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ABSTRACT: Remdesivir is an adenosine analogue that has a cyano substitution in the C1’
position of the ribosyl moiety and a modified base structure to stabilize the linkage of the base to
the C1’ atom with its strong electron-withdrawing cyano group. Within the replication—
transcription complex (RTC) of SARS-CoV-2, the RNA-dependent RNA polymerase nspl2
selects remdesivir monophosphate (RMP) over adenosine monophosphate (AMP) for nucleotide
incorporation but noticeably slows primer extension after the added RMP of the RNA duplex
product is translocated by three base pairs. Cryo-EM structures have been determined for the RTC
with RMP at the nucleotide-insertion (i) site or at the i + 1, i + 2, or i + 3 sites after product
translocation to provide a structural basis for a delayed-inhibition mechanism by remdesivir. In this
study, we applied molecular dynamics (MD) simulations to extend the resolution of structures to
the measurable maximum that is intrinsically limited by MD properties of these complexes. Our
MD simulations provide (i) a structural basis for nucleotide selectivity of the incoming substrates
of remdesivir triphosphate over adenosine triphosphate and of ribonucleotide over

-ATP

},’Nem To87

S

£ S677 1 \
C=N

deoxyribonucleotide, (ii) new detailed information on hydrogen atoms involved in H-bonding interactions between the enzyme
and remdesivir, and (iii) direct information on the catalytically active complex that is not easily captured by experimental methods.
Our improved resolution of interatomic interactions at the nucleotide-binding pocket between remedesivir and the polymerase could

help to design a new class of anti-SARS-CoV-2 inhibitors.

B INTRODUCTION

Remdesivir (RDV) is an adenosine analogue with a cyano-
group substitution at the C1’ position of the nucleotide base."”
It has been used as a viral suppressor for treatment of SARS-
CoV-2 infections although it shows only modest efficacy.”’ >
Nonetheless, there is great interest in understanding its binding
mode and reaction mechanism. RDV-triphosphate (RTP) is a
substrate of the RNA polymerase (pol) but not an inhibitor
because it can be efficiently added to the growing RNA chain
by the nsp12 RNA polymerase of SARS-CoV-2. Incorporation
of RDV into the RNA occurs only after the prodrug RDV has
been converted by the host cell into RTP.°"'” RDV does not
act as a chain terminator because it has a 3’-hydroxyl group,
thereby allowing the primer to be efficiently extended by RNA
pol after RDV-monophosphate (RMP) incorporation.” " The
rate of in vitro primer extension after RMP incorporation
depends on the location of the added RMP and the
concentration of the next incoming nucleotide triphosphate
(NTP). When the added RMP in the RNA duplex product was
translocated at the i + 3 site, an accumulation of this product
was observed in the presence of a low concentration of
incoming N'TP but not at their physiological concentrations.’
Thus, the reduced primer extension observed in vitro could
also imply that the reduced viral replication and transcription
in vivo is a mechanism known as delayed inhibition.® It could
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also permit exoribonuclease to remove some of the added
RMPs so that AMPs can be reinserted. This extra step of RMP
insertion—excision could effectively slow down viral RNA
synthesis.

Evidence exists that an exoribonuclease associated with both
SARS-CoV and SARS-CoV-2 viruses could reduce a modest
fraction of RDV inhibition,'""? suggesting that a significant
fraction of added RDV nucleotides was not removed and thus
has become part of the viral mRNAs. Nevertheless, RMP-
containing viral RNAs are likely nonfunctional and thus are
partially responsible for the suppression of viral reproduc-
tion."” In fact, the incorporation of RDV and its effects on viral
RNA production in the SARS-CoV-2 infected cell lines is
highly strand dependent.'> Therefore, a new class of anti-
SARS-CoV-2 inhibitors could be rationally designed, including
the formation of dead-end inhibitory ternary complexes at the
pol active site, translocation-inhibited complexes, or exoribo-
nuclease-inhibited complexes. These designs all require higher-
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resolution structural information than are available from the
current cryo-EM structures.

In this study, we supplement high-resolution structural
information using molecular dynamics (MD) simulations,"*
starting with medium- and low-resolution cryo-EM structures.
Particularly, high-resolution structural information on the
binding site of RTP can facilitate the rational design of
effective drugs for targeting the viral RNA polymerase. Our
structural analysis can also address many fundamental
questions, including whether substitution of the RDV 3’-OH
group by 3’-NH, or other functional groups could make the
inhibitor a nonextendable chain terminator. If so, the modified
RDV could terminate the RNA-synthesis complex after being
incorporated. While MD simulations provide specific informa-
tion about both kinetics and thermodynamics of enzymes in
solution, we limit our analysis in this study to thermodynamics
of pol complexes, ie., the equilibrated structures in the MD
simulation trajectories. Here, we focus on the analysis of the
catalytically active complex of SARS-CoV-2 nsp12 pol in the
presence of essential Mg*" ions and the incoming RTP, or ATP
base-paired with a template U nucleotide. These simulations
provide unique and valuable structural information about the
active complex that would be challenging to obtain from X-ray
diffraction or cryo-EM methods. Our structural analysis
suggests a specific mechanism for the incorporation of RMP
or AMP by the nsp12 RNA pol of SARS-CoV-2. Our approach
differs from recent MD simulations on remdesivir in different
positions within the RNA duplex product that relied on free
energy calculation in which the proposed remdesivir
destabilizes the enzyme—RNA complex.”” How those results
correlate with experimental data remains unclear.

B MATERIALS AND COMPUTATIONAL METHODS

The structure of the nsp12 RNA pol (7bv2) was retrieved from
the Protein Data Bank (PDB) as a starting point of our MD
simulations.” The bound RMP (F86) and pyrophosphate were
removed and the 3’ end of the primer chain was truncated so
that the active site was left open. Triphosphate versions of
adenosine, remdesivir, and galidesivir (GLD) were placed at
the active site with the triphosphate tail coordinated to two
Mg** ions via nonbonding interactions. Mg®* ions were also
coordinated with formal bonds to D618, Y619, D760, and
D761 using the Metal Center Parameters Builder (MCPB)
from AmberTools."”'” A weak restraint (10 kcal/mol/A?
centered at 2.1 A) was added to constrain the distance
between Mg®" ions and the deprotonated primer-terminal O3’
(ptO3’), accounting for the bond between those two atoms as
MCPB does not currently support metal bonds to nucleic acid
chains. MCPB was also used to create parameters for the two
Zn** ions bound to three cysteines and a histidine. Parameters
for the triphosphate molecules were generated with Ante-
chamber."”

The system was immersed in a water box and neutralized
with Na* jons. All MD simulations were performed using the
Amber force field and NAMD.'”'® Equilibration was
performed in three steps, starting with equilibration of the
solvent, then both solvent and sidechains, and finally the
complete system. Each equilibration step consisted of
minimization, gradual heating to 310 K, and thermalization.
Once the system was stabilized at 310 K at the end of the
thermalization step, a production run of 100 ns was performed.
For the ATP-containing MD simulations, the coordinates were
sampled at intervals of 20 ps per frame. For the RTP- and
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GLD-TP-containing MD trajectories, coordinates were
sampled at 40 ps per frame.

Individual frames of MD trajectories were aligned using the
program VMD and saved as individual PDB files."” Electron
scattering factors for neutral atoms were assigned for the
calculation of ESP maps and X-ray scattering factors for the
calculations of ED maps. All maps were combined using the
CCP#4 suite (the programs sfall, fft, and mapsig for adding one
map per frame at a time).”” The unit cell box for the ATP-
containing structure was a cube with an edge length of 120 A.
The grid number was set to 360 (the grid size is 0.333 A), and
the initial AB = 8 A? was used to minimize the Fourier series
termination effect at the nominal resolution of 1.0 A for
calculations of both structure factors and maps. The
preequilibrated 7bv2 model was used as a starting model to
fit the MD-ESP (or MD-ED) maps.” The models were rebuilt
using the graphics program Coot, following residual maps and
refined usin§ both Phenix and RefmacS with standard
iterations.”' ~** All figures were designed using PyMol.”*

B RESULTS AND DISCUSSION

MD-Derived Electrostatic Potential Maps Versus
Cryo-EM Maps. Our analysis is based on the thermal
distribution of atomic configurations sampled by MD
simulations, providing (i) electron density (ED) maps
computed with X-ray atomic scattering factors, (ii) electro-
static potential (ESP) maps obtained with electron atomic
scattering factors (Figure 1), and (iii) probability density

Figure 1. Overall comparison of MD-ESP maps with the experimental
cryo-EM maps. (A) MD-ESP map with added blurring AB = 8 A’
contoured at +1 (red), +2 (salmon), +4 (cyan), +8 (green), or +166
(blue) superimposed on the cartoon drawing of the refined atomic
model colored by a rainbow spectrum of atomic B-factors refined in
transparency. (B) Refined atomic model colored by the rainbow
spectrum of atomic B-factors (blue—white—red for small-medium—
large B-factors, respectively). (C) Close-up view of the MD-ESP map
for the primer/template RNA duplex plus ATP contoured at +40
(cyan mesh) and +80 (green isosurface). (D) Refined atomic model
colored by rainbow spectrum of residue sequence numbers.

functions (PDFs) of atomic coordinates. Therefore, the MD
trajectories provide both the variance of atomic distributions
(i.e, atomic B-factors) and the average atomic positions at
thermal equilibrium (i.e., equilibrated structures). When there
is a single conformation for a protein residue or nucleic acid
base, the individual atomic coordinate distributions can be
described to a good approximation by three-dimensional
Gaussian functions. When there are multiple conformations,
the distributions are described by a superposition of multiple
overlapping Gaussian functions. In this study, electron
scattering factors of neutral atoms were used. Partial charges
of ionizable atoms, highlighting differences between exper-
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Figure 2. Detailed comparison of MD-ESP maps with the experimental cryo-EM maps. (A) Close-up view of the MD-ESP map for a catalytic loop
(AB = 8 A?) contoured at +0.66 (salmon), +1.26 (cyan), and +2.46 (gold). (B) Same catalytic loop of the MD-ESP map as panel (A) but with AB
= 28 A% (C) Same as panel (B) but with coarse grid numbers corresponding to about 2.0 A resolution. (D) Experimental emd-30120 map
contoured +80. (E) Resampled MD-ESP map on the experimental map grids. (F) Superimposition of MD-ESP maps with the emd-30210 map and

reported atomic model.

imental cryo-EM maps and MD-simulated ESP maps, properly
account for the actual partial atomic charges.

The RNA pol active site represents the most rigid part of
this enzyme complex, with the smallest distribution variance of
atomic coordinates as revealed by MD-derived ESP maps.
Figure 1 shows the overall ESP map derived from 5000 frames
sampled from 100 ns MD trajectories (MD-ESP) and its
comparison to the closely related experimental emd-30120
map.” This map was generated after filtering the MD-ESP map
to comparable resolution and resampling onto the exper-
imental grids.” The MD-ESP map was averaged over 20 ps per
frame and superimposed on the equilibrium positions of the
atomic model that was refined against the MD-ESP map.

The ensemble of configurations of the RNA pol complex
sampled by MD simulations represents the highest achievable
resolution of an error-free image reconstruction. The variance
of the distribution resulting from thermal atomic motion
determines the atomic B-factor and defines the local resolution.
The larger the variance (and the B-factors), the broader the
atomic ESP peak distribution, and the lower the amplitude of
the atomic ESP. When the MD-ESP map is contoured at +1,
+2, +4, +8, or +160 in the isosurface ESP representation, the
region that is visible in the highest contour level of +16c
represents the highest local resolution, while the regions that
are only visible in the lowest contour level of +16 represent the
lowest local resolution (Figure 1A). The pol active site is the
region with highest resolution, while the peripheral loops on
the surface of the complex correspond to the regions with the
lowest local resolution (Figure 1B). Clearly, the distribution of
local resolution in MD-ESP maps is fully consistent with the
distribution of refined atomic B-factors in the complex at
thermal equilibrium.

We filtered the resolution of the MD-ESP map by adding
blurring B-factors (AB = 28 A?) to compare the MD-derived
ESP maps with cryo-EM maps, and we resampled the MD-ESP
onto the grids of the cryo-EM emd-30210 map (to ~2.5 A) as
reported for the 7bv2 structure (Figure 1).” The comparison
shows that the two maps are remarkably similar, except for the
orientation of the carboxylates of D760 and D761 (Figure 2).
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However, modeling the orientation of carboxylate sidechains at
medium resolution can be challenging, particularly when the
carboxylate groups are bound to divalent metal ions.”>”**
Furthermore, we note that the experimental map corresponds
to the enzyme—RNA product complex with incorporated RMP
and bound pyrophosphate whereas our MD-ESP map
corresponds to the ATP substrate complex. Nevertheless,
these differences do not appreciably affect the structure of the
nspl2 RNA pol except for the triphosphate moiety-binding
pocket.”

Experimentally, it is difficult to capture the catalytically
active complex that represents a minor population in the
reaction mixture without using specific methods to enrich its
population. To experimentally probe the catalytically relevant
complex(es), it would be necessary to stall the RNA synthesis
using, for example, transition-state analogue inhibitors, a 3'-
deoxy nonextendable primer, a nonhydrolyzable nucleotide
analogue (such as a,f-amide-substituted ATP or AMPNPP),
or catalytically inactive divalent metal ions (such as Ca’*), as
reported for RB69 DNA pol and human pol # (and to a lesser
extent, for other DNA pols).zg_38 Another method is reliant on
certain crystal lattice constraints to trap the pyrophosphate
product and a third divalent metal ion.*”*® However, one must
be aware of the fact that any of these methodologies could
have artifacts and are prone to misinterpretation.*"**

Binding of ATP, RTP, and Galidesivir-Triphosphate.
Figure 3 shows the MD-derived electron density (MD-ED)
maps for the pol active site of SARS-CoV-2, containing the
nascent base pair between a template nucleotide U and each of
the incoming substrates: ATP, RTP, or Galidesivir (GLD)-
triphosphate (GLD-TP). RTP has a cyano substitution at the
C1’ position while GLD-TP has an amine substitution at O4’
(Figure 3B,C). Upon RTP binding, the cyano-binding pocket
expands only slightly as seen in the outward displacement of
the sidechain of T687 (Figure 3G). The equilibrium
conformation of RTP differs from the binding mode of ATP
and GLD-TP in that it is missing an intramolecular hydrogen
bond (HB) between its O3’ and the p-phosphate group
(Figure 3A—C). In the ATP-bound complex, a cluster of
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Figure 3. MD-ED maps for ATP-, RTP-, or GLD-TP-containing complex and their differences. Maps for (A) ATP, (B) RTP, and (C) GLD-TP
were contoured at +0.66 (salmon), +1.26 (cyan), and +2.46 (gold). Substituted groups are in large CPK model as indicated by black arrows. (D)
Pol active site including the nascent base pair and primer-terminal base pair. (E, F) Surface representation of the ATP-binding pocket colored by
charges (negative, red; positive, blue; and neutral, green). (G—J) Four different views of the RTP minus ATP difference map at the highest
contouring levels (+750, blue/—750, red; G, H, and J) show the added cyano substitution in RTP relative to ATP (G, it should be noted that only
relative values are meaningful because MD-ED maps are contoured relative to standard deviation of the entire maps and the absolute value of their
standard deviation is highly dependent on the size of an arbitrary box used for MD simulations and also on sampling resolution, unlike
crystallographic ED maps), (H) displaced triphosphate moiety, and at the second highest contouring levels (I, +500, blue/—500, red), and (J)
zoom-out view. Arrows indicate displacements of the triphosphate tail and its interacting loop. (K, L) Two views of comparison of ATP (green),

RTP (gold), and GLD-TP (magenta) bound structures.

positively charged amino acid residues form a well-defined
binding pocket for the triphosphate moiety of ATP and exhibit
well-ordered MD-ED features (Figure 3D—F), of which four
directly interact with the triphosphate moiety (Figure 4). The
binding mode observed suggests that ATP adopts a single
conformation at the binding site. The same positive residues
also bind the triphosphate moiety of RTP and GLD-TP.
However, the triphosphate groups of RTP and GLD-TP
exhibit multiple conformations so their MD-ED features are
only approximately defined when compared to the ATP
complex. Here, we describe only the dominant conformations
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even though RTP and GLD-TP exhibit multiple conforma-
tions. In the ATP-binding pocket, ordered water molecules
occupy the pocket where the substituted cyano group of RTP
occupies it in the RTP complex (Figure 5).

The RTP-minus-ATP MD-ED difference map, when
comparing RTP to ATP binding, shows that the largest
positive feature corresponds to the cyano substitution of RTP
at the C1’ position (Figure 3G). The largest negative
difference corresponds to the triphosphate moiety, due to
the different conformation of the nucleotide triphosphate in
the two structures (Figure 3G). Associated with these

https://doi.org/10.1021/acs.biochem.2c00341
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Figure 4. HB patterns for the recognition of 2’-OH and cyano groups
in (A—C) ATP and (D—F) RTP complexes, respectively. MD-ED
maps are contoured at low (+0.60, silver, in panel (F)) and high levels
(+1.20, gold, all panels). H atom probability density function (PDF)
maps are contoured at about 50% probability.

structural differences, there are many other MD-ED difference
features due to the repositioning of five positively charged
sidechains of the key amino acid residues and the

corresponding main chain backbone, suggesting correlated
motions and different conformations of the triphosphate
moiety for the three incoming NTPs. Therefore, the MD-ED
difference Fourier analysis is very sensitive to any subtle
structural change.

The conformation of the triphosphate moiety of GLD-TP
resembles that of ATP. However, the MD-ED features of the
triphosphate group of RTP and GLD-TP are less well-defined
than those of ATP (Figures 3 and 4). In all three cases, the
nucleobase and a-phosphate group exhibit distinct MD-ED
features (Figure 3) as well as distinct dynamics in response to
the different incoming nucleoside triphosphates. In addition,
we have repeated all of our MD simulations, starting with the
6xez coordinates,” which largely reproduced the overall
structural features reported in this study. However, these
replicas also showed that there were more than two alternate
conformations of the triphosphate-binding loops for substrates
described here.

H-Bonding Interactions of RTP within the Polymer-
ase Complex. MD simulations allow us to analyze detailed H-
bond (HB) networks that are difficult to determine by simple
inspection of medium- and low-resolution experimental maps.
HB analysis provides valuable insights into the structural and
functional roles of the HB network and shows that it involves
the sidechain of S677, the 2" and 3’ hydroxyl groups, and pol
backbone. The 2’-OH groups of both ATP and the 3’ primer-
terminal nucleotide U (pfU) are recognized by the pol via HB
interactions (Figure 4). The N691 sidechain and the backbone
amide of D678 provide selectivity against 2'-deoxy nucleotides,
ensuring that this pol only accommodates RNA and
discriminates against DNA (Figure 4B,E). We note that the
HB between N691 and S667 can also keep these two
nucleotides adjacent to each other, which is essential for the
RNA polymerization reaction.

carboxyl

ézidoyl

methylhydroxyl

Figure S. ATP-binding pocket and the preexisting binding pocket for the cyano group of RTP and hypothetical models for new drug design. (A, B)
Two views of the ATP-bound complex show the preexisting pocket underneath the C1’ atom where the cyano group is substituted in the RTP
complex. (B) In stereodiagram. Arrows indicate a preexisting pocket in the pol. (C, D) Same two views of the RTP-bound complex. (D) In
stereodiagram. (E—H) With hypothetical formal, carboxyl, methylhydroxyl, or azidoyl substitution at C1'. Solvent-accessible surface is colored by
negative charge (red), positive charge (blue), uncharged (cyan) atoms, and sulfur atom (gold).
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ATP and RTP form two nearly identical base-pairing HBs
with the template nucleotide U (Figure 4). Recognition of the
2’-OH group of RTP and ptU in the RTP complex is nearly
identical to that of the ATP complex and is not affected by
differences in the MD-ED maps due to the orientations of the
2'-OH and 3’-OH groups in RTP and ATP. The cyano group
exhibits an HB interaction with the sidechain of S677 and a
polar interaction with the sidechain of N691 (Figure 4E).
These interactions increase the binding affinity of RTP in the
pol-substrate complex. The same base-pairing interaction
between GLD-TP and the template is observed between
ATP and the template U.

DNA pols use a “sugar-gate” residue to stereochemically
prevent rNTPs with 2'-OH groups from binding to the dNTP-
binding pocket."**> RNA pols have a specific interacting
residue(s) to establish the HB that recognizes the 2'-OH
group, enabling them to select rNTPs over dNTPs.**~*
However, the detailed HB pattern responsible for introducing
selectivity for the substrate has remained unknown due to the
limited resolution of cryo-EM maps of the RTC of SARS-CoV-
279751 Here, we find evidence that the sidechain of N691
recognizes the 2'-OH group of the incoming ATP (and other
NTP substrates). The orientation of the N691 sidechain is
constrained by a HB between the sidechains of N691 and
S677. In addition, the preexisting pocket underneath the C1’
atom of ATP is filled by ordered water molecules, providing a
strong cooperative effect for recognition of the RTP substrate
as observed in our MD simulations. The HB network also
assists in the recognition of the 2’-OH of the 3’ primer-
terminal nucleotide by the backbone amide of D678 (Figure
4B,E).

The preexisting cyano-binding pocket is also observed in the
ATP complex although filled with water molecules and
replaced by the hydrophilic cyano group of remdesivir in the
RTP complex (Figure SA—D). The size and hydrophilic nature
of the pocket also make it suitable for other types of polar
moieties such as formyl, carboxyl, methylhydroxyl, keto, or
amide groups that could substitute for the cyano group of C1’
(Figure SE—H). Also, with modest puckering of the nucleotide
sugar, the pocket could also fit an azidoyl group (Figure SH).
Additional MD simulations with these new compounds are
ongoing.

Our analysis provides new insights on specific interactions
responsible for binding of nucleotide analogues that could
mimic ATP and outperform remdesivir. Therefore, our
structural insight is expected to stimulate further studies of
modified nucleotides with new functional groups designed for
high-affinity binding at the nascent base-pair-binding pocket.

Relationship between MD Simulations and Biophys-
ical Studies. MD simulations and simulated annealing have
been the standard procedures of model refinement for both X-
ray crystallography and NMR for many decades because they
can rapidly find the equilibrated structure present in crystals or
in solution starting with only moderately accurate coordi-
nates.””>> Slow-cooling procedures are commonly used for
finding a single equilibrated structure. We provide an
alternative in this study. The equilibrated structures derived
from MD-ESP or MD-ED maps can also be used for
interpretation of corresponding medium- and low-resolution
cryo-EM ESP maps and crystallographic ED maps. We present
evidence that MD simulations can complement high-resolution
structural information for these structures because they
provide MD-ESP and MD-ED maps that are highly
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comparable with the experimental data. Figure 1 shows a
striking similarity between the MD-ESP and cryo-EM map
when they are compared locally. However, during a global
comparison, we discovered that the magnification used for
image reconstruction was often only approximate and required
additional correction for voxel rescaling between a global
comparison of MD-ESP and cryo-EM maps to be made
reliably.

MD simulations are powerful theoretical single-molecule
techniques and should be comparable to experimental single-
molecule spectroscopy. Because single-molecule kinetic
behaviors are fully reproduced by the kinetic behaviors of
bulk solution assembly complexes (i, Michaelis—Menten
kinetics for complex enzymatic reactions),”* one expects that
MD simulations should reproduce nearly all macroscopically
measurable kinetic and thermodynamic properties of any
enzyme, even though this study focuses on only the
equilibrated structures for the purpose of drug discovery. At
the single-molecule level, enzymes fluctuate stochastically, and
this information should be present in the MD simulation
trajectories alongside information for the kinetic rates of
conversion between any pair of specific functional states.”> >
With assistance of MD simulations between two closely
functional states, one may be able to deconstruct such states
from experimental maps when they are inadvertently merged
into a single state. Therefore, this study is just an example but
it opens up a new avenue for powerful MD simulation-based
rationale for drug design.
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