspond to the average values and their standard deviations. Distances are
given in A.

M.Hhal Reactivity

Cytosine methylation at Cs position in M.Hhal may involve the participation of
several residues present in the active site. Although extensive research has
been carried out in this system, the role of some of these residues remain
unclear.'®? Previous theoretical studies of the reaction mechanism have been
carried out exploring the Potential Energy Surface (PES) and/or the Free
Energy Surface (FES) associated with a reduced number of geometrical

reaction coordinates (usually one or two). However, when the mechanistic step
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under analysis involves different chemical events that can or cannot take place
simultaneously the selection of a reduced set of distinguished reaction
coordinates could inevitably bias the conclusions. This is the case of cytosine
Cs-methylation in M.Hhal, a process that can take place concertedly or not with
the nucleophilic addition of Cys81 to Ce position and with a hypothetical proton
transfer from Glu119 to Ns. Therefore a reliable approach for the analysis of this
reaction must face the problem associated with the exploration of a
multidimensional FES as a function of all the relevant geometrical coordinates
and then determine the most reliable mechanism in terms of free energy

barriers.

In the present work we have applied the on-the-fly string method to obtain the
MFEP on a multidimensional FES. This approach has already shown to be
successful for the analysis of several complex enzymatic reactions.***° In our
calculations the coordinates used to trace the MFEP included all the interatomic
distances associated with all possible bond breaking and forming events that
could take place at each reaction step. Therefore no a priori assumptions have
to be made about the reaction mechanism. For each possible mechanism an
independent string calculation was performed starting from an adequate initial
guess. Subsequently, PMF calculations with interpolated corrections were
performed for each converged string using a path collective variable that maps
the advance of the system along the MFEP. As a general scheme (Scheme 1)
the reaction mechanism consists in three steps: i) deprotonation of the Cys81
residue; ii) methylation at the Cs position and iii) B-elimination.

i) Cys81 deprotonation

Nucleophilic addition at Cg position of the target cytosine is a common
mechanistic step in all known Cs-MTases.*' In M.Hhal the nucleophile is Cys81.
Some authors®??® have proposed that deprotonation of this residue can take
place through a nearby phosphate group of DNA. As discussed above, in our
MD simulations with neutral Cys81 the thiol group of this residue remains
hydrogen bonded to Ser85, which is a conserved amino acid in mammalian C5-
DNA MTases, or to a solvent molecule during a considerable fraction of the
simulation (see Active Site interactions section). In turn, Ser85 and the water
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molecule are placed next to C18 and G19 phosphate groups of DNA,
respectively. Therefore we have studied two Cys81 deprotonation mechanisms,
where the proton is transferred from the thiol moiety to a DNA phosphate group
through a water molecule or through Ser85. Figure 3 shows the free energy
profiles for the two possible mechanisms. The calculated activation free energy
associated with the Ser85-mediated deprotonation of Cys81 (from state 1 to 2,
see Figure 3) is 14.3 + 0.3 kcal-mol™, while the value obtained for the water-
mediated deprotonation (1 to 2’) is 14.8 + 0.2 kcal‘mol™”. In both cases the
deprotonation takes place in a concerted asynchronous process (see Table S1).
The PESs for the two reaction mechanisms and a table showing key distances
for the stationary states appearing along the deprotonation processes are
provided in Figure S11 and Table S1 of the Supporting Information. The proton
transfer from Cys81 to DNA phosphate is largely endergonic (between 7.6 and
9.2 kcal'mol” depending on the considered mechanism). However, a
protonated DNA is not the final state because the proton can be easily released
from the phosphate group to the solvent. The C18 and G19 phosphate groups
are exposed to the solvent and therefore can be easily deprotonated resulting in
state 3 (see Figure 3). Considering that the pK, of a DNA phosphate group
must be about 1.5-2.0%° the free energy variation associated with the transfer of
the proton from these phosphate groups to bulk water at pH=7 must be about -
7.5 kcal'mol™. Thus, the global proton transfer from neutral Cys81 to bulk water
in the Michaelis ternary complex must be a nearly thermoneutral process.

It must be taken into account that in our model Cys81 deprotonation is
facilitated after DNA binding. The kinetic scheme of the conformational
transitions consists in the association of the DNA and the C5-MTase enzyme,
the binding of the cofactor, the base flipping and loop locking of the target base
with the bound cofactor inside the catalytic active site.'® In this sense our results
would be in agreement with direct optical observation of cytosine flipping'®
showing a tight coupling between base flipping and closure of the catalytic loop
where Cys81 is placed. This study showed that the rate of covalent binding is
considerably slower than cytosine flipping and according to our results Cys81
deprotonation could be the rate-limiting step for the nucleophilic attack of this
residue to the target base (see below).
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Figure 3. a) Scheme for two reaction mechanisms analyzed for Cys81 deprotonation.
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Ser85-mediated proton abstraction (profile in red) and the water-mediated proton

abstraction (in blue) as a function of the collective path coordinate s.
i) Cs methylation

It is widely accepted that Cs-methylation involves the nucleophilic addition of a
deprotonated Cys81 residue to the Cg carbon atom of cytosine and the methyl

transfer from the cofactor SAM to the Cs position of the nucleo base."® X-ray
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structural analysis has shown that a covalent adduct between Cys81 and the
cytosine nucleo base can be formed.>®* In addition, it has been shown that
activation of the target nucleo base through the nucleophilic attack is fast and
reversible.'” However, while some computational studies concluded that the
nucleophilic addition and the methyl transfer take place concertedly;*'?* another
study proposed a stepwise mechanism.?® In addition, the role of Glu119 in this
step is also under debate. It was proposed that activation of the nucleo base for
nucleophilic addition required protonation of the N3 position by Glu119.° Kinetic
studies on Glu119 M.Hhal mutants have shown that this residue is essential for
catalysis."” Regarding theoretical analysis, a study in aqueous solution showed
that the N3 atom could be protonated during the nucleophilic addition,'® while
more recent theoretical calculations on reduced active site models have shown

2122 and that the main role of

that this protonation could be not necessary
Glu119 would be to contribute to cytosine binding in the active site. QV/MM
calculations agreed with this last picture, although transient protonation of the
N3 position from Glu119 was observed at advanced stages of the methylation

step.?®

In order to solve these questions we explored the multidimensional FES
associated with the methylation step, considering the bond distances
associated with the proton transfer from Glu119 to N3, the nucleophilic addition
of Cys81 to Cs and the methyl transfer from SAM to Cs (a total of five
interatomic distances, see Supporting Information, Scheme S3). The string
method was employed using different initial guesses that correspond to different
mechanistic proposals (stepwise and concerted mechanisms for the addition
and methyl transfer events; with and without proton transfer from Glu119). After
several trials we obtained a single converged MFEP corresponding to the
reaction mechanism depicted in Figure 4 together with the corresponding PMF
corrected at the M06-2X level.
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Figure 4. a) Scheme for the cytosine methylation step consisting in the nucleophilic
attack by Cys81 and the methyl transfer from SAM. b) AM1/MM PMFs, corrected at the
MO06-2X/6-311+G** level, obtained for the Cys81 addition (TS 3-4) and methyl transfer

(TS 4-5) in M.Hhal as a function of the collective path coordinate s.

Our results show that methylation is a stepwise mechanism where Cys81
addition to cytosine precedes the methyl transfer from SAM to Cs. Both
processes take place without requiring the proton transfer from Glu119 to the N3
position of cytosine. While it has been argued that this proton transfer could
activate the nucleo base for the nucleophilic attack, our calculations show that
this addition takes place with a very low free energy barrier (2.5 £ 0.3 kcal-mol
") even if the cytosine base remains unprotonated. According to our results, the
nucleophilic addition of Cys81 to cytosine C18 can be described as a rapid
equilibrium (see states 3 and 4 in Figure 4), in agreement with experiments.'*'?
Afterwards, the methyl transfer takes place with a free energy barrier of 19.1 £
0.4 kcal-mol™ from 4. This calculated free energy barrier is in good agreement
with the value derived from the application of Transition State Theory to the pre-
steady-state rate constants at 310 K that range, depending on the DNA
substrate, from 0.12 to 0.039 s”,'>""%° resulting in free energy barriers from
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19.5 to 20.2 kcal-mol™. The reaction free energy for the methyl transfer step is -
25.1 kcal'mol™, indicating that formation of state 5 is an irreversible step, also in
agreement with experimental observations.?® A previous QM/MM analysis®
based on B3LYP calculations found that the nucleophilic addition took place
simultaneously to the methyl transfer. In order to check the robustness of our
mechanistic proposal we traced MO06-2X/MM and B3LYP/MM PESs as a
function of the Cg-S(Cys81) distance and the antisymmetric combination of
distances defining the methyl transfer from SAM to Cs ((S(SAM) - CH3) - (CH3 —
Cs)). These results, presented as Supporting Information (Figure S12), confirm
that while at the B3LYP level the reaction can be described as concerted but
asynchronous (with Cys81 addition preceding methyl transfer) the reaction
mechanism is clearly stepwise at the M06-2X level. The fact that the B3LYP
treatment [HOESIMMOMAincorporate dispersion contributions to stabilize the
unbounded Cys81 could explain the failure of this method to describe the rapid
equilibrium between 3 and 4 and could be alleviated including dispersion
correction to the B3LYP functional.

Table 1 provides average values for key distances relevant for the Cs-
methylation step. In our QM/MM description the reactant state (3) has the
methyl group of SAM placed 3.27 + 0.09 A from the Cs carbon atom of the
target cytosine while the sulfur atom of the Cys81 residue is 3.15 + 0.11 A from
the Cs atom. The nucleo base establishes five hydrogen bond interactions with
Phe79, Glu119, Arg163 and Arg165 (see Table 1). The first transition state (TS
3-4) consists in the addition of the sulfur atom of Cys81 to Ce, resulting in an
adduct with an average S-Cg distance of 2.12 + 0.08 A. Two noticeable changes
are observed at this intermediate structure: as a result of the development of a
negative charge on cytosine C18, both the methyl group of SAM and the
Glu119 residue approach to the nucleo base (see Table 1). From the resulting
covalent adduct the reaction mechanism continues with the methyl transfer from
SAM to the Cs position. At the TS (TS 4-5) the distance between the sulfur atom
of SAM and the carbon atom of the methyl group is 2.10 + 0.05 A while the
distance between this methyl group and the Cs atom of cytosine is 2.21 + 0.05
A and the average S-CH;-Cs angle is close to linearity (170 + 4 degrees). The

positioning of the transferred methyl group between the donor and acceptor
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atoms is stabilized by means of C-H---O hydrogen bond interactions established
between the methyl group and the carbonyl oxygen atoms of Asn304 and Gly78
(average distances of 2.62 + 0.09 and 2.71 + 0.12 A, see Figure 5). Similar
stabilizing interactions have been identified in other MTases.®’ TS 4-5 is also
stabilized by the hydrogen bond established between the N3 atom of cytosine
and Glu119 that displays a shorter average distance at this TS. The
reinforcement of the hydrogen bond formed between the N3 atom of the nucleo
base and GIlu119 indicates a preferential stabilization for the intermediate
species 4 and the subsequent TS (TS 4-5), which is the dynamical bottleneck
for methylation. The hydrogen bond established between this residue and the
exocyclic amine group of the C18 nucleo base is also reinforced during the
methylation step (see Table 1). These observations agree with experimental
analysis of Glu119 mutants that concluded that this residue is essential not only
for the stabilization of the extrahelical cytosine but also for catalysis."” However,
according to our results, proton transfer from this residue to the N3 position is
not required at this stage.

Table 1. Key average distances (A) obtained for reactant, intermediate, product and
transition states of the Cs-cytosine methylation step in M.Hhal. Standard deviations are
included. Free energies obtained after M06-2X/6-311+G**/MM corrections are given in
kcal-mol™.

3 TS 3-4 4 TS 4-5 5
d( S(SAM) - CH3(SAM) ) 1.83+0.05 1.82+0.04 1.83+0.04  2.10%0.05 2.96 +0.03
d( CH3(SAM) - C5(C18) ) 3.27+£0.09  3.09+0.14 2.93+0.05  2.21+0.05 1.52 4 0,03
d( S(Cys81) - C4(C18)) 315+0.11 254 +0.06 2.12+0.08  2.06 +0.06 1.96 % 0.05
d( Oey(Glu119) - Hep(Glu119) ) | 0.98£0.02  0.98 + 0.02 0.97+0.02  0.97 +0.03 0.98 + 0.03
d( HOex(GIu119) - N5(C18)) | 3.14+0.34  3.25+0.29 2.72+056  2.17 £0.22 3.45 +0.34
d( Oe,(Glu119) - Hyy(C18)) | 2.24+0.32  2.08+0.19 2.34+£033  2.19+0.25 2.02 +0.22
d( O(Phe79) - Hs»(C18) ) 2.16+0.17  2.09+0.18 2.12+0.18  2.05+0.15 2.04 +0.17
d( HNg(Arg165) — 0,(C18)) | 1.91+£0.09  1.95%0.13 1.92 £ 0.11 1.89 £ 0.09 1.96 £ 0.13
d( HNn,(Arg165) — 0,(C18)) | 2.16+0.16  2.04+0.15 2.02+013  2.09+0.17 2.05 +0.14
d( HNn;(Arg163) — 05(C18)) | 1.99+0.09  1.99 +0.14 1.96+0.14  211%0.15 2.17 £ 0.21
AG 0.0 25+0.3 23 16.8 + 0.4 27.4
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Nevertheless we have thoroughly explored the possibility of forming a
protonated cytosine intermediate by computing the PES and the free energy
profile associated with the process where Cys81 attacks the Cg atom of
cytosine and Glu119 donates a proton to the N3 atom of cytosine (see
Supporting Information Figure S13-S15 and Table S2). These results confirm
that protonation of the N3 atom of cytosine by Glu119 is not needed during the
nucleophilic attack of Cys81 to Cs. However, once intermediate 4 is formed the
extrahelical cytosine can be easily protonated at position N3 by Glu119 with a
low energy barrier. The resulting species, where the N3 atom of the cytosine is
protonated and the Cys81 is bonded to the cytosine, does not easily undergo
methylation (the energy barrier is significantly higher than for the unprotonated
species, see Figure S15 in Supporting Information) and thus can be considered
as a side-reaction in equilibrium with intermediate 4, which is the species that
can reach the methylated product through TS 4-5.

Figure 5. TS structure for the rate limiting step of the methylation process
corresponding to the methyl transfer from SAM to the Cs atom of cytosine (TS 4-5).
Dotted lines indicate the stabilizing interactions established between the methyl group

and the carbonyl oxygen atoms of Asn304 and Gly78.
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Our results show that the main role of Glu119 in the methylation step would be
attained by means of hydrogen bonding to the substrate. Substrate protonation
would take place in a subsequent step (see below). However, these results are
confronted to the experimental observation showing that the GIn119 variant is at
least 10° fold less active than the wild type enzyme and that also the global and
active site structures of the GIn119 variant and WT are similar."”” This result
could indicate that hydrogen bonding is not enough at this stage of the reaction
and that proton transfer to N3 plays an essential role not captured in our
QM/MM calculations. However, alternative explanations are also feasible for the
experimental result of the GIn119 variant, considering that the mutation can
perturb the active site and its catalytic properties. To investigate further this
point we carried out 60 ns of MM MD simulations of the ternary complex in the
GIn119 variant (see Figure S16 in Supporting Information). Analysis of the
simulation shows that while GIn is able to keep the hydrogen bond to N3, other
changes introduced in the active site after the mutation could explain the low
activity of the mutant. For example, hydrogen bond interactions of Arg163 and
Arg165 with the O, atom of the substrate, which are important for catalysis, are
substantially weaker in the mutant than in the wild type enzyme. The water
molecule hydrogen bonded to N3 is also found at larger distances in the mutant.
The hydrogen bond of the mutated residue to the exocyclic amino group of the
target base is also-weakened with respect to that reported for the wild type
enzyme (Figure 4). These changes could also explain the low catalytic
efficiency of the mutant without invoking proton transfer to Ns.

iii) p-elimination

In order to form the final reaction product, intermediate 5 formed after the
methylation step has to eliminate the excess proton located at position Cs of the
extrahelical cytosine and the covalent bond formed with Cys81 must be broken.
It should be taken into account that the Cs-H and the Ce¢-S bonds are found in
the same side of the cytosine ring and then the elimination reaction would be a
syn elimination that requires larger activation energies.?? In addition, there is
little experimental evidence about the nature of groups that could be involved in

acid or base-assisted catalysis during this f-elimination process."’
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Several theoretical studies have tried to characterize which is the residue in
charge of the abstraction of the excess proton from Cs position. It was
suggested that a DNA phosphate group could act as a base for proton
abstraction, assisted by a bridging water molecule,® although this possibility
seems difficult to accomplish after inspection of the distances from DNA
phosphate groups to Cs. It was also proposed that a hydroxide anion could
have access to the active site through a water channel observed in X-ray

1920 and then act as the reacting base.?’ This possibility was

structures
reconsidered in a recent QM/MM exploration of the reaction mechanism.?® The
free energy cost of generating a hydroxide anion was estimated from the
concentration of this ion in pure water at pH=7. Once the hydroxide anion is
generated (at a free energy cost of 12 kcal-mol™), the free energy barrier for
proton abstraction was estimated to be 8.7 kcal-mol™, resulting in a total free
energy barrier of 20.7 kcal'mol”, a value compatible with the free energy
barriers derived from the observed steady-state rate constants at 37 °C (0.011-
0.085 s7),">17% this is between 19.7 and 21.0 kcal'mol”. However, these
proposals have never considered the free energy cost of generating the
hydroxide anion in the active site, an environment which is quite different from
that found for the anion in bulk water. We thus decide to critically evaluate this
proposal considering the free energy cost of generating the hydroxide anion in

the active site (4G~ 55) @s the sum of two contributions, the free energy cost

of having the anion in pure water (4Gpy- aq) plus the free energy cost of

moving this anion from bulk water to the active site:
AGopy- a5 = AGoH- | aq + AGag—as (1)

The first term of the right hand-side in equation (1) was considered to be 12

kcal-mol”" as in previous works®'?®

while the second term was obtained by
means of a thermodynamic cycle that considered the transformation of a water
molecule into a hydroxide anion in solution and in the active site of M.Hhal
using FEP techniques (details are provided as Supporting Information in Free
Energy Perturbation Protocol section). Our calculations show that the
contribution due to the transportation of the hydroxide anion from the bulk to the

active site of M.Hhal is 12.2 + 0.2 kcal'mol”. Note that this free energy
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difference could roughly correspond to the formation of an additional moderately
strong hydrogen bond in solution. Then our estimation of the free energy cost of

generating the hydroxide anion in the active site is AGpy- 5= 24.2 kcal-mol™.

This result clearly shows that the possibility of a hydroxide anion acting as the
base in charge of Cs-proton abstraction must be disregarded. If we add this
value to the free energy barrier for the proton abstraction estimated in the
aforementioned QM/MM calculations (8.7 kcal'mol™) the total free energy
barrier would be 32.9 kcal-mol™, too high for an enzymatic reaction. The reason
for this large increase is that the interactions established by a hypothetical
hydroxide anion in the active site of M.Hhal would be much less favorable than
in bulk water, where strong hydrogen bonds can be established between the
anion and many available water molecules. Obviously, the opposite situation,
where the generation of a hydroxide anion is easier in an enzymatic active site
than in solution, would be possible in an active site containing a positively
charged center, for example a metal cation, that could stabilize the hydroxide

anion.%®

Once the presence of a hydroxide anion as the base deprotonating Cs position
has been ruled out, we reevaluated the possibility of a water molecule acting as
a base. The energy barrier calculated for the proton abstraction from Cs by a
water molecule and the Cys81 expulsion was found too high to be compatible
with experimental rate constants in previous studies.?! For this reason we
explored the possibility that the process could take place after activation of
intermediate 5 by means of N3 protonation. According to this proposal, Glu119
would protonate the N3 atom of the cytosine base at this step and not during the
methylation. Experimental studies have showed that the catalytic activity of
M.Hhal is highly sensitive to mutations of this residue. Glu119Ala, Glu119Gin
and Glu119Asp mutants show a considerable reduction not only in the rate-
constant of the methylation step (which, as discussed above, could be
explained by the stronger hydrogen bonds formed between this residue and the
nucleo base at TS 4-5) but also in the steady-state rate constant, that
corresponds to a slower step occurring after methylation."”” In the X-ray
structure'® a water molecule labelled as 404 is located 3.31 A from the Cs atom

of the target cytosine while in our MD simulations we observe an average
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distance of 3.49 + 0.28 A between the oxygen atom of the closer water
molecule and the excess proton (Hs). We then explored the possibility that
intermediate 5, activated after protonation at the Ns position by Glu119,
undergoes the otherwise difficult B-elimination with this water molecule acting
as the abstracting base. Once the proton is abstracted by this water molecule it

can be easily transferred to the bulk by means of a water channel.?’

In Figure 6 we present the mechanism found in this work for the B-elimination
step. The coordinates considered for the exploration of the multidimensional
FES include the distances associated with the proton transfer from Glu119 to
N3, the Cs-S(Cys81) distance and the distances describing the proton transfer
from Cs to the water molecule. In our QM/MM description the reaction proceeds
from the methylated intermediate 5 to the first TS (TS 5-6) where the proton
from Glu119 is transferred to the N3 atom of the substrate leading to
intermediate 6. This step has a free energy barrier of 4.8 + 0.3 kcal-mol™ and
leads to a positively charged intermediate 6 which is 3.4 kcal-mol™” above 5. In
this intermediate the charge of the excess proton increases from 5 to 6 (0.244
and 0.327 a.u., respectively, according to CHELP calculations)®® facilitating the
proton abstraction by a water molecule. The free energy barrier for this step is
of 15.3 = 0.5 kcal-mol™. Therefore the overall free energy cost to perform the
proton abstraction from structure 5 by a water molecule is 18.7 kcal-mol™ (see
Figure 6). This activation free energy is in reasonable agreement with the
values derived from the steady-state rate constants, 19.7-21.0 kcal-mol™(see
above). It must be noticed that the high free energy obtained for the product of
this proton abstraction step (state 7) is due to the presence of a hydronium ion
in the active site (see below). The mechanism proposed in this work for Cs
proton abstraction has been further confirmed analyzing the PESs obtained at
the M06-2X/MM level (see Figure S17 provided as Supporting Information).

Key averaged distances for the stationary states found in this step are provided
in Table 2. In the first TS, associated with the proton transfer from Glu119 to
cytosine (TS 5-6), the transferred proton is found at 1.29 + 0.03 A of the O
atom of Glu119, while the distance to the N3 atom of cytosine is 1.27 + 0.03 A.
In intermediate 6 the negatively charged Glu119 residue is hydrogen bonded to
the protonated N3 atom (the O.-H distance being 1.89 * 0.10 A). As a
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consequence of the delocalization of the positive charge on the cytosine ring, in
intermediate 6 the water molecule approaches the Hs proton, displaying an
average Oy-Hs distance of only 2.11 + 0.04 A. Afterwards the reaction proceeds
through TS 6-7 where the water molecule abstracts the Hs proton from the
cytosine nucleo base. In this TS the bond between the oxygen atom of the
water molecule and the Hs proton is almost completely formed displaying an
average distance of 1.19 + 0.04 A; while the distance between the Cs atom and
the Hs proton is 1.48 + 0.04 A. Finally a hydronium ion and a neutral
intermediate (7) are formed, where the distance between Cs and Hs atoms is
lengthened to 2.33 + 0.09 A. The hydronium ion is hydrogen bonded to a water
molecule which is part of a water channel that leads to the bulk (see Figure S18
in Supporting Information).
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Figure 6. a) Scheme for the B-elimination step in M.Hhal. b) AM1/MM PMFs,
corrected at the M06-2X/6-311+G** level, obtained for the protonation of N3 atom of
cytosine by Glu119 (TS 5-6) and Hs proton abstraction by a water molecule (TS 6-7),
as a function of the collective path coordinate s.
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Table 2. Key average distances (in A) obtained for reactant, intermediate, product and
transition states for the Hs abstraction in M.Hhal. Standard deviations are included.
Free energies obtained after M06-2X/6-311+G**/MM corrections are given in kcal-mol’
1

TS 5-6 6 TS 6-7 7

d( Cs(C18) - Hs(C18) ) 1.13+0.03 1.14 £ 0.03 1.48 £ 0.04 2.33 +0.09

d( Hs(C18) - O(WAT ) 3.43+0.25 2.11 £ 0.04 1.19+ 0.04 1.00  0.03

d( S(Cys81) - C4(C18)) 1.92 +0.05 1.93 +0.05 1.94 +0.05 1.96 + 0.05

d( Oe(Glu119) - Hex(Glu119) ) 1.29 + 0.03 1.89+0.10 3.02 £ 0.27 3.31+0.23

d( HOE,(Glu119) - N4(C18) ) 1.27 £ 0.03 1.06 + 0.03 1.01+0.03 1.01+0.03

d( Oey(Glu119) - Hyy(C18) ) 2.18£0.16 1.84 +0.11 2.30 +0.27 2.25 +0.30

d( O(Phe79) - Hs»(C18)) 1.95+0.14 3.25+0.48 4.02 +0.30 4.39 +0.35

d( HNg(Arg165) — 0,(C18)) 1.94 + 0.11 2.02+0.14 2.04 £0.13 1.97 +0.11

d( HNn,(Arg165) — 0,(C18) ) 2.11+0.15 2.11+0.17 2.11+0.17 2.07 £0.14

d( HNn(Arg163) — 05(C18)) 2.46 + 0.26 2.62+0.25 2.26 +0.22 2.08 +0.17
AG 22.6+0.3 -24.0 87+05 -15.1

For the subsequent step we considered that this hydronium can be easily
removed from the active site transferring the proton through the water channel
to the bulk, reaching intermediate 7°. In order to estimate the free energy
difference between the intermediate 7 and the intermediate 7°, where the
hydronium ion formed from the previous step has already transferred the
excess proton to the solvent, we have considered the free energy cost of
generating the hydronium cation in the active site and in pure water following
the same scheme as for the formation of the hydroxide (see FEP protocol in
Supporting Information). In this case the formation of the hydronium cation was
calculated to be 5.6 + 0.1 kcal-mol™ more stable in pure water than in the active
site. It could be somewhat surprising that the same active site (although at
different stages of the catalytic cycle) destabilizes both the hydroxide and the
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hydronium ions. This suggests that ion desolvation (including both electrostatic
and hydrogen bonding contributions) is the main reason for the two cases. The
free energy differences observed for the two ions (ranging between 5 and 12
kcal-mol™) are of the order of magnitude of a moderately strong hydrogen bond.

After Cs deprotonation, the reaction mechanism concludes breaking the bond
between cytosine and Cys81 nucleophile and recovering the protonation state
of Glu119. Figure 7 illustrates the mechanism found and the corresponding
PMF corrected at the M06-2X level. This final step consists in a stepwise Cg-
S(Cys81) bond breaking followed by proton transfer from N3 back to Glu119.
Starting from structure 7’ the free energy barrier for the Cs-S bond breaking
process (TS 7’-8) is 4.8 + 0.4 kcal'mol”, leading to a positively charged
intermediate 8. This intermediate has a free energy of 3.7 kcal-mol™” above 7°.
After this intermediate the reaction proceeds through a second TS (TS 8-9), in
which the initial protonation state of Glu119 is recovered after a direct transfer
from N3. This last TS (TS 8-9) is found 3.5 + 0.2 kcal-mol ™' above intermediate 8
(7.2 kcal-mol™" above 7°) and leads to the final reaction product where the active
site is regenerated and ready for the next catalytic turnover. The proposed
mechanism for this last step has been further tested analyzing the PESs at the
MO06-2X/MM level (see Figure S17 in Supporting Information).

Relevant distances associated with the stationary states of this final step are
provided in Table 3. In TS 7’-8 the distance between the S(Cys81) atom and the
Cs atom of cytosine is 2.56 + 0.09 A, significantly larger than the distance found
at intermediate 7, 1.96 + 0.05 A. After this TS an intermediate (8) is reached
where the Cys81 residue is completely separated from the cytosine ring (the
distance between the S(Cys81) atom and the Cg atom of cytosine is 3.17 £ 0.06
A). In this intermediate state the negatively charged Glu119 residue is doubly
hydrogen bonded to the cytosine through the N3 position and the exocyclic
amino group (see Table 3). Finally, TS 8-9 leads to the final reaction product (9)
where Glu119 receives back its proton from Ns. At this TS, the distance
between the O, atom of Glu119 and the proton bonded to the N3 position is 1.33
+ 0.04 A, while the distance between the N3 atom and the proton to be
transferred is of 1.23 + 0.04 A. In the final state, the target cytosine C18 has
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been methylated at position Cs and the active site is prepared for the next
catalytic cycle.
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Figure 7. a) Scheme for the breaking of the enzyme-DNA covalent adduct and
restoration of Glu119 protonation state. b) AM1/MM PMFs, corrected at the M06-2X/6-
311+G** level, obtained for the process of breaking the covalent cytosine-Cys81
adduct (TS 7’-8) and reprotonation of the Glu119 residue (TS 8-9) in M.Hhal as a
function of the collective path coordinate s.
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Table 3. Key average distances (in A) obtained for reactant, intermediate, product and
transition states for the process of breaking the covalent cytosine-Cys81 adduct and
reprotonation of the Glu119 residue in M.Hhal. Standard deviations are included. Free

energies obtained after M06-2X/6-311+G**/MM corrections are given in kcal-mol™.

TS 7-8 8 TS 8-9 9

d( S(Cys81) - C4(C18)) 2.56+0.04  3.17+0.06  3.77+023  3.31%0.13

d( Oe,(Glu119) - Hex(Glu119) ) 1.89 % 0.10 1.96 + 0.14 133+£0.04  0.98+0.03
d( HOg5(Glu119) - N5(C18) ) 1.03 £0.03 1.03 £ 0.03 123+0.04  2.20%0.07
d( Oe(Glu119) - Hy1(C18) ) 2.00+£0.14  2.14%0.21 229+024  2.16+0.16
d( O(Phe79) - Hs»(C18) ) 2.70£0.40  2.13+0.32 1.92+0.10  2.99+0.35

d( HNe(Arg165) — O,(C18) ) 2.01+0.12 1.97 £ 0.12 1.92+0.10  1.91+0.09
d( HNn,(Arg165) — 0,(C18) ) 2.09+0.16  2.08+0.17  2.09+0.15  2.06+0.14
d( HNn,(Arg163) — 05(C18) ) 219+0.19  218+0.17  2.39+027  2.03+0.14

AG 20.7 +0.4 -15.9 -13.5+0.2 -20.6

4. Conclusions

M.Hhal is a DNA Methyltransferase from Haemophilus haemolyticus that
catalyzes the transfer of a methyl group from S-adenosyl-L-methionine (SAM) to
the Cs position of a cytosine and that has been thoroughly used as a model for
mammalian Cs-DNA MTases. In this work 100 ns long MD simulation has been
carried out for the ternary complex formed by the cofactor, the protein and a
DNA dodecamer that contains the recognition sequence. The starting point for
our study was the X-ray structure found at the PDB with code 2HR1 that shows
the target cytosine (C18) flipped out in the active site.

An equilibrated structure taken from the classical MD simulation was used as
starting point for the exploration of the multidimensional free energy landscape
associated with the reaction catalyzed by M.Hhal. QM/MM calculations were
performed using the AM1 Hamiltonian, corrected by means of single-point
calculations at the M06-2X level. The string method was used to identify the
MFEPs associated with different mechanistic proposals. The reaction
mechanism involves several chemical events: the nucleophilic addition of an
unprotonated Cys81 to the Cg position, the methyl transfer to the Cs position
and the abstraction of the excess proton from this atom. Some of these events

can take place concertedly or in a stepwise manner. Usually exploration of free
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energy landscapes associated with chemical reactions are made selecting one
or two distinguished reaction coordinates, which inevitably bias the outcome of
the simulations. In this work we have used the string method in a
multidimensional space where different chemical events can be treated on
equal-foot basis. Our results clarify most of the current debates about the
reaction mechanism in this enzyme and the role of key residues present in the
active site.

The free energy profile of the global process is shown in Figure 8. In agreement
with experimental observations we found that the nucleophilic addition of an
unprotonated Cys81 to the target nucleo base is a fast and reversible
equilibrium preceding the methylation step. Deprotonation of Cys81 residue can
be reached after the formation of the Michaelis complex by means of a proton
transfer to the bulk solvent mediated by DNA phosphate groups. Methyl transfer
is the rate-limiting step during the process of the formation of the methylated
adduct, and our free energy barrier is in excellent agreement with the value
derived from the experimentally determined pre-steady state rate constant.
During this step proton transfer from Glu119 to the N3 position is not required.
However, this residue catalyzes the process by means of two hydrogen bonds
formed with the extrahelical base that are strengthened during the process. This
residue plays also a determinant role during the p-elimination step. FEP
calculations have been used to rule out the participation of a hydroxide anion as
the base in charge of the elimination of the excess proton from position Cs, as
proposed in previous works. Instead, a water molecule could be in charge of
this abstraction if the extrahelical cytosine is previously protonated at position
N3 by Glu119. The free energy barrier obtained with this proposal is also in very
good agreement with the value derived from the steady-state rate constants.
The reaction is completed breaking the adduct formed between the extrahelical
cytosine and Cys81 and restoring the protonation state of Glu119.



34

20 ~

T 5 - w“ g-Elimination Step
o 1 3
£ o[\ 47
> s (A)
g Cys81 Addition 156-7
c -10 A _
L _ 7 Ts7-8 T58-9
o -15 Methylation Step
v 9
w -20 A

25

.30 -

Figure 8. AM1/MM PMFs, corrected at the M06-2X/6-311+G** level, obtained for the
addition of the Cys81 residue, the methylation transfer and the (-elimination step as a

function of the collective path coordinate s.

The mechanistic description described in the present study agrees with most of
the experimental observations made on this system, rationalizes the role played
by the conserved Glu119 residue and identifies the nature of the base in charge
of proton abstraction, issues that have been the subject of a long debate in the
literature. The robustness of our results have been confirmed a posteriori
obtaining relevant PES at the MO06-2X/MM level, which allowed us also to
rationalize some differences observed with respect to previous theoretical
analyses. The picture obtained in this work could be useful to design future
mutational studies to confirm the nature of the reaction mechanism and as a
guide for the design on new and more efficient inhibitors of Cs-DNA MTases.
Mutations of Ser86 could affect Cys81 deprotonation while Pro80 mutations
could block the access of water to the active site, maybe preventing the -
elimination. The use of a thioacid analog of Glu119 could be useful to clarify the
role of this residue, as far as our simulations show that the GIn119 variant could

provoke unexpected changes in the active site properties.
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Supporting Information Contents

A representation of the interactions established between cofactor SAM and the
surrounding amino acids during the MD simulation is provided as Supporting
Information in Figure S1. Schemes S1 to S5 show the different QM subsystems
employed at every step of the reaction mechanism and the convergence of the
string method for each of them. The free energy perturbation protocol and
Schemes S6 and S7 illustrating the thermodynamic cycle employed to calculate
the free energy cost of moving a hydroxide anion or a hydronium ion from the
solution to the active site are provided. Plots of the Root-Mean-Squared-
Deviations (RMSD) for the enzyme and DNA backbone atoms for the Cys81
deprotonated system are shown in Figure S2. Discussion of the Protein-DNA
interactions and plots for the number of direct and water mediated hydrogen
bonds between the enzyme and the DNA are shown in Figure S3. The most
important protein-DNA hydrogen bond interactions are discussed and depicted
in Figure S4. Discussion of the DNA structure and a plot showing the average
number of hydrogen bonds between the DNA base pairs for the deprotonated
system are provided in Figure S5. Analysis for the neutral Cys81 system is
provided in Figures S6 to S10. Figure S11 shows the Potential Energy Surfaces
calculated at the M06-2X/6-31G**/MM level for the deprotonation of Cys81 by a
DNA phosphate group mediated by Ser85 and by a water molecule. In Table S1
we show the key averaged distances and free energies for the aforementioned
processes. Figure S10 shows the Potential Energy Surface calculated at the
MO06-2X/6-31G**/MM and B3LYP/6-31G**/MM levels for the methyl transfer and
the nucleophilic attack of Cys81. Figure S13 shows the side reaction where
Glu119 protonates the cytosine ring and the AM1/MM PMFs corrected at the
MO06-2X/6-31G** level for this process. Table S2 provides the most important
average distances and free energies for the aforementioned process. Figure
S14 shows the Potential Energy Surface calculated at the M06-2X/6-31G**/MM
level for the addition of Cys81 to the cytosine ring and the proton transfer from
Glu119 to the N3 atom of cytosine. Figure S15 shows the Potential Energy
Surface calculated at the M06-2X/6-31G**/MM level for the proton transfer from
Glu119 to the N3 atom of cytosine and the methyl transfer from SAM to C5
position. Figure S16 shows the most important interactions between the
cytosine base and the amino acids in the active site of the Glu119GIn mutated
enzyme. Figure S17 shows the Potential Energy Surfaces calculated at the
MO06-2X/6-31G**/MM level for the two processes involved in the B-elimination
step. Finally in Figure S18 a representation of the water channel connecting the
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hydronium ion formed in the active site with the bulk, once the proton
abstraction from the Cs atom of the cytosine has taken place, is shown.
Complete references 38 and 55 are also provided.
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