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The NS5-methyltransferase (MTase) domain is highly conserved in the orthoflavivirus genus. This
enzyme catalyzes the methylation of the 5'-RNA cap and its adjacent nucleotide, responsible for viral
RNA capping that is crucial for the survival and replication of the virus. The catalytic mechanism of this
enzymatic domain is yet to be understood. In particular, the experimentally determined cap-binding site
on the MTase is outside the catalytic site putatively responsible for N”-methylation. Herein we employ
GTP as a model of the 5’-RNA cap to investigate the process of repositioning of the cap from the GTP-
binding pocket to the putative catalytic center. To overcome the computational challenge in sampling
transitions, we deploy a two-step approach in which extensive Gaussian-accelerated molecular dynamics
are performed to explore transition paths followed by a path-based umbrella sampling for determining the
free energy change during the transition. We find that the GTP substrate interacts with conserved residues
along the pathways from the crystallographic pocket to near the methyl donor S-adenosyl-L-methionine
(SAM). Interestingly, our observation is in accordance with experimental mutagenesis studies on the N’-
MTase reaction. Through an energy decomposition analysis along the pathway, we further find that
residues E149, R57, H110 and R84 contribute to the placement of the GTP substrate. The complex
relationship between MTase global conformational changes and the GTP repositioning process has been
revealed which could be relevant to the functional mechanism of this enzyme. This work provides the
rationale behind residue contribution and substrate requirement of orthoflavivirus MTase activities and
provides invaluable insights for the rational design of MTase-targeted inhibitors.
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domain (Fig. 1A). The highly conserved MTase domain (Fig. S1,
ESIT)*™® is responsible for two essential reactions that transfer
methyl groups to methylate the N’-position of the guanine of the

Introduction

The orthoflavivirus genus (formerly named flavivirus)' is repre-

sented by major mosquito-borne pathogens.” Well-known species
under the genus include Zika virus (ZIKV), Dengue virus (DENV),
Japanese encephalitis virus (JEV), yellow fever virus (YEFV), West
Nile virus (WNV), and Omsk hemorrhagic fever virus (OHFV). The
genome of orthoflavivirus expresses three structural proteins and
seven non-structural proteins, among which, the NS5 protein in
orthoflavivirus is essential for viral replication.® This protein
contains two functional domains: the RNA-dependent RNA-
polymerase (RdRp) domain and the methyltransferase (MTase)
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5’-GTP cap and to the 2’-O-position of the adjacent nucleotide,
respectively. Both methylation reactions were catalyzed within the
same active site of the MTase domain that uses S-adenosyl-1-
methionine (SAM) as the methyl donor (Fig. 1B).””® Structural and
functional studies>” ™" revealed multiple structural features of the
active site in the MTase domain, including a K-D-K-E catalytic
tetrad, a SAM-binding pocket, a GTP-binding pocket that can
bind a guanosine triphosphate (GTP) or the GTP part of a
7-methylguanosine triphosphate (m’GTP) cap, and an RNA-
binding site (Fig. 1A, top).

Experimental structures of orthoflavivirus MTase revealed
the binding position of GTP distant from the methyl donor
SAM (Fig. 1A). This structural information suggests that either
the RNA 5'-cap or SAM must reposition for the N’-MTase
reaction. With the high affinity of SAM in orthoflavivirus MTase
compared to 5'-capped RNA,"? it is more likely that the RNA cap
repositions itself to be in proximity to the methyl donor SAM.
Further evidence from mutagenesis has located the catalytic
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Fig. 1 Structure and function of orthoflavivirus NS5-MTase. (A) Top: ZIKV MTase-GTP—-SAH ternary complex highlighting the catalytic tetrad (green),
GTP-pocket (pink), SAM-pocket (yellow), RNA-binding site (slate), and conserved residue E149 (cyan); middle and bottom: ZIKV full-length NS5 and
DENV NS5-SLA complex showing the arrangement of the MTase—RdRp domain and the binding site of RNA-5’-SLA, highlighting MTase (gray), RdRp
(yellow), and RNA in the DENV complex (dark green), within the MTase domain the GTP-pocket (pink) and RNA-binding site (slate). Rearrangement of the
MTase—RdRp interface may occur upon RNA binding and the orientation varies among different orthoflavivirus species. (B) Reactions of cap methylation
catalyzed by orthoflavivirus MTase, assuming the order of MTase reactions to be similar to that in eukaryotes. (C) Chemical structures of cap-analogues

GTP/m’GTP and the MTase cofactor SAM.

site for the N’-MTase reaction. Early work by Dong et al.
revealed the contribution of active site residues in WNV
MTase.® D146 and the K61-D146-K182-E218 tetrad are respon-
sible for catalyzing the N’-MTase reaction and 2’-O-MTase
reaction, respectively. Non-catalytic residues with major con-
tributions to the MTase activity (i.e. mutation to alanine led to
less than twenty percent activities) were also identified: R37,
R57, and W87 are crucial for both MTase reactions; E149, R84
and the aromatic ring of F24 are important for the N’-MTase
activity. Experimental researchers have also reported that the
RNA 5'-stem loop A (SLA) structure is required for the N’-MTase
activty” and the effect of MTase mutation around the active site
on GTP binding.'® These studies identified contributions of
residues that do not interact with GTP in the crystallographic
structure. However, detailed energetic contributions by resi-
dues outside the GTP-binding pocket remain elusive.

Various experimental studies attempted to sample the binding
mode of capped RNA to capture the modes of interactions
relevant to the MTase reactions of orthoflavivirus MTase. These
studies have provided preliminary insights into the need for a

This journal is © the Owner Societies 2025

transition process for the MTase-substrate system to proceed
from the crystallographic GTP-pocket to the site of the N’-
MTase reaction.'> MTase-RNA binding assays of WNV and
DENV have been reported by Milani'' and Henderson,'* which
identified residues responsible for the binding of RNA and the
5'-cap between the GTP-pocket and the putative N’-MTase site
proximal to the SAM-pocket. The key residues and binding
mode of NS5(MTase)-SLA interaction were later proposed by
Bujalowski"® and Choi'* with the updated experimental struc-
ture of the RNA, combined with mutagenesis and bioassays.
Jia et al. have reviewed crystallographic data on orthoflavivirus
MTase-RNA interactions and reported the coordinates of the
OHFV MTase-SAM—(GTP/GMP) ternary complex.’® They sum-
marized the structural evidence as a part of the complete
mechanisms of orthoflavivirus MTase reactions, highlighting
the lack of structural information related to the N’-MTase
activity. Recently, the cryo-EM structure of the DENV NS5-
RNA complex has been determined at 3.6 A, providing insights
into the structural basis for the interactions between the NS5
protein and the 5-SLA.’® The RNA-cap interacting with the

Phys. Chem. Chem. Phys., 2025, 27,12738-12751 | 12739
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MTase in this DENV NS5-RNA complex has been modelled in a
state resembling the 2’-O-MTase binding mode.’”” While the
aforementioned experimental evidence suggests the impor-
tance of both the N’-MTase and 2’-O-MTase reactions in the
survival and replication of orthoflavivirus MTase, no experi-
mental structures directly relevant to the N’-MTase reaction
have been reported. Only experimental structural models that
trapped the substrate binding mode relevant to the 2’-O-MTase
are available. Therefore, static images from the present experi-
mental structures cannot fully explain the contributions of the
conserved residues in the active site of orthoflavivirus MTase in
the N”-MTase reaction. A model providing information about
the pathway would be a step forward to understand the enzy-
matic mechanisms of this system.

Molecular dynamics (MD) simulations have been adapted to
model the aforementioned repositioning pathways of the GTP cap
on the MTase domain. Chagas et al.'® reported a computational
model of one possible pathway relevant to the N’-MTase reaction
using unbiased molecular dynamics simulation. Key residues in
MTase-GTP interaction have been identified at three stages of the
trajectory, corresponding to the GTP-bound state observed in
crystal structures, an intermediate mid-pathway state, and a state
possibly related to N”-methylation. MM/PBSA energy at the three
stages have been calculated. Allostery induced by SAM binding has
been proposed based on their observation of the conformational
changes of F24, D146, V132 and W87 as GTP proceeds from the
GTP-pocket towards the methyl donor SAM. From the unbiased
MD simulation, one of the possible pathways towards the state
of N’-MTase action has been analyzed. On the other hand,
Chuang et al.*® considered the release of MTase products and
investigated the unbinding of MTase product analogues
S-adenosyl-.-homocysteine (SAH) and m’GTP from ZIKV MTase,
instead of the binding of the substrate. They have adopted
Gaussian accelerated MD (GaMD) to estimate the changes in free
energy throughout the product unbinding process and the residue
contribution in the process of product release. Considering
the complex free energy landscape and stochastic dynamics of
complex protein systems like ours, there is yet to be a compre-
hensive computational exploration of possible transition pathways
of MTase substrates that could rationalize the observations in
experimental mutagenesis studies at the molecular level. Further-
more, the free energy profiles of various pathways need to be
determined to estimate their statistical significance and evaluate
the importance of residues for the repositioning processes.

Inspired by the success of these previous studies, we sought
to have an in-depth sampling of the repositioning pathways of
the RNA 5’-guanosine cap on the MTase domain. Following a
previous study, we used GTP as a surrogate model of the RNA
5’-cap to simplify the system for achieving a more extensive
sampling. To obtain accurate description of the repositioning
process, we have conducted numerous parallel simulations
accelerated by the GaMD to explore various pathways. Our
results reveal two repositioning pathways that differed by the
final conformations of GTP in which the base is either in a syn
or anti configuration. The free energy profiles of the major
pathways identified are further analyzed through umbrella
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sampling (US) techniques using path-based collective variables
(CV).*" Analysis of the free energy surface (FES) along the two
pathways suggests the pathway which has more interactions
between GTP and the RNA-binding pocket and the pathway that
sampled a syn-GTP around the methylation site to be more
probable in our trajectory samples. Moreover, energy decom-
position analysis is conducted for each pathway, revealing the
contributions of orthoflavivirus-conserved residues in GTP repo-
sition (residues R57, R84, H110 and E149 that are not involved
in the binding of GTP in the available crystal structures).
We observed a decrease in interaction energy as GTP proceeded
towards the MTase cofactor SAM. Interestingly, these conserved
residues were also identified to be important for the N’-MTase
activity in orthoflavivirus MTase in mutagenesis experiments.®
The results reported therein not only allow a better under-
standing of orthoflavivirus RNA-capping, but also provide prac-
tical insights into the design strategies of cap-analogues as
orthoflavivirus inhibitors.

Method

System preparation

Amber 21%? suite of program was used for simulation, input
preparation and data analysis. All the crystal structures used in
this work were retrieved from the RCSB PDB.>’ The initial
coordinates of the protein were taken from chain A of PDB
entry 5GOZ. Flipping of the N17 amide was manually corrected
according to the hydrogen bond network. The N-terminal and
C-terminal of the protein were capped with methyl-acetyl (ACE)
and N-methyl (NME), respectively. Hydrogen atoms of the
protein were modelled with the H++ server assuming pH
7.4.>* Crystal waters were then re-combined with the protonated
chain, and hydrogens were added to the water molecules with
UCSF Chimera®® considering the hydrogen bond network. GTP
extracted from the same chain was protonated in tleap to ensure
consistency in atom naming in the chosen forcefield, and then
combined with the protonated system to form the binary MTase-
GTP complex. While the crystal structures of the binary com-
plexes of MTase-SAM and ternary complexes of MTase-SAH-
GTP are available, there is no experimental structure of the
MTase-SAM-GTP ternary complex. Hence, the ternary complex
of ZIKV MTase-SAM-GTP was prepared from the crystal struc-
tures of MTase-SAH-GTP by manually removing MTase bypro-
duct SAH from chain A of 5GOZ and docking SAM into the
SAM-pocket of MTase. The coordinates of SAM were taken from
chain A of PDB entry 5KQR and hydrogens were added assuming
the protonation state at physiological pH. The protonated SAM
was then docked into the SAM-pocket of the processed receptor,
using AutoDockTools 1.5.7%° and AutoDock Vina 1.1.2.%”

The simulation system was prepared with the tleap module
of Amber. Standard amino acids were modelled with the
AMBER FF14SB*® forcefield. GTP was modelled with the para-
meter set derived by Meagher et al,*® as retrieved from the
amber parameter database.’® The geometry of SAM was opti-
mized with ORCA 4.2.1°*3? and processed with OpenBabel.**

This journal is © the Owner Societies 2025
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GAFF** atom types were assigned to the processed molecule
with the Antechamber module. RESP charge fitting was per-
formed with PyRED?® through the R.E.D. Server Development.*®
The molecular electrostatic potential for partial charge assign-
ment was calculated with GAMESS-US (version Sept2018 GNU).*”
The processed complex was solved into 10 A box of TIP3P water.
Chloride counter ions were randomly placed in the water box to
neutralize system charge.

Conventional MD simulation

The CUDA-accelerated PMEMD module in Amber 21 was used
to perform MD simulations.**>° A 10 A cutoff was used for the
calculation of nonbond interactions. A 2-fs timestep was used
for all dynamic stages with all bonds involving hydrogen
constrained with SHAKE.*® The solvated system was minimized
with a multi-stage protocol to sequentially relax solvent, solute
and the whole system. Each minimization stage had 2500 steps
of steepest descent and 2500 steps of conjugated gradient. The
minimized system was heated to 300 K with a Langevin
thermostat. A short, restrained NPT step at 1-bar was then
performed to relax solvent density, before an unrestrained NPT
equilibration of 5-ns. During the 5-ns unrestrained NPT equili-
bration, the position of GTP was monitored to ensure that the
production stage started with a state close to the crystal
structure to probably sample the pathways of interest.

GaMD sampling

Dual-boost GaMD*"** of total and dihedral potential was
performed to sample the states of MTase-GTP interaction
starting from equilibrated snapshots. The run average was
computed every 130 000 steps, as suggested by GaMD developers
to be at least four-times the number of atoms in the system. Since
preliminary test trials suggest that the lower-bound threshold,
although better for reweighting, was insufficient to sample
enough of samples of the event we were interested in, the
upper-bound threshold (IE = 2) of boost potential was applied
for sufficient acceleration of system dynamics. To account for
potential inaccuracies with this choice of threshold, we have
performed US along the sampled pathways for a more accurate
estimation of free energy. For both the total and dihedral boost, 7,
values were set to 6.0 keal mol~". Default values were used for
other input parameters. GaMD consisted of the pre-equilibration
stage, equilibration stage and production stage. The previously
equilibrated snapshot prepared from the unbiased conventional
MD, which has the GTP substrate around the crystallographic
state, was used as the initial configuration of GaMD. The guanine
ring in the GTP of the MTase-GTP crystal structure adapts an anti-
conformation, and throughout the pre-equilibration of this crys-
tallographic state the GTP is stable with this anti-conformation as
in the crystal structure. The pre-equilibrated system was subjected
to additional unbiased cMD of 1.04 ns as pre-equilibration before
collection of potential data for 10.4 ns for the determination of
boost potential. A boost potential would then be applied based on
c¢cMD data and remain unchanged for 1.04 ns to stabilize the
system. The boost potential was then allowed to update regularly
for 8 ns, until the convergence of potential statistics. The position
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of GTP was monitored during GaMD equilibration to ensure that
GTP would not leave the initial state before the start of data
collection. Twenty independent replicas of 100.1-ns GaMD simula-
tions were done for the production stage using fixed boost
statistics and coordinates being saved every 1 ps, resulting in
100100 snapshots per replica and a total of 2002 000 snapshots
from 20 trials. The simulation length of GaMD was decided after
comparing conformation samples from preliminary trials, to
ensure efficiency in sampling GTP reposition pathways while
preventing unbinding events of high-affinity MTase cofactors SAM.

Umbrella sampling of GaMD-generated pathways

GaMD trajectories were visualized, and observables such as
SAM-GTP distance, RMSD of selected residues, orientation of
GTP with respect to the GTP, and the y-angle of the guanine
base of GTP were compared (Fig. S3-S8, ESIT). From the GaMD
trajectories, we observed that two of the trials, Trial 7 and Trial
13, have sampled relatively stable conformations around the
putative N”-MTase state. Thus, the two trials were selected for
further energetic analysis with US. Analysis of independent
pathways that sampled the interested events from unbiased
methods such as GaMD has been successfully applied in
various studies of biomolecular pathways related to protein-
ligand interactions.*""**™*® This approach allows the investiga-
tion of time-dependent behaviors as the system adapts a
specific event.

We define the crystallographic state of MTase-GTP interac-
tions as “State 1”, and the state putatively relevant to the N’-
MTase reaction as ‘“‘State 2”. Among the two selected trials,
Trial 7 of GaMD sampled a syn-GTP as the GTP approaches the
MTase methyl donor SAM (State 2), so the snapshots from the
trial were extracted for US along the pathway denoted as the
syn-pathway. On the other hand, Trial 13 sampled an ant-GTP
around State 2, so the snapshots from the trial were extracted
for US along the pathway denoted as the anti-pathway. Geo-
metric path CV'” of the reposition process S from the GTP-
pocket to the putative N’-MTase state was used as the reaction
coordinate to be biased in US. We adapted this path CV to bias
the path represented by the multiple CVs directly at the cost of
only one CV. To define the path CV using representative states
sampled in GaMD, the two CVs adapted by Chagas' and
Chuang® have been combined. We defined the path CV of
the process on a two-dimensional basis: (1) distance between
the methyl group of SAM and N’ of GTP; and (2) distance
between the center-of-mass of GTP and center-of-mass of the
GTP-pocket (Fig. 2A). Hence, this path CV, S, is the combination
of the dashed line in Fig. 2B and it was calculated according to
the following equation as implemented in Plumed:

Pl (i -l

20w

S =b+ Sigl’l(iz — il)
2
Vv — [v3]
2
2[vs]
where the vectors connecting the current position to the first
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simulations. D; represents the distance between the two substrates of the N’-MTase reaction, and D, represents the distance between the centers of
mass (COM) between GTP and the experimentally identified GTP-pocket. (B) Combined 2D-PMF of D, against D; sampled from the twenty independent
replicas of GaMD trajectories. (C) Combined 1D-PMF of the geometric path CV sampled from the twenty independent replicas of GaMD trajectories. (D)
Superposition of the starting model built from the crystal structure (light blue) and the snapshots at the minima around S = 1 from US samples of the two
selected pathways (pink and green). (E) Superposition of the snapshots at the minima around S = 2 from US samples of the two selected pathways.

and the second closest node of the path are denoted as v, and
v3, respectively, and the vector connecting the first and the
second closest frame is denoted as v,. Projections of the first
and second closest frames of the path are denoted as i; and i,
respectively.

Two points on the 2D-FES that represent the movement of
GTP were used to define the path CV (Fig. 2A). The values of
point S =1 were D; =18.55 and D, = 7.66; and for S =2, D; = 3.63
and D, = 16.18. These two points S =1 and S = 2 are labelled in
cyan in the 2D-FES plot (Fig. 2B). The values were taken from
the representative snapshot extracted from clustering analysis
with CPPTRA],"” corresponding to the two deepest minima on
the 2D-FES. This definition has been selected after multiple
tests of different combinations in the path CV definition. US
windows were adaptively extracted from the GaMD trajectories
according to the overlap of umbrella histograms along the path
CV. 24 windows and 36 windows were used for the syn-pathway
and the anti-pathway respectively. The full trajectory of trial 7
(syn-pathway) was used for window selection, while only the
starting 60.06 ns that sample the process from State 1 to State 2
was used to select windows from trial 13 (anti-pathway) since
GTP moved away from State 2 from around 60.06 ns onwards.

12742 | Phys. Chem. Chem. Phys., 2025, 27,12738-12751

Using snapshots from GaMD, 10-ns production windows
were used for data collection in US, applying a harmonic
restraint of 300 kcal mol~* on the path CV. All US simulations
were performed with the CUDA-accelerated version of PMEMD
as the simulation engine and Plumed 2.7.6**~° for the applica-
tion of restraints and calculation of CVs.

Trajectory analysis and energy calculation

Trajectories were post-processed and analyzed with CPPTRAJ*”
and Plumed 2.7.6. Molecular graphics were rendered in open-
source PyMOL®' and VMD 1.9.3.°* Orthoflavivirus conserved
residues were selected from the early experimental studies of
Dong et al.® for interaction energy calculation in CPPTRAJ.
All the free energy calculations were done at a temperature of
300 K. The FES of GaMD trajectories was calculated with the
PyReweighting® toolkit. In preliminary tests in this study, the
more accurate cumulant expansion to the second order was
also attempted, but the energetic noise and degree of freedom
in the open cavity were too high for accurate reweighting.
Hence the Maclaurin series to the 10th order was adapted for
reweighting, using a cutoff of 100 and the bin size adapted for
different CVs through trial and error.

This journal is © the Owner Societies 2025
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The weight of configurations sampled from US trials of was
calculated using the weighted histogram analysis method
(WHAM).”*” Principal component analysis (PCA) was per-
formed on the conformations of protein C,, projecting the
samples from the US trials of both of the pathways onto the
first three eigenvectors. 1-D- and 2D-FES of path CV, Dy, D,, the
guanine base orientation with respect to the protein (Fig. S8,
ESIt), top eigenvectors from PCA and the Ssap—CEsan—N"Grp
angles were calculated from histograms using 200 bins,
100 bins, 100 bins, 100 bins, 100 bins and 100 bins respectively.
Interaction energies between GTP and selected conserved resi-
dues in orthoflavivirus MTase were calculated in CPPTRA].
Residues that we have analyzed were selected from the early
experimental studies of Dong et al.® The WHAM weighted
average of interaction energy was calculated with 100 bins
along the path CV. The reported values were shifted such that
the interaction energy was zero at S = 1, to highlight the change
in energy contribution as the system proceeded from State 1.
We note that residue 28 was selected but not completely
conserved in identity among all species under orthoflavivirus.
Position 28 is lysine in the MTase of DENV, YEFV and ZIKV,
while an arginine in WNV and JEV. Experimental evidence
reported in the literature suggested the importance of the
positive charge of this residue in the binding of GTP and the
comparison of residue properties suggesting that residue 28 is
still charge-conserved in orthoflavivirus. Hence, K28 was con-
sidered as one of the conserved residues in our study.

Results and discussion

Initial samples of the pathways of GTP movements and
implications of the combined FES on inhibitor design

Pathways of GTP transition from the crystallographic GTP-pocket
towards the methyl donor SAM were first sampled via GaMD
simulations. GaMD allows the acceleration of system dynamics
without a pre-defined CV, by boosting the potential of the system.
Twenty independent replicas of GaMD simulation were performed.
Multiple parameters were monitored throughout the simulations,
to capture the process of GTP reposition. To monitor the transition
process from the GTP-binding pocket to the putative N’-MTase
state, we defined the two functionally relevant states of MTase-
GTP interactions, “State 1” and “State 2”. “State 1” corresponds to
the state resembling the binding mode observed in the crystal
structure; while “State 2” corresponds to the putative N’-
methylation state (Fig. 1B, step (2)). Movement between the two
states was monitored by two distances, D, and D,, which describe
the space between the GTP-pocket and SAM (Fig. 2A). For the
convenience of the pathway definition, D; and D, were reduced
into one dimension to be represented by the geometric path
collective variable'” (path CV, denoted as S). We defined S = 1 to
be around State 1, and S = 2 to be around State 2. The values of D,
and D, at State 1 and State 2 were taken from representative
coordinates of targeted states from GaMD.

While GTP remained bound in all the GaMD simulations
(Fig. S2 and S3, ESIt) due to the strong electrostatic interactions
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between its triphosphate and basic residues in the MTase cavity
(Fig. 3), with GaMD we sampled multiple pathways contributing
to the overall FES of GTP repositioning. From the GaMD
trajectories, an initial estimation of the FES was calculated along
the path CV and other CVs of interest. The reweighted FES
combining the samples from the twenty GaMD trajectories has
provided a preliminary overview of the preferred states of the
MTase-GTP interaction. Fig. 2B shows the 2D-plot of D, and D,,
the two distances that represent the movement of GTP between
the crystallographic pocket and the N’-MTase catalytic state as
illustrated in Fig. 2A. This plot combines the data sampled from
the twenty GaMD trajectories. This 2D-plot showed two distinct
minima around where we labelled as S =1 and S = 2, and a broad
free energy surface with multiple intermediate states or off-
pathway states being sampled. From these two CVs, D; and D,,
we select representative structures from around S =1 and S = 2
respectively, to define the path CV of GTP movements along the
path of interest. The FES of the path CV was plotted using the
combined statistics of GaMD which considers not only the in-
pathway states but also other off-pathway states. A shallow
energy well in the middle of the pathway has been observed
(Fig. 2C). Minima observed around the crystallographic state
around S = 1 represents the global minima, which is reasonable
as the state could be captured in experiments. The high degree of
freedom in GTP movements on the open cavity could explain
why the free energy around S = 2 was higher than that around S =
1 in the GaMD FES combining data from 20 trajectories. From
the 2D-FES of distance that defines the path CV, we observed a
broad distribution of the states of GTP motion, deviating from
the shortest distance from State 1 to State 2 (Fig. 2B, cyan dotted
line). Orientation of the guanine base of GTP and the y-angle of
guanine that represent the conformation of the guanine base
with respect to ribose in GTP have been investigated. Indepen-
dent scatter plots of these parameters along path CV (Fig. S4 and
S5, ESIT) revealed that GTP sampled a range of conformations at
State 2, which has not been reported in previous studies. The
combined FES of the twenty replicas of GaMD does not differ-
entiate between in-pathway states and off-pathway states, and
the hotspots of MTase-GTP interactions represented by the
lower-energy states on the FES could be explored in the future
for drug design.

Characteristics of the two pathways chosen from GaMD
samples and refined with US

The combined FES from GaMD provides an overall description
of a relatively high-affinity position of GTP-binding on the
protein surface. On the other hand, selecting pathways that
sampled the events of interest reveals the mechanisms of how
the orthoflavivirus MTase transfers GTP between the crystal-
lographically observed GTP pocket to the N’-MTase catalytic
site. Investigations of specific trajectories that sample the
events of interest are commonly adapted in the study of
protein-ligand binding or interaction (as detailed in Method).
Of the twenty pathways from GaMD simulation, Trials 7 and 13
were able to generate complete paths leading to relatively stable
modes of interactions around State 2 (Fig. S2-S7, detailed
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described in Method, ESIt). Hence, they were chosen for
subsequent US simulations. Trial 7 of GaMD has sampled
GTP in the syn-conformation around S = 2, whereas Trial 13
has sampled the anti-conformation. For the convenience in the
later discussion, pathways that sampled syn-GTP and anti-GTP
as the system approached State 2 were denoted as the syn-
pathway and the anti-pathway respectively. Separate investiga-
tions of the trajectories have revealed pathway-dependent
information about the process from State 1 to State 2 (Fig.
S2-S7, ESIt), which highly varies due to the high degrees of
freedom in the solvent-exposed cavity. All the GaMD trials
started with GTP in the anti-conformation as in the crystal
structure. Along the two pathways, we observed that as D,
increases, i.e. as GTP proceeded towards SAM, the guanine
base would be flipped from anti to syn. GTP maintained a syn-
conformation when D; < 4 along the syn-pathway, whereas for
the anti-pathway after the flip from anti to syn when leaving the
pocket, it flipped back again to anti-conformation when D; < 4.
To ensure sufficient sampling of a specific pathway for FES
calculation, US was performed along pathways that sampled
the transition process from State 1 to State 2 in the GaMD
trajectories. The FESs of selected pathways were calculated with
WHAM. Minima around State 1 and State 2 have been located
along the WHAM FES calculated from US of selected pathways.

We plotted the 2D-FES of the two distances that define the
path to uncover the spatial meaning of the states sampled
(Fig. 3A and F). The difference in magnitude of FES changes
could be explained by the mode of MTase-GTP interactions as
the system visited the corresponding states through the differ-
ent pathways. The anti-pathway adapted in space a path closer
to the shortest linear path connecting S =1 and § = 2, while the
syn-pathway has a low-energy intermediate state at S = 1.74, at a
position away from the shortest path. The FES of the 2D-
distance also explained the data with S < 1 in the anti-
pathway, which were off-pathway states as GTP moves away
from the GTP-pocket to a direction different from the desired
repositioning process. This region was also identified in the 2D-
PMF in other trials of GaMD (Fig. 2B).

The orientation of the guanine base along the paths revealed
the high degrees of freedom of guanine orientation as the
system proceeded from State 1 to State 2 (Fig. 3C and G). This
orientation was defined as a dihedral angle with two points on
the rigid guanine base, and the a-carbons of two residues in the
K-D-K-E catalytic tetrad in the protein (K61 and K182), along the
path CV. Both the syn-pathway and anti-pathway have common
minima at S = 1.02 where the orientation was around 1.3 rad.
The difference between the two paths taken was also reflected
by the orientation of GTP as shown in the plots. A rapid change
in orientation can be observed at the global minima around
S = 1.74 of the syn-pathway, before the GTP orientation started
to stabilize at the minimum position as the system approached
State 2 at 2.40 rad. The orientation of GTP along the anti-
pathway was generally more stable as it proceeds from State 1,
but the orientation was more diverse as the system approached
State 2, despite the deeper energy well in the 1D-FES of the anti-
pathway around this state. The orientation in this state was less
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restricted compared to the syn-pathway as revealed by the repre-
sentative states around State 2. In the syn-pathway, when the
system proceeded to around State 2 the guanine base was sand-
wiched between the protein and the ribose triphosphate, restrict-
ing the orientational degree of freedom (Fig. 3D, syn-6). However,
in the anti-pathway, when approaching State 2 the guanine base
was loosely placed on a platform formed by the cofactor SAM and
the two flexible loops gating the SAM-pocket (Fig. 3H, anti-6),
allowing a higher degree of orientational freedom.

We noted that the guanine base orientation in anti-6 resem-
bles the “reaction probe” reported in Chagas et al.;** however
there was a difference in the triphosphate binding mode in
anti-6 compared to their work. In contrast, the guanine base
orientation in syn-6 was in the opposite direction compared to
that observed by Chagas et al., but the triphosphate conforma-
tion resembled their model. Interestingly, as we plot the
interaction energy along the two pathways we sampled, we
observed a more favorable interaction between GTP and SAM
along the anti-pathway. Due to the high degree of freedom of
GTP movement on the open cavity of MTase, both our samples
and the results from Chagas et al. could represent a snapshot of
the real biological process. The current observation indicates
that the unrestricted movement of triphosphate could intro-
duce difficulties in reaching a more energetically favorable
binding mode in State 2.

FES of the two selected pathways resampled by US

From the FES obtained from US of the two selected pathways,
we observed an overall decrease in free energy from S = 1 to
around S = 2, indicating that the movement of GTP from the
crystallographic state towards the targeted state is thermo-
dynamically favorable. As the system proceeded from State 1
to State 2, the change in free energy started to deviate between
the two pathways (Fig. 3D and H), despite the similar position
on the protein being sampled (Fig. 3D and H). From the
minima around S = 1 to the minima close to S = 2, the free
energy decreased by 0.73 kcal mol™" and 0.06 kcal mol ™" along
the syn-pathway and the anti-pathway, respectively. The highest
energy barrier was 1.61 kcal mol™" along the syn-pathway,
corresponding to the transition from syn-1 to syn-2, and
1.95 kcal mol " along the anti-pathway, corresponding to the
transition from anti-3 to anti-5. The free energy curve implied a
possible domination of the syn-pathway in the movement of
GTP. The difference in the two pathways adapted can be
explained by the energy contribution of conserved residues
along path CV as shown in Fig. 4, which will be detailed in
the next section.

Residue contribution of orthoflavivirus N’-MTase can be
rationalized by the residue-GTP interaction along the
reposition pathway from the GTP-pocket to the N’-MTase state

The energy contribution of MTase residues to the interaction
with GTP (Fig. 4) could explain the difference in the overall FES
calculated along the two pathways (Fig. 3A and E). The relative
energy of a specific residue as the system proceeded away from S
=1 revealed the role of this residue in the repositioning process.
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Energetic analysis per residue could provide a possible explana-
tion for the conservation of MTase in the orthoflavivirus genus.
The interaction energies between GTP and protein residues were
calculated as the sum of vdW and electrostatic energies, and
the relative contribution of each residue compared to S = 1 has
been plotted along the path CV. A significantly more favorable
contribution from K28 could be observed from the middle of the
syn-pathway compared to the anti-pathway, that is the energy was
75 kcal mol ™" lower in the syn-pathway around S = 2. Inspection
of simulation trajectories confirmed that K28 interacts with the
GTP phosphate along the syn-pathway (Fig. 3D), but flipped away
in the middle of the anti-pathway (Fig. 3H, anti-3 to anti-4). R37
at the RNA-binding site and H110 located in a flexible loop at the
entrance of the SAM-pocket also had lower energy around S = 2
along the syn-pathway.

Analysis of the pathways at different stages along the
path CV reveals the role of conserved residues throughout the
repositioning process. Stage I (S < 1.25) corresponds to an
initiation stage where GTP starts to leave the GTP-pocket.
At Stage I, K13, K28, S215 and F24 have distinct minima in
the interaction energy profile along both sampled pathways.
Stage II (1.25 < S < 1.7) corresponds to an intermediate stage
with major contribution from residues located close to the
opening of the SAM-pocket as well as from the RNA-binding
site. At Stage II, minima could be found for K28, R37, R57, R84,
H110, E111, E149 and R213. Stage III (S > 1.7) corresponds to
MTase-GTP positioning towards a binding mode right before
the N’-MTase reaction, where a clear energy well could be
observed for R84, H110 and SAM.

The relative interaction energy curves of the conserved GTP-
pocket residues K13, F24, and S215 were similar in shape,

12746 | Phys. Chem. Chem. Phys., 2025, 27,12738-12751

describing the contribution of guanosine-binding residues as
observed in the crystal structure, which had started to level off
as GTP exits the crystallographic state. E149 and R57 have a
similar trend when proceeding from S =1 to S = 2, regardless of
the variety of shapes of the curves in the middle of the pathway.
The relative interaction energy of R37 along the syn-pathway
has a higher degree of fluctuation than along the anti-pathway,
and around S = 2 its contribution along the syn-pathway was
lower. Such a difference can be explained by the interaction of
R37 with the triphosphate group in GTP along the syn-pathway,
while R37 flipped away from GTP along the anti-pathway. For
Y220, the energy has decreased along the syn-pathway while
increased along the anti-pathway.

Profiles of GTP-residue interaction energy along the two
sampled pathways imply the contribution of MTase residues
in the GTP reposition process, which provides the reason
for the experimentally observed residue contribution in the
orthoflavivirus N'-MTase reaction.® Multiple pathways and con-
formations were considered to identify residues critical for
MTase-GTP interactions throughout the repositioning process.
If a residue provides a major contribution along only one of the
sampled pathways, analysis on only one of the pathways would
neglect its contribution. A similar trend in the interaction
energy profiles of the same residue between the syn- and anti-
pathways could be an indicator of its importance, that is the
residue contributes to GTP interaction at a similar magnitude
regardless of the pathway taken. These residues include R57,
R84, H110 and E149 (Fig. 4). All these residues are conserved in
orthoflavivirus (Fig. S1, ESIt), and were identified to be critical
in the orthoflavivirus N’-MTase activity. R57A, R84A, H110A and
E149A mutants of WNV MTase were reported to have only 13%,
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4%, 10% and 2% of N’-MTase activities, respectively.® R84 in the
RNA-binding site rich in basic residues mainly interacted with the
triphosphate group of GTP in our simulations. H110 provides an
additional platform for GTP to have a more stable binding pose as
it approaches the methyl donor SAM. As we investigate the
interaction between GTP and E149 at different states identified
on the FES of sampled pathways, we observed that the sidechain of
E149 could assist in the movement of GTP along the pathway from
the GTP-pocket to the N”-methylation state. Representative coordi-
nates around S = 1.11 in the syn-pathway (Fig. 3D, syn-2) and S =
1.25 in the anti-pathway (Fig. 3H, anti-3) displayed a similar
geometry of GTP but only the latter displayed hydrogen bonds
between GTP and E149. Along the syn-pathway, E149 formed
hydrogen bonds with GTP guanine at S = 1.93 instead (Fig. 3D,
syn-5). The difference in the hydrogen bonding state with E149
sidechain carboxylate at different points on the path revealed the
possible role of E149 in aligning GTP for the N’-MTase reaction.
Considering the interaction energy between the whole
MTase protein and GTP, we observed that the relative inter-
action energy of MTase-GTP increased from S = 1 to § = 2
(Fig. 4, MTase). The interaction energy increased more along
the anti-pathway than the syn-pathway. Interestingly, as we
include SAM as part of the receptor, the difference in inter-
action energy at S = 1 and S = 2 became close to zero, and the
energy around S = 2 was now lower along the anti-pathway than
the syn-pathway (Fig. 4, MTase + SAM). Interactions between
GTP and SAM implied the preference in the binding mode at
the state of the N”-MTase action. The relative interaction energy
between GTP and SAM was more negative along the anti-
pathway, particularly at Stages II-III. As the system approaches
State 2, a more negative interaction energy between GTP and
SAM could be observed in the anti-pathway (Fig. 4, SAM). At S =
2 of the syn-pathway, the GTP-SAM interaction energy was —25
kecal mol ! lower than State 1, where the distance between atom
N’ of GTP and atom CE of SAM was 3.1 A. Around S = 2 along
the anti-pathway, SAM and GTP had more favorable interac-
tions; from S =1 to S = 2, the interaction energy has decreased
for —75 kecal mol ™. Either or both of the samples of State 2
could be a metastable state before the N”-MTase reaction.

Assessment of US-sampled conformations around State 2

Since it was challenging to deduce which pathway would be
more probable from the FES and residue contribution along
CVs that represents the process of GTP transition, we further
attempted to evaluate the conformations with the concept of
near-attack conformation (NAC). NAC and related models elu-
cidate that when reactants are pre-organized and the local
environment of the enzyme re-organized, stabilizing conforma-
tions close to the transition state and hence the energy barrier
of the reaction can be reduced.’”*® Various structural studies
supported the mechanism of orthoflavivirus MTase to position
the N7 nitrogen for nucleophilic attack on the SAM methyl
group,® which is also supported by the previous computational
model®™ and our current work. Generic mechanisms of the N’-
MTase reaction supported by experimental studies of eukaryote
MTase Ecm1®® suggest an in-line mechanism driven by the
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substrate, which is consistent with the NAC-related concepts.
Adapting this concept, we further assessed the relevance of the
conformation around State 2 sampled along the syn-pathway
and the anti-pathway of the N’-MTase enzymatic reaction by
comparing the following two parameters: (1) the distance from
atom N’ in GTP to the methyl carbon, atom CE of SAM (D, ), and
(2) the S-CE-N” angle formed by the central chiral sulfur atom
S in SAM, methyl carbon CE in SAM, and atom N’ in GTP
(Fig. 5A and F, top panel).

The distance D; in syn-6 and anti-6 was 3.1 A and 4.2 A,
respectively, whereas their respective S-CE-N’ angles were
95.5° and 67.1°. Beyond the minima, the syn-pathway further
sampled an S-CE-N’ angle of up to 136° with D; < 2, and the
anti-pathway sampled up to 132° (Fig. 5A and F, lower panel).
While there is limited literature on the methyl-transfer process
of the exact system as this work, the analogous system can be
useful for comparison. Our trajectory samples from the syn-
pathway has an S-CE-N’ angle of up to 136° aligned closely
with the reactant geometry reported by Roca et al.®® in their
hybrid quantum-mechanical/molecular-mechanical (QM/MM)
model of catechol O-methyltransferase (COMT), which exhib-
ited an S-CE-N’ angle of 138.6°. This similarity suggests that
the pathway captured reactant conformations favourable to
methyl transfer, though it deviates from the transition state
S-CE-N’ angle (165.1°) observed in COMT.*® Moreover, the
commonly referenced N’-MTase model by Fabrega et al.’® from
the superposition of Ecm1-SAM and Ecm1-GTP complexes had
an S-CE-N’ angle of 168°, indicating a transition state-like
alignment. The angles sampled by the syn-pathway of our study,
despite not yet being optimal, reflected a pre-organized state
approaching the NAC required for efficient catalysis. The syn-
conformation has been sampled in 17 out of 20 GaMD trajec-
tories as GTP successfully exited the crystallographic state
(Fig. S5, ESIf), indicating that the conformation is highly
accessible. The proximity to COMT’s reactant geometry and
partial alignment toward Ecm1’s transition state angle suggests
that our models were mechanistically pertinent, capturing
an early stage of substrate alignment critical for reducing the
energy barrier. We note that the energy barrier of this reposi-
tion event was lower compared to that of methyl transfer (15-
20 keal mol *),*° which assumes correct positioning of guanine
N”. We observe that both the minima conformations located
from the 2D-FES around state 2, syn-6 and anti-6, yet to
approach the reactant geometry, although syn-6 is closer than
anti-6. Since the N’-MTase reaction also requires the RNA SLA
structure, we believe that RNA would contribute to further
stabilize the NAC closer to the transition state. Thus, the
process of GTP reposition from the crystallographic pocket to
the N’-MTase catalytic site reported in this work could reveal
useful insights into the enzymatic mechanism of orthoflavivirus
N’-MTase.

Correlation of the MTase global conformational changes along
GTP reposition pathways

We further investigated the global changes in MTase conforma-
tions during each of the GTP reposition events to understand
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(A) and (F) Close-up snapshot of the conformations around State 2 from a perspective slightly different from Fig. 3, syn-6 and anti-6, using a

similar color scheme to that in Fig. 3 and labeling the N’ g1p—CEsanm distance (D;) and the Ssam—CEsam—Ncrp angle (upper panel), and the 2D-FES along
D; and the Ssam—CEsam—N"g1p angle (lower panel). (B), (C), (G) and (H) 2D-FES of the first three principal components PC1-PC3 from the PCA analysis of
MTase C, coordinate samples showing the distinct conformational spaces sampled along the syn- and anti-pathway. (D), (E), (1) and (J) 2D-FES showing
the correlation of PC1/PC2 with path CV, S. (K) Cyan arrows illustrating the scaled eigenmodes of the first three PCs using the normal mode wizard in
VMD. Trace of protein C, is shown as a tube and colored by the mobility with white being lower mobility and black being higher mobility. GTP (pink) and
SAM (yellow) from the initial structure were aligned onto the model to show the position of binding sites.
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the role of protein dynamics in the process. The complex
relationship between the global dynamics of the protein and
GTP reposition has been revealed by analyzing the FES derived
from PCA analysis on the motions of MTase C, from the syn-
and anti-pathway. The reweighted 2D-FES of the dominating
principal components (PCs) and the 2D-FES of these PCs
against the path CV, S, have been provided in Fig. 5B-E for
the syn-pathway and in Fig. 5G-J for the anti-pathway. The first
three PCs from PCA analysis accounted for 53.42%, 11.58% and
7.80% of the variance, respectively, explaining 72.8% of the
variance, thus determined to be sufficient to represent system
dynamics. Visualizing the eigenmodes of the PCs, we observed
major conformational changes of the flexible helix E38-K45, the
flexible loop gating the SAM-pocket particularly conserved
residues H110 and E111, and N-terminal residues (Fig. 5K).
The MTase protein has sampled different conformational space
in the US trial of the syn- and the anti-pathway, as indicated by
the PCA projection. US trajectories from the syn-pathway sample
a broad range of values along PC1, PC2 and PC3 (Fig. 5B and C),
while along PC2 the values diverged more along the anti-pathway
(Fig. 5G and H). Notably, the two pathways occupied distinct
regions of PCland PC3.

Examination of the 2D-FES of the PCs along the path CV §
showed a positive correlation between the global conforma-
tional changes and the GTP reposition process. At state 1
(S = 1), both systems sampled a state with PC1 around —10.
Along the syn-pathway, path CV S and PC1 projections dis-
played a strong linear correlation from weighted linear regres-
sion (Fig. 5D and Fig. S9, R* = 0.94, ESI). In contrast, the anti-
pathway correlated more strongly with PC2 than PC1. Along the
anti-pathway, the minimum of the 2D-FES around S = 1 and
S =2 was around PC1 = —10. The shape of the 2D-FES is more
complicated considering the changes of path CV along PC2, as
the two pathways started at different positions along PC2 at
S = 1. Along the syn-pathway, PC2 projections decreased from
PC2 =11 at S =1 to PC2 = —5 at S = 1.4, and then gradually
proceeded to a narrow minimum in the FES around PC2 = —3 at
S = 2. Along the anti-pathway, PC2 had a sharp decrease from
PC2 =5 atS=1toPC2 = —10 at S = 1.2, and then gradually
increased to show two broader minima around PC2 = —5 and
PC2 = 5 when approaching S = 2. These results suggested the
strong correlation between global conformational changes and
the GTP reposition process for the syn-pathway as PC1 captured
major functional motions, particularly for the syn-pathway with
PC1. The complex FES on PC2 suggested multiple metastable
states in this process.

Conclusions

In this work, GaMD and US have been combined to investigate
the interactions between orthoflavivirus MTase and the sub-
strate analogue GTP. Through the energy change along
the repositioning pathway and the visualization of the mode
of interactions, our results have provided an explanation on
protein residue contributions to the N’-MTase reaction reported

This journal is © the Owner Societies 2025
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in experimental literature. Through the analysis of residue con-
tribution along the pathways of GTP repositioning, we were able
to explain the roles of E149 and R84 in the pathway towards the
N’-MTase reaction, of which the interactions of the two residues
with GTP cannot be observed in experimental structures. Con-
tributions of the MTase-GTP interactions out of the experimen-
tally identified GTP-pocket also potentially reveal the design of
GTP-analogue inhibitors. The mechanisms of inhibition of
reported flexible nucleoside analogues such as acyclovir®®?
should be investigated to assess the benefits of considering
contributions of residues along the potential repositioning path-
ways. Assessment of the alignment of the N”-MTase reactants
around the site of the N’-MTase reaction suggested that the
conformation(s) sampled from the syn-pathway would likely be
more probable based on the current results. The correlation of
the global conformational changes with GTP reposition events
confirmed the contribution of the flexible protein in this process.
The updated insights into the enzymatic functions and actions of
its inhibitors obtained from these works could furnish a new
perspective to the rational design of MTase-targeted inhibitors.

Abbreviations

cMD Conventional MD

COMT Catechol O-methyltransferase
Ccv Collective variables

DENV  Dengue virus

FES Free energy surface

GaMD Gaussian-accelerated molecular dynamics
GTP Guanosine-5’-triphosphate
MD Molecular dynamics

MTase Methyltransferase

NAC Near-attack conformation
OHFV  Omsk hemorrhagic fever virus
PCA Principal component analysis

QM/MM Hybrid quantum-mechanical/molecular-mechanical

RdRp RNA-dependent RNA polymerase
SAH S-adenosyl-.-homocysteine

SAM S-adenosyl--methionine

SLA Stem loop A

Us Umbrella sampling

WHAM Weighted histogram analysis method
WNV  West Nile virus

YEFV  Yellow fever virus

ZIKV  Zika virus
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