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ABSTRACT: Mg2+ is required for the catalytic activity of TrmD, a bacteria-
specific methyltransferase that is made up of a protein topological knot-fold, to
synthesize methylated m1G37-tRNA to support life. However, neither the location
of Mg2+ in the structure of TrmD nor its role in the catalytic mechanism is known.
Using molecular dynamics (MD) simulations, we identify a plausible Mg2+

binding pocket within the active site of the enzyme, wherein the ion is
coordinated by two aspartates and a glutamate. In this position, Mg2+ additionally
interacts with the carboxylate of a methyl donor cofactor S-adenosylmethionine
(SAM). The computational results are validated by experimental mutation studies,
which demonstrate the importance of the Mg2+-binding residues for the catalytic
activity. The presence of Mg2+ in the binding pocket induces SAM to adopt a
unique bent shape required for the methyl transfer activity and causes a structural
reorganization of the active site. Quantum mechanical calculations show that the
methyl transfer is energetically feasible only when Mg2+ is bound in the position
revealed by the MD simulations, demonstrating that its function is to align the active site residues within the topological knot-fold in
a geometry optimal for catalysis. The obtained insights provide the opportunity for developing a strategy of antibacterial drug
discovery based on targeting of Mg2+-binding to TrmD.
KEYWORDS: Mg2+ binding, trefoil knot, methyl transfer, m1G37-tRNA, enzymatic catalysis

1. INTRODUCTION

Methyl transfer reactions play vital roles in a variety of
physiological processes. They most often employ the methyl
donor S-adenosyl-methionine (SAM) for methyl transfer. The
methyl group of SAM is a part of the charged sulfonium
moiety, which is thermodynamically labile, making the methyl
substituent highly reactive toward nucleophiles. As such,
methyl transfers catalyzed by methyltransferases usually occur
without the assistance of metal ions. Even in the rare cases,
wherein metal ions are required, their role is usually limited to
stabilizing substrates and enhancing selectivity,1−4 but are not
directly involved in the actual breaking and formation of
chemical bonds. This is in contrast to, for instance, phosphoryl
transfer reactions catalyzed by kinases, which strictly require
divalent metal ions to orient the γ-phosphoryl group of ATP
“in-line” with respect to the substrate to create the correct
geometry for catalysis.5

Unexpectedly, it has recently been shown that the SAM-
dependent methyl transfer catalyzed by a bacterial methyl-
transferase TrmD requires the presence of Mg2+ ions.6 This
reaction produces m1G37-tRNA, which maintains protein
synthesis reading frame and thus is essential for life.7−10 While
the m1G37 methylation of tRNA is strictly conserved in all
three domains of life,7,11 it is catalyzed by TrmD in bacteria,
but by Trm5 in Archaea and Eukarya.12 In contrast to TrmD

that requires Mg2+ for catalysis, Trm5 needs no metal ions, a
key distinction that separates the two enzymes, which also
differ in sequence,13 structure,14−16 topology,17 SAM bind-
ing,18,19 and the mechanism of recognition of tRNA and the
target base.20,21 These fundamental differences, together with
the essentiality of the m1G37-tRNA product for growth, have
placed TrmD as a leading antimicrobial target.22 Additionally,
the Mg2+-requirement of TrmD has been recently implicated in
regulating the expression of the metal ion transporter gene
mgtA,23 suggesting a broader impact in biology. Therefore, a
detailed elucidation of the Mg2+-dependent catalysis of TrmD
is of utmost importance, permitting the development of
selective targeting of the enzyme, away from Trm5 and the
majority of other methyltransferases, which are independent of
divalent metal ions for methyl transfer. Indeed, TrmD is
present in all of the 12 drug-resistant bacteria recently
identified as high-priority pathogens by the World Health
Organization.24 Although pharmaceutical companies attemp-
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ted to target TrmD, the progress has stalled25 mainly because
its catalytic mechanism is not sufficiently understood and the
selectivity against Trm5 not adequately addressed.
The Mg2+ requirement of TrmD may be associated with the

unusual active site structure of this enzyme. TrmD is a member
of the SPOUT family of methyltransferases13,26 that feature a
knotted active site (part of the protein backbone is threaded
through a loop) resulting in a topology known as the “trefoil-
knot”-fold.27,28 The role of knots in the protein structure has
recently been a subject of intensive research.29 The knots have
been shown to, for example, have an impact on protein
stability30,31 and resistance to degradation.32 However, the
common presence of knots in enzyme active sites implies a
function in the catalytic activity, which is yet to be elucidated.
TrmD is an obligate dimer that binds SAM in the deep crevice
of the trefoil-knot in between the two monomers.33 In contrast,
Trm5 is an active monomer and its active site is made up of the
open structure of the dinucleotide-binding Rossmann-fold that
binds SAM.15 TrmD is also unique in that it uses only one
Mg2+ ion per dimeric enzyme to activate the methyl transfer
reaction.6

It has been established that two highly conserved amino
acids are required for the activity of TrmD: D169, whose role
is most likely to abstract the proton from the N1 of G37, and
R154, which may provide stabilization of the developing
negative charge at the O6 (Figure 1).6,12,34,35 The Mg2+-

dependent activation is chemically novel and it has been
originally proposed that the metal ion is coordinated to the O6

of G37 target nucleobase, in a role similar to that of R154 by
acidifying the N1 proton and stabilizing the negatively charged
intermediate.6 Such mechanistic picture was suggested by
metal rescue experiments, which have shown that while TrmD
methylates the thio-containing S6-G37 analog of tRNA with a
fourfold reduced efficiency, the replacement of Mg2+ with Co2+

ions in the buffer restores the activity with this modified
substrate to a normal level.6 Because Co2+ has a high affinity
for sulfur,36,37 this result suggested the direct interaction of the
atom in position 6 of G37 with the metal ion during the
transition state of methyl transfer.
However, because none of TrmD crystal structures contain

Mg2+33−35,38 to reveal its actual location in the structure of the
enzyme, the details of the catalytic mechanism remain unclear.
The Mg2+-dependent catalysis is also difficult to study by
spectroscopy because the magnesium ion is spectroscopically
silent. We believe that computational methods can be

efficiently applied to address both the issues of the exact
Mg2+ binding position to the enzyme and its role in the
catalysis. Thus, herein, we describe a combined molecular
dynamics (MD) simulation and quantum mechanics (QM)
investigations aimed at elucidating the Mg2+-dependent
catalysis by TrmD. While the MD method allows for a
comprehensive analysis of the conformational landscape and
the preference of the enzyme for Mg2+ binding, the QM
enables the quantitative analysis of the energetics of methyl
transfer. Our current computational studies, validated by
mutational experiments, uncover a new site for Mg2+ binding
within the active site, but away from G37, which was missed
previously. These results demonstrate that a primary role of the
ion is in fact to optimize the conformations of the active site
and of SAM for methyl transfer.

2. RESULTS AND DISCUSSION
2.1. MD Simulations. 2.1.1. Mg2+ Preferentially Binds

within the Active Site of TrmD. Each monomer of TrmD
consists of two domains (N- and C-terminal) and a flexible
linker between them. The trefoil-knot is embedded in the N-
terminal domain (Figure 2). TrmD is distinct from other

SPOUT methyltransferases in that only one active site is
operative at a time and that only one tRNA is bound per
dimer, consistent with the finding that only one Mg2+ per
dimer is required for catalysis.6

Available data concerning the location of Mg2+ in the TrmD
complex is limited. Especially there is a lack of structural details
regarding the ion’s binding.38 To thoroughly probe the
possible ion binding sites, we used both the classical and the
replica exchange all-atom MD simulations, with the latter
allowing for a broader probing of the conformational space.
Such simulations are the most reliable means to locate the
most favorable binding sites of Mg2+ and to determine how the
ion binding affects the enzyme structure. The two methods
yielded identical results and conclusions, which are summar-
ized in this section (technical details of the simulations are
given in the Methods section and in the Supporting
Information).

Figure 1. Overview of the originally proposed mechanism of
methylation catalyzed by TrmD, postulating the interaction of Mg2+

with the O6 of G37.6

Figure 2. Crystal structure of the ternary TrmD−tRNA−SFG
complex (PDB code: 4yvi; SFG = Sinefungin, a potent SAM analog).
The inset shows the knotted region of TrmD (in rainbow-traced
cartoon representation) and SFG colored magenta and presented in
van der Waals representation. The substrate (tRNA) is colored
orange, the two chains of the protein are colored blue and green. The
location of the knot along the backbone was determined using
KnotProt database.14

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://dx.doi.org/10.1021/acscatal.0c00059
ACS Catal. 2020, 10, 8058−8068

8059

http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c00059/suppl_file/cs0c00059_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c00059/suppl_file/cs0c00059_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00059?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00059?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00059?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00059?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00059?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00059?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00059?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c00059?fig=fig2&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c00059?ref=pdf


We performed the simulations based on two forms of
Haemophilus influenzae TrmD: the binary complex of the
holoenzyme with SAM and the ternary complex of the
holoenzyme with SAM and tRNA. Simulations for each
complex were performed for almost 7.5 μs in 27 independent
trajectories of classical MD simulations and additional 6
independent replica exchange trajectories for the ternary
complex. Mg2+ ions were placed randomly in the explicit
solvent with no contact with the complex at the start of each
simulation. Note that beside Mg2+ there were also Na+ ions in
the simulation system that were used to neutralize the overall
charge.
In the simulations, Mg2+ ion binds spontaneously and

repeatedly to the active site of both complexes, but at an
unexpected position. Namely, instead of coordinating to G37
as proposed before (Figure 1),6 the ion interacts with the
carboxylates of three acidic residues in the active siteE116,
D169*, and D177* (* symbol denotes the residues from the
second monomer of TrmD) and also with the carboxylate of
SAM (each deprotonated under the physiological pH, Figure
3A). We observed a clear preference for the Mg2+ binding to

only one of the two active sites (Figure S1), supporting the
notion that only one metal ion is required for catalysis.6 Upon
binding of Mg2+ to one site, the interdomain linker becomes
stabilized in the position that blocks the ion from access to the
second potential ion binding site (Figure S5). The fact that
both the binary and ternary complexes have the same binding
mode of Mg2+ shows that the ion does not require the presence
of tRNA for binding to TrmD, also in line with the
experimental results. It is worth noting that the starting
structure of the binary complex was symmetrical and we
observe unbiased binding of the ion occurring at either one of
the active sites, which shows the robustness of the applied
computational approach.

Although we performed long and extensive simulations, we
did not observe a spontaneous binding of Mg2+ to nucleobase
G37. In the case when we manually placed Mg2+ near the O6 of
G37 (10 independent simulations), the ion immediately
moved away (within an average of 10 ns) from the O6 to
make contact with the N7 of G37 instead. Even during this
short period, we often observed a spontaneous binding of a
Na+ ion in the same negatively charged binding pocket
comprised of the carboxylate groups of E116, D169*, D177*,
and SAM, resulting in a temporary enzyme structure
containing two metal ions bound simultaneously.
Furthermore, we performed similar simulations of TrmD

complexes, but under conditions without Mg2+, in which Na+

were the only positively charged ions present in the solvent.
We observed that, while the monovalent Na+ ion also
frequently visited the binding site (Figure 3B), in contrast to
Mg2+, it could bind to both monomers simultaneously (Figure
S1). In the holoenzyme simulations, in which both ions were
present, Mg2+ occupied the binding site considerably longer.
Such inclination can be explained by the electrostatic potential
distribution for the protein (Figure S4). The active site vicinity
has a patch of negative charges, favoring the more positively
charged Mg2+ ions. Nonetheless, our result indicates that the
competition of Na+ for the binding site reduces the access of
Mg2+, especially when tRNA is present, in agreement with
experimental data showing that TrmD is the most active in the
absence of monovalent ions (e.g., KCl39).
In order to validate the identity of the Mg2+ binding site

determined by the MD simulations, we measured the kinetics
of methyl transfer (kobs) under single-turnover conditions as a
function of Mg2+ concentration. This allowed us to determine
both the enzyme affinity for the metal ion [Kd(Mg2+)] and the
rate of the chemical step (kchem). While the wild type enzyme
exhibited both Kd(Mg2+) and kchem closely similar to those
reported previously (Figure 4A),40 the alanine substitution of
each of the three carboxylic residues generated a mutant with
either one or both of these parameters negatively affected
(Figure 4B−D). Thus, the mutants displayed reduced overall
catalytic efficacy of the methyl transfer in terms of kchem/
Kd(Mg2+).

2.1.2. Crystal Structures Support the Location of Mg2+

Determined by MD Simulations. Although there are no Mg2+

ions explicitly identified in any of the available structures of
TrmD, the possibility exists that because of the similarity in the
electron density between Mg2+ (and Na+) ions and water
molecules, some of the ions have been misinterpreted as crystal
waters. There are in fact examples that Mg2+ and other ions
have been incorrectly recognized as water and vice versa.41,42

Therefore, using the method that characterizes the number of
interactions between water molecules and surrounding
atoms,41 we investigated crystal waters in the available X-ray
structures of TrmD.
We found water molecules interacting with more than four

standard partners located in the active site in four of the
structures.33,34 The location of the waters corresponds to that
of Mg2+ and Na+ established in our MD simulations (Figure
3C, more information in the Supporting Information). In each
case, the waters are in contact with SAM (or its analog) and
the carboxylate groups of acidic residues, suggesting that in fact
they might be metal ions. Moreover, the crystal structure of
TrmD−tRNA−SFG (PDB code: 4yvi) contains an unassigned
electron density near the methionine moiety of the ligand35

(Figure 3D). Its position corresponds almost exactly to the

Figure 3. Active site region of TrmD. (A) binding site of Mg2+ ion
determined by MD simulations, (B) preferred binding site of Na+ ion
in simulations without Mg2+, (C) positions of water molecules (from
PDB codes: 4mcb, 4yq0, 4yq6, 4yqo) having more than four
interactions in crystal structures of TrmD (putatively ions), (D)
fragment of electron density map (FoFc, 3 sigma, PDB code: 4yvi)
showing an unassigned density in the same region. Rainbow-traced
cartoon representation shows the knotted region of TrmD.
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location of the waters identified by the above procedure as well
as to the preferred Mg2+ binding site observed in the
simulations. Hence, the crystal waters may be an overlooked
metal ion bound to the enzyme.
All of these data support the results of the simulations and

indicate the presence of a binding site for cations within the
active site of TrmD, comprised of the carboxylates of E116,
D169*, D177*, and SAM.
2.1.3. Mg2+ Binding Alters the Conformation of the Active

Site. To assess how Mg2+ binding impacts the structure of
TrmD, we performed 10 independent MD simulations of the
ternary complex (jointly 1 μs) with Mg2+ placed from the start
in the previously identified binding site. During these
simulations, we observed no departure of the metal ion from
the site, likely due to its strong electrostatic interactions with
the negatively charged carboxylates.
The simulations showed that the presence of Mg2+

considerably alters the active site. Most notably, D169*
moves away from G37 to a separation distance as long as 5.5 Å,
allowing for a water molecule to come in between. To a lesser
extent, R154* also moves away from the O6 of G37 and the
methyl of SAM moves away from the N1 of G37 (Figure 5).
Intriguingly, while these conformational changes render the
key R154* and D169* residues to be distanced from the
nucleobase substrate, as it will be shown by QM calculations
(see below), they actually facilitate the methyl transfer.
The influence of Mg2+ binding extends beyond the alteration

of the positions of the active site residues. Simulations of the
binary complex of TrmD with SAM demonstrated that the ion
is also crucial to induce the bent conformation of the methyl
donor, a unique feature that is required for methyl transfer in
the active site of TrmD12 and is distinct from the open

conformation present in Trm5. While, in the absence of tRNA,
the methionine moiety of SAM is rather flexible in the active
site, shifting between the open and the bent conformation, its
coordination to Mg2+ through the carboxylate group stabilizes
the bent structure. In contrast, this stabilization does not occur
with Na+, which largely promoted the open conformation in
the simulations (Figure 6). Thus, Mg2+ impacts the

conformation of SAM in a way important for catalysis. Because
of the shifts between the open and bent conformation, we
tested whether Mg2+ binding alters the energy of SAM binding
in these two states. We analyzed the network of hydrogen
bonds in both open and bent states of SAM in TrmD (Table
S3). This shows that the number of hydrogen bonds is
approximately constant in the two states, consistent with a
previous observation that Mg2+ binding does not affect the
affinity of SAM for the enzyme.6 However, we observed
different types of hydrogen bonds in the two states, reflecting
the differences between them. For instance, the hydrogen bond
between the amino group of the methionine moiety in SAM
and the carboxylate of D177* is specific for the bent form,
whereas it is substituted by a hydrogen bond between R154*
and the carboxylate group of SAM in the open form. Thus,
Mg2+ binding constrains the methyl donor into the bent
conformation even before the binding of tRNA.

Figure 4. Mutations in the negatively charged Mg2+-binding patch
hinder the methyl transfer by TrmD. Shown are titrations of kobs vs
the metal ion concentration for (A) wild type TrmD enzyme, (B)
E116A mutant, (C) D169A mutant, and (D) D177A mutant. Shown
at the bottom are kinetic parameters kchem, Kd(Mg2+), and the fold
change of kchem/Kd(Mg2+).

Figure 5. Important distances in the active site of TrmD depending
on the presence and location of positive ions. Each distance is shown
as an average minimal distance with standard deviation from at least 9
independent trajectories of tRNA-bound complexes or as a value
extracted from the TrmD crystal structure (PDB code: 4yvi).

Figure 6. Free-energy landscape of SAM conformational space based
on simulations of the holoenzyme with (left panel) and without (right
panel) magnesium ions. Distance between the carboxylic carbon and
C4 in SAM shows the separation between its methionine and adenine
moieties, whereas the angle between C4′, S, and Cγ indicates whether
the ligand is in the bent (about 100°) or the extended (about 135°)
conformation.
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2.1.4. Placing Mg2+ near G37 of tRNA. As described above,
Mg2+ did not spontaneously bind to G37 during the
simulations, and when manually placed in this location, it left
the site shortly. However, when Mg2+ is temporarily present
next to G37, the active site undergoes some conformational
changes relative to the crystal structure. Specifically, D169*
moves away from the nucleobase, such that the direct
hydrogen bond with the N1 is broken (average distance 5.7
Å, Figure 5) and replaced by a water bridge. This is similar to
the situation observed in the case of Mg2+ bound in the
negatively charged pocket. However, the conformation of
R154* is drastically different for Mg2+ located near G37.
Namely, the residue is extensively separated from the
nucleobase because of the repulsion with the nearby positively
charged ion.
2.1.5. Na+ Does Not Alter the Active Site. During the

simulations of both binary and ternary complexes of TrmD in
the absence of Mg2+ (6 μs in 15 independent trajectories), Na+

was found to bind in the same negatively charged binding
pocket within the active site. However, Na+ binding did not
alter the conformations and interactions of key amino acids
(Figure 5). D169* maintained a direct contact with N1 of G37
(via a hydrogen bond, average distance 3.3 Å), and R154*
maintained a direct contact with the O6 of G37 (via a
hydrogen bond, average distance 4.1 Å). Also, unlike Mg2+, the
coordination of Na+ did not enhance the bent conformation of
SAM (Figure 6). These observations indicate that the
structural positions of key residues do not align for catalysis
in the presence of Na+, in contrast to the situation when Mg2+

is bound as described above.
2.2. QM Calculations. Having characterized the binding of

Mg2+ (and Na+) to TrmD by MD simulations, we set out to
determine how the presence of the metal ion influences the
methyl transfer reaction. We used QM calculations based on
the density functional theory (DFT), which allows for a direct
evaluation of bond-breaking and bond-forming events. In
particular, we applied the cluster approach, which is an
accurate and reliable method to model enzymatic reactions at a
reasonable computational cost43−46 and has been applied to
investigate a number of SAM-dependent methyl transfer
reactions.47−49 DFT functional B3LYP with D3 dispersion
correction was used in the computations (see the Methods
section for technical details). Using this methodology, we
calculated the energy profiles for the methyl transfer with: (1)
a Mg2+ ion located in the negatively charged binding pocket
within the active site identified by the MD simulations (Figure
3A), (2) a Mg2+ ion positioned next to G37, (3) two Mg2+ ions
occupying both positions simultaneously, and (4) a Na+ ion
bound instead of Mg2+ (Figure 3B).
The assembly of a proper active site model of TrmD for the

cluster approach presented a major challenge. This is because
for a given position of Mg2+ (or Na+), the active site still
displayed a substantial conformational flexibility in the
simulations. To account for as much structural diversity as
possible, we constructed models for QM calculations by
extensive sampling of MD trajectories and by manually
selecting snapshots representing different conformational
clusters of the active site. We then computed the energy
profiles of the methyl transfer for each of these models.
Although this approach cannot ensure finding the lowest
energy pathway possible, it should allow for screening the bulk
of the conformational space and for obtaining an estimate of
the energy barrier for a given location of the metal ion. In total,

15 models were evaluated, consisting of 182−287 atoms. All of
these models included the reaction substrates, SAM and G37,
the metal ion(s), the two catalytic amino acids R154* and
D169*, accompanied by relevant surrounding residues. Below,
we present only models displaying the lowest calculated energy
barrier for each of the examined positions of the metal ion,
while showing others in the Supporting Information.
Based on previous mutational, structural, and kinetic studies

of TrmD,6,12,35 the reaction mechanism consists of two
chemical steps, (1) a proton transfer from the N1 of G37 to
D169* and (2) a methyl transfer from SAM to N1 (Figure 7).

Therefore, only this order of events was considered in QM
calculations. The experimental rate constant (kchem) for the
TrmD-catalyzed reaction in the presence of Mg2+ is 0.138 s−1,6

corresponding to an overall energy barrier of 19.4 kcal/mol.
This value provides a framework to evaluate the calculated
barriers associated with the rate-determining step. As an
additional verification, we used the results of the metal-rescue
experiments. These have shown that the methyl transfer
reaction to the thio-containing S6-G37 analog of tRNA is four
times slower (corresponding to about 1 kcal/mol higher
barrier), but the activity of the enzyme can be restored to the
original level by replacing Mg2+ ions in the reaction media with
Co2+. On the other hand, the regular O6-G37 substrate is not
methylated in the presence of Co2+ ions.6 To validate each
model, we thus additionally calculated the energy barriers for
the methyl transfer to the S6-G37 with both Mg2+ and Co2+

ions in the respective locations, as well as for the methylation
of the unmodified G37 in the Co2+-containing active sites.

2.2.1. Mg2+ in the Negatively Charged Binding Pocket.
MD simulations showed that Mg2+ preferentially binds to the
negatively charged pocket in the active site, consisting of the
carboxylates of E116, D169*, D177*, and SAM (Figure 3A).
We selected 8 different snapshots from MD simulations for this
location of the metal ion and used them to construct the active
site models for QM calculations.
The most energetically favorable model (in terms of the

barrier height) consisted of 9 amino acids (P58, G59, E116,
V137, L138, T139, R154*, D169*, D177*), SAM, G37, and
five water molecules (194 atoms in total). In the starting
configuration, Mg2+ is coordinated by oxygen atoms of the

Figure 7. Overview of a general mechanism of the methylation of G37
by TrmD, which consists of two chemical steps, the proton transfer
from N1 to D169* and the methyl transfer from SAM to N1.
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carboxylates of D169*, D177*, and SAM, and three water
molecules in an arrangement that was maintained throughout
the reaction steps. In this model, D169* interacts with the N1

proton of G37 across a bridging water molecule (Figure S10).
The calculated energy barrier for proton transfer from the

N1 of G37 to the carboxylate of D169* is 8.5 kcal/mol (TS1,
Figure 8A). The resulting intermediate structure is an energy
minimum in the optimization, which after zero-point energy
(ZPE) corrections rises about 1 kcal/mol above the preceding
transition state (see Figure S7 for details). After the proton
transfer, the protonated D169* moves away from G37 to form
a hydrogen bond with the carboxylate group of SAM. The
negative charge developed at the O6 is stabilized by R154*,
which directly interacts with the nucleobase via hydrogen
bonding and stacking at this stage. The intermediate is further
stabilized by a hydrogen bond between the N2 and SAM’s
carboxylate.
In the subsequent transition state (TS 2), the methyl group

is located exactly in between the sulfur of SAM and the
nitrogen acceptor (Figure 9), approaching nearly in the plane
of the nucleobase (S−CH3−N1 angle equals 170°). The
methyl transfer is clearly the most difficult step of the
mechanism, constituting the upper bound of the overall barrier
of 25.3 kcal/mol (Figure 8). Although this is almost 6.0 kcal/
mol more than the experimental value, however, it can be
considered admissible, given the inherent inaccuracy of the

underlying electronic structure method and the introduced
modelistic approximations. A strong support for this location
of Mg2+ is provided by the calculations on the metal-rescue

Figure 8. Energy profiles for methyl transfer reaction depending on the location of metal ions (the lowest-barrier model for each location is
shown). The insets show schematic structures of TS 2. Note that after the inclusion of the ZPE correction in three cases the energy of intermediate
becomes higher than that of TS 1 (see Figures S7−S10 for the decomposition of the respective energy contributions). TS: transition state.

Figure 9. Optimized structure of the transition state for the methyl
transfer (TS 2) with Mg2+ located in the negatively charged binding
pocket (the position determined by the MD simulations). The key
residues are shown with sticks. Mg2+ interacts with E116, D169*,
D177*, SAM’s carboxyl group and water molecules. Yellow dotted
lines represent the distance (in Å) from the transferring methyl group
to the sulfur atom of SAM and to the N1 of G37.
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experiments. Namely, the height of the barrier increases by 2.0
kcal/mol for the methyl transfer to the S6-G37, but lowers back
upon replacing Mg2+ with Co2+ in the model (Table 1, entry

1). Moreover, the Co2+-containing active site has a prohibitory
high barrier for the methylation of the unmodified substrate
(29.5 kcal/mol). Therefore, the results of the metal rescue
experiments are perfectly reproduced, although there is no
direct contact between the metal and the O6 atom of G37.
2.2.2. Mg2+ near G37. In the MD simulations Mg2+ did not

spontaneously interact with G37, and when it was manually
placed in this location, the ion departed from it within 10 ns
(see above). However, it is still conceivable that the visits of
Mg2+ to this site are very rare, thus missed even by long
simulations, but its transient presence is sufficient to affect the
catalysis. Therefore, we evaluated the methyl transfer reaction
with Mg2+ located near G37. Because of limited MD data, we
were able to construct just two structurally different models of
this type. The one with the lowest overall energy barrier
included 11 amino acids (V21, P58, G59, Y115, E116, G117,
V137, L138, T139, R154*, L160*, D169*), SAM, G37, and 6
water molecules (208 atoms in total). Throughout the reaction
steps, Mg2+ ion was coordinated to the N7 of G37 in a
solvation shell of five water molecules, one of which is
hydrogen-bonded to the O6.
The calculated energy barrier for the deprotonation of the

N1 by D169* is 6.2 kcal/mol and the resulting intermediate is
only 2.3 kcal/mol higher in energy relative to the initial state.
After the deprotonation, the O6 of G37 moves into a direct
contact with R154*, and forms hydrogen bonds with two of
the water molecules that coordinate Mg2+ (Figure S11).
Therefore indeed, as postulated previously (see Figure 1 and
accompanying text), the direct interaction of Mg2+ with G37,
renders the proton transfer very facile and provides substantial
stabilization of the anionic intermediate.
During the subsequent methyl transfer step, the methyl

group approaches nearly in the plane of the nucleobase (Figure
10; S−CH3−N1 angle equals 173°), while the S−CH3 distance
is quite long (2.7 Å), indicating a late transition state. The
calculated overall barrier for the reaction is, however, as high as
35.6 kcal/mol (Figure 8B), significantly more than the
experimental value. Such an outcome may be due to the
highly unstable nature of the transition state, which was
proposed to involve a nonplanar 8-membered ring, where a
Mg2+ is the last member to join.6

However, until further experimental data, this model is not
considered, because of the high barrier combined with the
scarcity of Mg2+ visits to this location. Also, the calculated
barrier heights for the metal-rescue experiments with the metal
ion positioned near G37 (Table 1, entry 2) do not agree with

the trends observed experimentally (the lowest barrier for the
methylation of WT G37 in the presence of Co2+).6

2.2.3. Two Mg2+ Ions. Although such a situation did not
occur in the MD simulations, for completeness and to gain
additional insight, we examined the methyl transfer with two
Mg2+ ions present in the two active sites at the same time
one coordinated by the carboxylates of the negatively charged
binding pocket and the other located near G37. Therefore,
additional simulations were performed, based on which models
of this type were constructed. The best one consists of 14
amino acids (V21, G57, P58, G59, Y115, E116, G117, V137*,
L138*, T139*, R154*, E168*, D169*, D177*), SAM, G37,
and seven water molecules (254 atoms in total). Throughout
the reaction steps, the Mg2+ ion located near G37 is
coordinated with the N7 and five water molecules, whereas
the Mg2+ coordinated in the negatively charged patch has an
additional contact with the carbonyl group of E168* (Figure
S12).
The calculated energy barrier for the deprotonation step is

2.3 kcal/mol and the resulting intermediate is 5.0 kcal/mol
relative to the starting point after the inclusion of the ZPE
correction (Figure S9). During methyl transfer, R154* forms a
hydrogen bond with the O6, and the methyl group approaches
the nucleobase almost in its plane (S−CH3−N1 angle equals
174◦). The distance between the methyl group and the N1 is
shorter than that between the methyl group and the sulfur (2.1
vs 2.4 Å, Figure 11). The overall energy barrier for the methyl
transfer is calculated to be 27.5 kcal/mol (Figure 8C).
Therefore, the binding of Mg2+ in the negatively charged

pocket seems to be the key to furnishing the catalytically
competent active site geometry. The slightly higher barrier (by
2.2 kcal/mol) than the one obtained with just one Mg2+ bound
in this position most likely originates from the overstabilization
of the intermediate by the additional metal ion present next to
G37.
However, this model does not reproduce the results of the

metal-rescue experiments, as the energy barrier calculated for
the Mg2+-catalyzed methyl transfer to S6-G37 is lower than to
the WT G37 (Table 1, entry 3). Hence, based on the results of
the QM calculations, the mechanistic pathway with two Mg2+

ions present simultaneously in the active site is unlikely,
consistent with biochemical data.6

Table 1. Calculated Values of the Overall Energy Barriers
(kcal/mol) for the Methyl Transfer to Wild Type and S6-
G37 Depending on the Location and Identity of the Metal
Ion

metal ion
WT
G37 S6-G37 S6-G37

WT
G37

entry location Mg2+ Mg2+ Co2+ Co2+

1 the negatively charged
pocket

25.3 27.3 25.6 29.5

2 near G37 35.6 36.9 36.0 35.2
3 both positions 27.5 25.9 25.0 30.7

Figure 10. Optimized structure of the transition state for the methyl
transfer (TS 2) with Mg2+ located near G37. The key residues are
shown with sticks. Mg2+ interacts with the N7 of G37 and water
molecules. Yellow dotted lines represent distances as in Figure 9.
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2.2.4. Na+ in the Negatively Charged Binding Pocket. MD
simulations showed that Na+ spontaneously enters the active
site in the same negatively charged patch as Mg2+. Two models
containing Na+ ion were constructed and the more energeti-
cally favorable one is comprised of 12 amino acids (E116,
V137, L138, T139, R154*, S165*, A166*, E167*, E168*,
D169*, S170*, D177*), SAM, G37, and five water molecules
(212 atoms in total).
In this model, Na+ is coordinated by the carboxylates of

E116 and D177*, and also by the carbonyl of E168*, along
with two water molecules (Figure S13). However, Na+ does
not coordinate with the carboxylate of SAM, as the latter is
turned toward SAM’s ribose moiety. Also, the two catalytic
residues R154* and D169* interact via a salt bridge.
Additionally, R154* forms hydrogen bonds with O6 and
D169*. In turn, D169* interacts indirectly with the N1 proton
of G37 via a bridging water molecule. The observed
configuration was maintained throughout the two reaction
steps.
In the first step, the N1 proton is abstracted by a water

molecule and is transferred to D169* with an energy barrier of
12.0 kcal/mol. The resulting intermediate, after ZPE
corrections, exhibits higher energy (13.2 kcal/mol) compared
to the preceding state (Figure S10). In the methyl transfer step,
the methyl group is positioned in the middle between the
sulfur of SAM and the N1 of G37 (2.3 and 2.2 Å, respectively),
and is almost in the plane of the nucleobase (S−CH3−N1

angle equals 167°, Figure 12). The calculated overall energy
barrier for the methyl transfer is 37.5 kcal/mol (Figure 8).
Therefore, although Na+ is located in the active site in the

same position as Mg2+, the high barrier obtained for the Na+

position indicates that the monovalent ion does not have the
capacity to induce a catalytically competent conformation of
the active site.
2.3. Summary. The MD simulations clearly identified a

preferred binding pocket for the Mg2+ ion within the active site
of TrmD. This binding pocket is made up of negatively
charged carboxylates of E116, D169*, D177*, and SAM, which
coordinate the metal ion. The location of this binding site and
its importance for catalysis are corroborated by mutational
studies and an extensive analysis of the available crystal
structures of TrmD. In the MD simulations, Mg2+ sponta-
neously enters the binding site from the solution. Importantly,
while there are two such sites in the dimeric enzyme, only a

single Mg2+ ion binds indiscriminately to one of them at a
time, in line with the experimental observations. The pocket is
also capable of binding Na+ ions, however, with a lower
affinity.
Upon the binding of Mg2+ in the negatively charged pocket,

the active site undergoes a structural reorganization. Most
notably, by coordinating to the carboxylate of SAM, Mg2+

enforces the methyl donor to adapt the bent conformation,
which has been shown to be required for the methyl transfer by
the trefoil-knot fold.12 The presence of Mg2+ causes also
conformational changes to the active site residues, as evidenced
by, but not limited to, increased distances of R154* and
D169* to G37 nucleobase relative to these seen in the crystal
structure. Conversely, the binding of Na+ in the pocket does
not promote the bent conformation of SAM (although it is still
accessible) and leaves the overall geometry of the active site
largely unchanged compared to the crystal structure.
The QM calculations show that Mg2+ binding in the

negatively charged pocket of the active site is necessary for the
catalysis, as the presence of the metal ion only in this particular
location leads to a plausible energy barrier for the methyl
transfer reaction. The role of the metal ion seems to be
organizing the active site residues within the topological knot-
fold in a geometry optimal for catalysis as that occurs in silico
during the MD simulation stage. Although there is no direct
interaction between Mg2+ and G37, which could assist the N1

deprotonation electronically, the coordination of the ion to
D169* positions the latter perfectly for the abstraction of the
proton. The negative charge developing at the O6 atom in the
course of the deprotonation is just sufficiently stabilized by
R154*. The sulfonium moiety of SAM is also ideally oriented
for the subsequent methyl transfer step. Importantly, the effect
of Mg2+ presence in the negatively charged pocket is not
limited to these key residues, but it subtly affects the
arrangement of all the active site components, which
collectively lower the energy barrier.
The results of the previous metal-rescue experiments could

also be accurately reproduced by the QM modeling of the
active site containing the metal ion bound in the negatively
charged pocket.

3. CONCLUSIONS
TrmD is a Mg2+-dependent methyltransferase responsible for
the synthesis of m1G37-tRNA required for reading-frame

Figure 11. Optimized structure of the transition state for the methyl
transfer (TS 2) with two Mg2+ located in the active site, one
coordinated with N7 and five water molecules, while the other one
with E116, D169*, D177*, SAM, and E168*. The key residues are
shown with sticks. Yellow dotted lines represent distances as in Figure
9.

Figure 12. Optimized structure of the transition state for the methyl
transfer (TS 2) with Na+ located in the negatively charged binding
pocket. Residues crucial for the reaction are shown with sticks. Yellow
dotted lines represent distances as in Figure 9.
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maintenance during protein synthesis in bacteria.8,10 While
TrmD is a high-priority antibacterial target, the lack of
information on its utilization of Mg2+ for catalysis presents
obstacles for developing strategies to target the enzyme.
Using a combined approach of MD simulations and QM

calculations, we suggested the binding site for Mg2+ and
uncovered its catalytic potential. In the MD simulations, Mg2+

preferentially binds to the active site of the enzyme within a
negatively charged pocket and induces conformational changes
to both catalytic amino acid residues and the SAM methyl
donor. QM calculations prove that only in the geometry
obtained upon Mg2+ binding, the active site becomes
catalytically competent. These results were additionally
validated by experimental mutational studies, which demon-
strated the importance of the Mg2+-binding residues for the
catalytic activity. Therefore, our studies reveal a new
therapeutically relevant location within the active site of the
knotted bacterial methyltransferase TrmD, which is unrelated
to unknotted eukaryotic methyltransferase Trm5.
This work is also important from the methodological

viewpoint. It provides and validates a strategy, which integrates
the strengths and rigors of both MD simulations and QM
calculations, to study Mg2+-dependent reactions, wherein the
difficulty to spectroscopically study the metal ion often
obscures insights into the catalytic mechanism.

4. METHODS
4.1. MDs Simulations. Atomistic MDs simulations with

explicit water (TIP3P model) were performed in GROMACS
5.0.2 software package with the CHARMM36 force field. The
crystal structure of TrmD in complex with SAM (PDB code:
1uak) and TrmD in complex with tRNA and SFG (PDB code:
4yvi; the CH−NH2 moiety of SFG was replaced with S−CH3,
keeping the coordinates of the respective heavy atoms) were
used as the starting configurations. Simulations were
conducted using the same methodology as described before,12

where the system was protonated in pH 8.0 using the
PDB2PQR server.50 The systems were neutralized with the
addition of appropriate amounts of Na+ ions and in the
simulation with Mg2+ ions present we applied also 6 mM
MgCl2, which correspond to the concentration used in the
experimental study on TrmD.6 Specifically, 3 Mg2+ and 12 Na+

ions were added to the TrmD−SAM complex, and 7 Mg2+ and
31 Na+ to the TrmD−SAM−tRNA complex. Force field
CHARMM36 has necessary parameters for the ligand (SAM)
and also reproduces correctly the octahedral coordination of
the magnesium ions. The constraint algorithm LINCS is
applied, which allows for calculations with 2 fs time step.
Minimization of the energy of the systems was performed with
the steepest descent minimization algorithm until the force was
less than 0.01 kJ/mol/nm. The equilibration of the solvent
with constrained solution (with force constant 1000 kJ/mol
nm2) was carried out in constant temperature 310 K for 250
ps. The whole system equilibration in constant temperature
and pressure were done for additional 250 ps. The Nose−
Hoover thermostat and Parrinello−Rahman barostat were
used. Electrostatic and van der Waals interactions were cut at
the length of 12 Å. The coordinates were saved every 10 ps.
Free-energy landscape analysis was performed based on the

conformations of SAM in the holoenzyme simulations.
Specifically, in order to distinguish between the open and
bent conformation, we used the distance between the adenine
and methionine moiety (C4 and CO2, respectively) and the

angle between C4′−S−Cγ. The energy in each protein state
(si) was based on the probability of being in this state (P(si))
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The number of H-bonds was computed using g_hbond
program from GROMACS package using a 3.2 Å cut-off for
the distance between the donor and acceptor and a cutoff for
50° for the X−H−Y angle. The interactions were calculated for
every 100 ps of the trajectory.

4.1.1. Replica Exchange MD Simulations. Each replica was
prepared based on the PDB code: 4yvi and equilibrated
separately, following the same procedure as in classical MD
simulations. The simulations were run either in temperature
range from 305 to 320 K (23 replicas) or from 320 to 335 K
(22 replicas). The appropriate temperature for each replica was
calculated51 with exchange probability set to 0.2. The
production run of each replica was performed for 50 ns.

4.2. Quantum Chemical Calculations. All calculations
were carried out using Gaussian 09 package. The active site
models were based on snapshots from MDs simulations.
Geometry optimizations were performed with B3LYP func-
tional52−56 including DFT-D3 dispersion correction,57,58 and
6-31G(d,p) basis set (LANL2DZ for Co59). Coordinates of
selected atoms were fixed during geometry optimizations to
prevent unrealistic movements of residues. At the same level of
theory, frequency calculations were performed to obtain ZPE
corrections and single-point CPCM solvation60,61 energies
were calculated (with ϵ = 4) to model the effects of the rest of
the enzyme. To obtain more accurate energies, single-point
calculations with B3LYP-D3 and 6-311+G(2d,2p) basis set
(LANL2TZ(f) for Co59) were performed on the optimized
geometries. The final energies reported are those for the large
basis set corrected for ZPE and solvation effects.
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