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ABSTRACT: The COVID-19 pandemic has demonstrated the
need to develop potent and transferable therapeutics to treat
coronavirus infections. Numerous antiviral targets are being
investigated, but nonstructural protein 13 (nsp13) stands out as a
highly conserved and yet understudied target. Nspl3 is a
superfamily 1 (SF1) helicase that translocates along and unwinds
viral RNA in an ATP-dependent manner. Currently, there are no
available structures of nspl3 from SARS-CoV-1 or SARS-CoV-2
with either ATP or RNA bound, which presents a significant hurdle
to the rational design of therapeutics. To address this knowledge
gap, we have built models of SARS-CoV-2 nspl3 in Apo, ATP,
ssRNA and ssSRNA+ATP substrate states. Using 30 ys of a Gaussian-
accelerated molecular dynamics simulation (at least 6 us per
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substrate state), these models were confirmed to maintain substrate binding poses that are similar to other SF1 helicases. A Gaussian
mixture model and linear discriminant analysis structural clustering protocol was used to identify key structural states of the ATP-
dependent RNA translocation mechanism. Namely, four RNA-nspl3 structures are identified that exhibit ATP-dependent
populations and support the inchworm mechanism for translocation. These four states are characterized by different RNA-binding
poses for motifs Ia, IV, and V and suggest a power stroke-like motion of domain 2A relative to domain 1A. This structural and
mechanistic insight of nsp13 RNA translocation presents novel targets for the further development of antivirals.

B INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2), responsible for the COVID-19 pandemic, has infected over
a 150 million people and caused more than 3 million deaths
worldwide as of May 2021." While antigen-based vaccines have
demonstrated significant success at mitigating severe disease
and spread, the need to treat infected patients as well as the
evolution of potentially vaccine-resistant mutants make the
development of potent antivirals a pressing concern. Addition-
ally, it has been suggested that there is the potential for new
coronaviruses to become infectious to humans, necessitating
the development of alternative and possibly general ther-
apeutics. To that end, the characterization of the structure—
function relationship of vital SARS-CoV-2 proteins is necessary
to aid in the development of antivirals.

A promising target for antiviral drug development against
SARS-CoV-2 is nonstructural protein 13 (nspl3), one of 16
nonstructural proteins,” because it plays a critical role in viral
replication and the inhibition of which in SARS-CoV-1 has
been demonstrated to lead to the inhibition of viral
replication.”® Nsp13 is a helicase protein that is highly

© 2021 American Chemical Society
8787

7 ACS Publications

conserved across SARS viruses’~ and is hypothesized to be a
component of the RNA replication complex with the RNA
polymerase, nsp12, and other nsps.””~' Nsp13 has also been
implicated in viral RNA capping activity”'' and as an
interferon antagonist.'” Viral helicases have been targets for
antiviral development in SARS,>*'® flaviviruses,”'*™** and
other positive-sense RNA viruses. Further characterization of
the structure—function relationships of SARS-CoV-2 nspl3
will allow for clarification of its role in viral replication and aid
in the development of antivirals.

SARS-CoV-2 nspl3 is classified as a superfamily 1 (SF1)
helicase, allowing for the prediction of the ATP-pocket and
RNA-binding cleft within its structure. While there is no SARS-
CoV-2 nspl3 crystal structure available in the literature, the
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Figure 1. SARS-CoV-2 nsp13 helicase structure. (a) Sequence, domain structure, and motif structure of nsp13. Nsp13 model based on the 1570 V
mutation of SARS-CoV-1 nsp13 (6JYT), colored by (b) domain and (c) motif.** The ZBD and Stalk Domains were removed in the motif structure

for clarity.

very close homologue from SARS-CoV-1 (PDB: 6JYT)*® has a
99.8% sequence identity with SARS-CoV-2 nsp13.” The SARS-
CoV-1 nspl3 structure, depicted with subdomain coloring in
Figure 1b, is composed of five domains: zinc binding domain
(ZBD, red), stalk domain (blue), domain 1B (pink), domain
1A (green), and domain 2A (cyan). Nsp13 has been classified
as a SF1 Upfl-like helicase, a family of enzymes with similar
sequence characteristics, such as distinct structural features,
specificity for ATP, and unwinding polarity, that are found to
interact with DNA/RNA in both eukaryotes and viruses.”> >’
As found in all SF1 and SF2 helicases, domains 1A and 2A, also
known as the RecA-like domains, comprise the conserved
helicase region. The classification of nspl3 as a SF1 helicase
allows for the prediction of the ATP binding site in-between
domains 1A and 2A as well as the RNA-binding cleft separating
the RecA-like domains from domain 1B. ATP is depicted in its
predicted binding pocket in Figure lc. Verification of these
structural inferences is necessary for developing well-founded
structure—function hypotheses as well as rationally designing
therapeutics.
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Aspects of the structure—function relationship for nsp13 can
be inferred through a comparison to sequence-similar enzymes.
Upfl-like helicases utilize an NTPase cycle to provide the free
energy to unwind dsRNA and translocate along the nucleic
acid substrate in a 5’ to 3 direction.”>”” These enzymes also
exhibit RNA-dependent NTPase activity.”' A set of highly
conserved motifs, including nucleoside triphosphate (NTP)
binding and hydrolysis motifs (I and II), RNA binding and
unwinding motifs (Ia, Ib, and IV), and motifs connecting the
two binding regions (III, V, and VI), have been found to be
important for the function of SF1 helicases.”*™**** The motifs
found in SARS-CoV-2 nsp13 are indicated in Figure lc. How
all of these motifs work in concert to allow for NTP-dependent
RNA translocation remains unknown for SARS-CoV-2 nsp13,
yet this information is critical for the rational design of
inhibitors.

SF1 helicases are thought to translocate by either an
inchworm stepping or Brownian ratchet mechanism.*> The
inchworm mechanism has two sites that alternate between
strongly and weakly bound states such that one site is always
strongly bound to RNA. The weakly bound site performs a
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power stroke before strongly binding RNA one basepair
forward. This behavior is dependent on the ATP substrate
state and can lead to unidirectional translocation along an
oligonucleotide substrate. The Brownian ratchet is a simpler
two state model in which RNA is either strongly or weakly
bound to the protein. RNA is translocated through a power
stroke when the protein enters the short-lived, weakly bound
state. These mechanisms are distinguished by their ATP-
dependent RNA-binding activity and, as such, are testable
based on ATP-dependent RNA-bound structures. The
mechanism of RNA-translocation by SARS-CoV-1 nsp13 has
been examined at an ensemble kinetics level’ and single-
molecule kinetics level’* to identify the rate of ATP hydrolysis
and translocation. H/D mass exchange data suggest the
presence of at least two RNA-bound states, depending on the
presence of an ATP substrate.”> These data are insufficient,
however, to distinguish between the two proposed mechanisms
and do not provide enough structural information to inform
antiviral development.

The work presented here examines the structure—function
relationships utilized by SARS-CoV-2 nspl3 during ATP-
dependent RNA translocation. Specifically, we focus on the
effect of the presence of ATP and RNA on the structural
ensemble of the protein and elucidate the role of ATP in the
translocation mechanism. We perform extensive Gaussian
accelerated molecular dynamics (GaMD) simulations®® in
combination with Gaussian mixture model (GMM) structural
clustering and characterization by linear discriminant analysis
(LDA). From these analyses, we identify four states in the
RNA-binding cleft that are indicative of nspl3 utilizing an
inchworm stepping translocation mechanism. The role of ATP
binding in the translocation mechanism is also elucidated.
Furthermore, we analyze the ATP-pocket of the four states,
identifying key motifs that allosterically connect the ATP-
pocket to the RNA-binding cleft.

B COMPUTATIONAL METHODS

System Setup. Simulations were performed for four
ligand-bound states of the nsp13 helicase: Apo, ssRNA, ATP,
and ssSRNA+ATP. The initial structure for the Apo state is
based on the 1570 V mutation of SARS-CoV-1 (PDB: 6JYT).*®
Due to the lack of ligand-bound crystal structures of SARS
nspl3s, RNA and ATP substrates were extracted from Upfl-
like helicases aligned to the mutated SARS-CoV-1 nspl3
crystal structure. For the ssRNA and ssRNA+ATP states,
polyuracil ssRNA was extracted from the RNA-bound Upfl
helicase crystal structure (PDB: 2XZL)* after the two crystal
structures were aligned using a sequence-based maximum
likelihood protocol, as implemented in THESEUS.”” For the
ssRNA+ATP bound state, the ATP-analog AMP-PNP and the
coordinated Mg®* ion were extracted from the AMP-PNP-
bound Upf1 helicase crystal structure (PDB: 2GJK)*® after the
two crystal structures were aligned using the P-loop, motif II,
motif VI, and motif V as alignment landmarks. The amide
group between the f- and y-phosphates in AMP-PNP were
replaced by an oxygen atom to form ATP. Furthermore,
residues Gly282-Gly287 from the P-loop region in domain 2A
were replaced by residues Gly430-Gly435 from the P-loop
region in the AMP-PNP-bound Upfl helicase. The ATP state
was created by taking the ssRNA+ATP state and removing the
ssRNA.

The protein is modeled using f14SB parameters,” RNA is
modeled using ff99bsc0,q; parameters,””*' and the para-
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metrization files for ATP** are obtained from the AMBER
parameter database. Additionally, nsp13 has a ZBD with three
nonstandard zinc binding pockets. The three zincs are
parametrized in Cys-Cys-Cys-Cys, Cys-Cys-Cys-HID, and
Cys-Cys-HID-HIE environments, respectively, using the
MCPB tool in AMBER.*’ Crystallographic waters are
maintained for each state, and TIP3P water was added to
each system with at least a 12 A buffer, yielding a cubic box
with a linear dimension of ~130 A and a total of ~215 K
atoms. See Table S1 in the Supporting Information for specific
details of the size of each system. Na* and CI” ions were added
to neutralize the charge and provide a 0.1 M salt concentration.

Simulation Details. All-atom, explicit solvent GaMD
simulations for the Apo, ssRNA, ATP, and ssRNA+ATP states
of nspl3 are performed using the GPU-enabled AMBER18
software.** Hydrogen atoms are constrained using the SHAKE
algorithm.45 Direct nonbonding interactions are cut off at 12,
and long-range electrostatic interactions are modeled using the
PME treatment.* An integration time step of 2 fs is used.
GaMD simulations are performed in the NPT ensemble with a
MC barostat set to 1 atm and a Langevin thermostat set to 300
K.

The simulation protocol used for all systems is the same.
The energy of the systems is minimized in 10 stages. In all
minimization stages, 2000 of the steepest descent minimization
steps are performed with varying harmonic restraints. In the
first stage there is a 500 kcal mol™" A~ restraint on all protein
and ligand atoms. In the next four stages the restraints on the
protein side chains are reduced to 10.0, 1.0, 0.1, and 0.0 kcal
mol™" A7%, respectively. Finally, in the last five stages there are
diminishing restraints on ATP+RNA, the protein backbone,
and all ligands of 50.0, 5.0, 1.0, 0.1, and 0.0 kcal mol ™! A2,
The system is heated to a temperature of 300 K over 1 ns, with
a harmonic restraint of 40 kcal mol™" A™ on all protein and
ligand atoms. Pressure equilibration is performed in six stages.
First 1 ns of NVT simulation is performed maintaining the
harmonic restraint from the heating. In the next five pressure
equilibration stages the restraint was reduced to 20.0, 10.0, 5.0,
1.0, and 0.1 kcal mol™ A2 for 200 ps each. A conventional
molecular dynamics (cMD) NPT simulation is then performed
for 10 ns.

Following the cMD simulation, each substrate state is
simulated using GaMD. For GaMD simulations, the threshold
energy for applying the boost potential is set to E = V., and
the default of 6 kcal mol™ is used for both 64 and 64p. The
maximum, minimum, average, and standard deviation values of
the system potential are obtained from an initial 10 ns cMD
simulation with no boost potential. Then GaMD simulations
are performed with the boost potential applied to both the
dihedral and total potential energy terms. Each GaMD
simulation is proceeded with a 40 ns equilibration run after
adding the boost potential, followed by 2 us of production
runs. The GaMD simulations of all substrate states are
performed in triplicate except for the ssRNA bound state in
which six replicates were performed, yielding a total of 30 s of
GaMD simulation to be analyzed.

Model Corroboration. Due to the lack of ATP-bound and
ssRNA-bound crystal structures, the ATP, ssRNA, and ssRNA
+ATP starting structures were created from combining ATP-
bound and ssRNA-bound Upfl helicase crystal structures with
a 1570 V mutated SARS-CoV-1 nspl3 apo helicase crystal
structure. The contacts between the SARS-CoV-2 nspl3
protein and the bound ATP and ssRNA ligands for the ATP,
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ssRNA, and ssRNA+ATP systems are compared to similar
contacts in other SF1 helicase proteins, including the Upfl and
IGHMBP2 helicases, to show that these are suitable initial
structures that are stable during simulation. For the RNA-
bound systems, contacts between motifs Ia, IV, and V with
ssRNA phosphates are determined for each frame, as these
motifs are highly conserved across SF1 helicase proteins.
Similarly, the contacts between motifs I, II, III, V, and VI with
ATP and Mg** are calculated in the ATP-bound systems. A
residue and ligand were considered to be in contact if any atom
of the residue is within S A of any atom in the ligand. The
residue identities and the percentage of frames that each
residue is in contact with the ligand are shown in the
Supporting Information for both the ssRNA and ATP contacts
in Tables S2 and S3, respectively. These tables show that a
majority of the contacts formed in the Upfl and IGHMBP2
crystal structures are maintained for 60—100% of the frames in
the simulation, although some of the contacts are formed or
broken, depending on whether both or only a single ligand are
bound to the protein.

Gaussian Mixture Model Clustering and Linear
Discriminant Analysis. Variational Bayesian Gaussian
mixture model*” is a probabilistic model that effectively fits a
given set of data to a specified number of Gaussian
distributions with unknown parameters assigning each data
point to a cluster. GMM is used to identify structural states in
the nspl3 protein by clustering a set of protein—protein
distances calculated from the nsp13 simulations using a GMM
tolerance of 1076, The number of clusters that the data is fit to
is determined b}r calculating the silhouette,*® Calanski-
Harabasz (CH)," and Davies-Bouldin (DB)*° scores for a
range of cluster sizes from 2 to 10 clusters. Then, based on
maximums in the silhouette and CH scores and minimums in
the DB score, the number of clusters is chosen.

Linear discriminant analysis is a classification and
dimensionality reduction tool. LDA is a supervised algorithm
(data must already be clustered) that finds the linear
combination of features that maximize cluster separation.
LDA is used to identify the protein—protein distances that best
differentiate the four states identified in the RNA-binding cleft.

The GMM clustering and characterization using LDA are
performed iteratively. Each iteration uses the projection of the
distance data onto the previous iterations LD eigenvectors as
the input data for the GMM clustering. The distance data is
still used as the input data for LDA. The cycle is iterated until
the distance between the current iterations projected distances
and the previous iterations projected distances is below a
threshold value of 107>. Both GMM and LDA are performed
using the machine-learning Python library scikit-learn.>!

B RESULTS AND DISCUSSION

The translocation mechanism of the SARS-CoV-2 nspl3
helicase is likely an important component of the viral lifecycle,
and yet, structural details regarding this mechanism are
lacking.'” Here, we present a set of simulations for the Apo,
ATP, ssRNA, and ssRNA+ATP bound states to provide insight
into the translocation mechanism of nsp13 along ssRNA. First,
we discuss large scale changes in domains 1A, 2A, and 1B
between all four systems. We identify changes in the RNA-
binding cleft due to the binding of ATP by analyzing
differences in the ssRNA and ssRNA+ATP systems which
provide insight into the translocation mechanism of SARS-
CoV-2 along ssRNA. Finally, we discuss allostery between the
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ATP-pocket and the RNA-binding cleft, focusing on how the
presence of ATP changes the ATP-pocket and how those
changes affect the RNA-binding cleft.

Large-Scale Changes to Protein Structure. The
interdomain distances between domains 1A, 2A, and 1B,
depicted in Figure 2, are calculated to investigate large-scale

ATP.

Figure 2. Structural depiction of the distances between the center-of-
mass of domains 1B (magenta), 1A (green), and 2A (cyan). The stalk
and ZBD domains are not depicted for clarity.

changes within the nsp13 protein structure due to the presence
of ssSRNA and ATP. The center-of-mass of the f-sheets for
each domain are used to calculate the interdomain distances
due to their rigidity within each domain. The ATP-pocket sits
at the boundary between domains 1A and 2A. The average
1A—2A domain distance remains constant around 31 A,
independent of the presence of ATP and ssRNA, as
demonstrated by the average separation distances shown in
Table 1. The standard deviation of all distances are calculated
from the set of average reweighted distance values of each
replicate of the system.

Table 1. Average Center-of-Mass Separation Distance
between Domains 1A, 2A, and 1B of the nsp13 Helicase
Apo, ATO, ssRNA, and ssRNA+ATP Ligand Bound States”

separation distance (A)

domains APO ATP ssRNA ssSRNA+ATP
1A—2A 31.1(6) 31.6(2) 31(1) 31.3(4)
1A—1B 34.6(6) 34(1) 36.6(8) 38.4(4)
2A-1B 30(1) 31.1(4) 33(2) 36.4(1)

“Error in the last digit is provided in parentheses.

Although there are no large-scale changes to the ATP-
pocket, the presence of ATP leads to large-scale changes to the
RNA-binding cleft. Domain 1B runs along the edge of both
domains 1A and 2A, forming the RNA-binding cleft. The
interplay of these two boundaries are important in the
translocation mechanism of nspl3. The 1A—1B and 2A—1B
domain distances provide insight into how these boundaries

https://doi.org/10.1021/acs.jpcb.1c04528
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change with ssRNA and ATP binding. The 1A—1B domain
distance increases when ssRNA is bound to nspl3.
Furthermore, the binding of ATP into the ssRNA-bound
state leads to additional widening of the 1A—1B distance from
36.6 A in the ssRNA system to 38.4 A in the ssRNA+ATP
state. Similar behavior is observed between domains 2A and
1B, where the presence of ATP leads to an increase in the 2A—
1B distance by 3.4 A relative to the RNA-bound state. There is
more fluctuation in the 2A—1B distance relative to 1A-1B
distance as demonstrated by the larger standard deviation value
of 2.0 A for the 2A—1B distance compared to 0.8 A for the
1A—1B distance for the ssRNA-bound system, which can be
attributed to large fluctuations in the tertiary structure of the
2A domain. The widening of the RNA-binding cleft for both
the 1A—1B and 2A—1B boundaries suggests a possible
reduction in the binding strength of RNA within the RNA-
binding cleft due to the presence of ATP. The linear
interaction energy (LIE) between each phosphate and the
surrounding protein residues and the RMSF of each phosphate
were calculated to determine the binding strength between
nspl3 and ssRNA and can be found in Tables S4 and SS of the
Supporting Information. In both analyses the fluctuations in
these values were too large to differentiate between the ssRNA
and ssSRNA+ATP bound states. One exception is phosphate
PS, labeled in Figure 3a, in which the interaction energy is

Figure 3. Representative structures of the four states identified by the
GMM-LDA clustering analysis performed on distances between motif
Ia (purple), motif IV (red), and the closest ssRNA phosphates. The
phosphates along the ssRNA have been highlighted. (a) In state S1,
motifs Ia and IV are both strongly bound to ssRNA phosphates and
are separated by two unbound phosphates. (b) In state $2, motifs Ia
and IV are separated by a two phosphate gap, but motif Ia is strongly
bound to a phosphate, while motif IV is weakly or unbound to the
ssRNA phosphates. (c) In state $4, both motif Ia and motif IV are
strongly bound to ssRNA phosphates, but are separated by one
unbound phosphate. (d) In state $3, motifs Ia and IV are separated
by a one phosphate gap, but motif IV is strongly bound to a
phosphate, while motif IV is weakly or unbound to the phosphates.
The four states are evidence of a possible four-step inchworm
stepping translocation mechanism. The arrows illustrate the four-step
cycle possibly utilized by nsp13 during translocation.
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higher at —63 kcal/mol for the ssSRNA+ATP system relative to
—112 kcal/mol for the ssRNA system. The lower linear
interaction energy for PS5 in the ssRNA system can be
attributed to motif Ia binding phosphate PS in one state of the
ssRNA simulations. The LIE values are phosphate specific, but
due to the homogeneous nature of the RNA sequence, the
nature of the nsp13-RNA state is relatively agnostic to specific
phosphate interactions. In the subsequent section, we use a
minimum distance analysis to overcome this concern.
Structural Changes of the RNA-Binding Cleft Due to
the Presence of ATP. The presence of ATP leads to large
scale changes in the RNA-binding cleft as shown by the
increase in the 1A—1B and 2A—1B interdomain distances.
Motifs Ia and IV are both highly conserved regions in SF1
helicases, and it has been suggested that these motifs are
involved in RNA binding.>>* The structure of the RNA-
binding cleft from each frame of these simulations are clustered
based on the distances between motif Ia, motif IV, and the
closest RNA phosphates (P) using a GMM-LDA approach.
Table S6 in the Supporting Information contains the residues
used as the position of each motif when calculating these
distances. Based on the three distances, the GMM analysis
separated the ssSRNA and ssRNA+ATP structures into four
states: S1, 82, S§3, and S4. A representative structure of the
RNA-binding cleft for each state is shown in Figure 3.
Analysis of the structure of the RNA-binding cleft for S1, S2,
$3, and S$4 reveals that motifs Ia and IV independently bind
and release ssRNA at different phosphate positions. To
determine how the structure of RNA-binding cleft varies for
each of the states, the three distances were projected onto the
LD eigenvectors calculated by the LDA. The coeflicients of
LD1 and LD2 are shown in the Supporting Information in
Table S7. Figure 4(a,b) show the projection of the three
distances on to the LD1 and LD2 eigenvectors for the ssRNA
and ssRNA+ATP systems, respectively. LD1 separates $4 from
the other three states and is dominated by the distance
between motif Ia and the RNA phosphates. Table 2 shows the
average of each of the distances used in the clustering analysis
for all clusters. S1, S2, and S3 have an average Ia—P distance of
around 5.5 A, while in $4 this distance increases to 9.4 A. This
can be seen in Figure 3¢, where the ssRNA has separated from
motif Ia, causing ssSRNA to become more linear in the RNA-
binding cleft. LD2 distinguishes between S1, §2, and S3 and is
dominated by both the Ia—IV and IV—P distances. The
distance between motif Ia and IV is smallest for S3 at 14.1 A
and largest for S2 and S1 at 18.2 and 20.2 A, respectively. The
change in the Ia—IV distance between S1 and S3 can be
explained by a change in the number of phosphates between
the phosphates bound by motifs Ia and IV. In the
representative structure for S3 (Figure 3d), motif Ia is
bound to P4 and motif IV is bound to P2, leaving only a
single phosphate gap (P3) between them. On the other hand,
in the representative structure for S1 (Figure 3a), motif Ia is
bound to P4 and motif IV is bound to P1, leaving a two-
phosphate gap (P2 and P3) between them. This is qualitatively
consistent with the LIE of PS5, as the state where motif Ia binds
PS is an example of a conformation where there is a two-
phosphate gap between motifs Ia and IV, as motif Ia is bound
to PS and motif IV is bound to P2. S1 and S2 are not well
separated by the Ia—IV distance, but are separated by the
distance between motif IV and the RNA phosphates. In S1, the
average IV—P distance is S.0 A, while in 82 the average
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Figure 4. Projection of the distances between motif Ia, motif IV, and the closest ssRNA phosphates on to LD1 and LD2 eigenvectors from the
GMM-LDA clustering analysis for the (a) ssRNA and (b) ssRNA+ATP systems.

Table 2. Average Separation Distances and Standard
Deviations between Motif IV, Motif Ia, and the Closest
ssRNA Phosphates (P) for States S1, S2, $3, and S4

average distance (A)

residues S1 S2 S3 S4
IvV-P 5.0(8) 8(1) 6(1) 4.7(4)
IV-Ia 20(1) 18(2) 14.2(9) 16.3(7)
Ia—P 5.5(5) 5.4(4) 5.4(2) 9.4(9)

distance increases to 8.1 A as the ssRNA bends away from
motif IV.

The four states identified in the GMM-LDA analysis suggest
a four-step inchworm stepping translocation mechanism of
nspl3 along ssRNA. In this inchworm mechanism, motifs Ia
and IV act as binding sites that independently bind and release
the phosphates of ssSRNA. There is always one of the binding
sites that is strongly bound to ssRNA, unlike in a Brownian
ratchet mechanism in which the protein as a whole strongly or
weakly binds ssRNA. The mechanism follows the cycle shown
in Figure 3. Let us assume the cycle starts in S1 where motif IV
is bound to P, and motif Ia is bound to P,,s, leaving a two-
phosphate gap between them. In the first step of the
mechanism motif IV and P, unbind as the protein transitions
to S2. In the second step motif IV does a power stroke moving
down one base of ssRNA and binds P,,; resulting in the
protein being in S3. This leaves a single phosphate gap
between the phosphates bound by motifs Ia and IV. In the
third step the protein transitions to S4 as motif Ia and P,
unbind. Finally, in the fourth step, Ia performs a power stroke
moving down one base of ssRNA and binds to P, , and the
protein ends up back in S1. Each four-step cycle performed by
nspl3 results in a one-base-pair translocation along ssRNA.

Changes in the sampling of S1, §2, $3, and S4 when ATP is
present in the ATP-pocket suggests that the binding of ATP
leads to the release of ssSRNA by motif IV. In Table 3, the

Table 3. Probability of Being in Each of the States Identified
in the GMM-LDA Clustering Analysis for Both the ssRNA
and ssRNA+ATP Systems

probability
residues S1 S2 S3 S4
RNA 33.01% 35.39% 15.14% 16.45%
RNA+ATP 0.02% 50.78% 33.22% 15.99%
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probability of being in each of the four state for the ssRNA and
ssRNA+ATP systems is calculated to provide insight into
which of the four states the protein is in when RNA is bound
and how the sampling of the four states change when ATP
binds into the RNA-bound protein. In the ssSRNA system, both
S1 and S2 are each sampled 33% of the time. With ATP
bound, S1 is no longer sampled and the sampling of S2 and S3
both increase to 51% and 33%, respectively. These
probabilities suggest that the cycle begins with a two-
phosphate gap between the phosphates bound by motifs Ia
and IV. The binding of ATP then increases the probability of
states where motif IV unbinds (S2) and performs a power
stroke, leading to a single-phosphate gap between motifs Ia
and IV (S3). These probabilities provide evidence that the
binding of ATP into the ssRNA-bound state of nspl3 causes
the first step in the inchworm stepping translocation
mechanism. The remaining translocation steps most likely
occur in the later steps of the hydrolysis cycle, such as ATP
hydrolysis and release of adenosine diphosphate (ADP) and
the inorganic phosphate (Pi). This is supported by several
studies that suggest the hydrolysis of ATP to ADP+Pi, and the
release of these products are responsible for the unwinding of
dsRNA and leads to the power stroke, resulting in the
translocation of RNA helicase proteins.””****** It is necessary
to perform simulations of ssSRNA+ADP+Pi and ssRNA+ADP
ligand bound systems to further elucidate the translocation
mechanism of nsp13 along the ATP-hydrolysis cycle.

Structural Changes of the ATP-Pocket Due to the
Presence of ATP. The binding of ATP to nspl3 leads to a
change in the structure of the RNA-binding cleft as shown by
the change in sampling of the four states identified in the RNA-
pocket and the increase in the 1A—1B and 2A—1B interdomain
distances when ATP is bound into the ssRNA state. To
identify how the presence of ATP changes the ATP-pocket and
how these changes allosterically alter the RNA-binding cleft,
LDA was performed on states S1, S2, 83, and S4 using
distances between ATP-binding motifs (I, II, and VI), RNA-
binding motifs (IV), and motifs that bind both ATP and RNA
(Ia, V, and III). Initially, all residues in all conserved motifs
were included in the LDA analysis. Iteratively, LDA was
performed on these distances, and the distances that received
low coefficients or contained similar information to other
distances in LD1 and LD2 were removed until the eight
distances shown in Table 4 were chosen.

Motif V is identified as a key motif for allosteric
communication between the ATP-pocket and the RNA-
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Table 4. Average Separation Distances and Standard
Deviations between Motifs I, Ia, II, IV, V, and VI, and the
Closest ssRNA Phosphates for States S1, S2, S3, and S4

average distance (A)

distance S1 S2 S3 S4
I-Ia 21.4(5) 21.7(6) 21.8(6) 20.0(6)
V-VI 11.9(6) 11.7(7) 11.4(4) 10.9(8)
I-v 21.4(8) 19(1) 18(1) 19.1(7)
n-v 16.0(7) 13(2) 13(2) 13.7(6)
v-pP 6.2(6) 6(1) 7.5(8) 8.2(6)
la-V 14.0(8) 11(2) 10(1) 9.5(8)
v-v 8.5(5) 10(1) 9.3(6) 9.5(9)
I1-VI 18(2) 17(2) 18(1) 17.9(5)

binding cleft due to changes in its positioning between them
for the four states identified in the GMM-LDA analysis of the
RNA-binding cleft. To determine how the structure of the
ATP-pocket varies in the four states, the eight distances are
projected onto the LD1 and LD2 eigenvectors for the ssRNA
and ssRNA+ATP systems, as shown in Figure Sa and b,
respectively. The coeflicients of LD1 and LD2 are shown in the
Supporting Information in Table S8. LD1 separates S4 from
S1, S2, and S3. The average distances shown in Table 4 are
ordered based on the LD1 coefficients. S4 has a smaller I-Ia
distance relative to the other states as domain Ia unbinds
ssRNA and sits close to the ATP-pocket. Similarly, motif V is
closer to both the ATP-pocket and motif VI for S4, leading to
the largest V—P distance and smallest V—VI distance of all
four states. Furthermore, motifs Ia and V sit much closer
together relative to the other states. Overall, S4 has a much
more compact ATP-pocket, which leads to motifs V and Ia not
binding or weakly binding ssRNA. LD2 differentiates between
S1, S2, and S3 and has the largest contribution from the I-V
distance. The I-V distance is smallest for S3 at 18 A as motif
V sits closer to the ATP-pocket, as shown in Figure 6(c). The
I-V distance increases for S2 to 19 A and increases again for
S1 to 21.4 A, as motif V moves closer to the RNA-binding cleft
and binds to the ssRNA phosphates. This is further shown by
the decrease in the V—P distance for S1 and S2. Not only does
motif V sit closer to the RNA-binding cleft for these two states,
but it rotates up away from motif Ia becoming more parallel
with the ssRNA backbone as it binds one or two of the
phosphates as shown in Figure 6a,b. This is evidenced by the
increasing Ia—V and II-V distances.

Figure 6. Representative structures of the ATP-pocket for states (a)
S1, (b) S2, (c) S4, and (d) S3, four states identified by the GMM-
LDA clustering analysis performed on select distances between motifs
I (orange), Ia (purple), I (pink), IV (red), V (yellow), and VI
(green) and the closest ssRNA phosphates.

The analysis of the ATP-pocket allows us to form a more
complete picture as to how the presence of ATP leads to a
change in sampling of S1, S2, $3, and $4. As motif V moves
farther from the ATP-pocket it binds to ssRNA phosphates
closer to motif IV stabilizing the two-phosphate gap between
motifs Ia and IV and, therefore, stabilizing S1. As nsp13 binds
ATP, there is an increase in the sampling of §2 and S$3, where
motif V sits closer to the ATP-pocket due to the formation of
contacts between ATP and motif V. Table 5 shows the average
distance between all residues in motif V and ATP or Mg** for
the ssSRNA+ATP system. In S2, 83, and S4, Val 533, Asp 534,
Ser 535, and Ser 536 form contacts with ATP and Mg**, with
an average separation distance of 3—6 A. These contacts make
it energetically unfavorable for motif V to move close enough
to ssRNA to stabilize the two-phosphate gap between motif Ia
and motif IV, preventing the protein from sampling S1 when
ATP is bound.
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Figure S. Projection of select distances between motifs I, Ia, II, IV, V, and VI, and the closest ssRNA phosphates on to LD1 and LD2 eigenvectors
from the GMM-LDA clustering analysis for the (a) ssRNA and (b) ssRNA+ATP systems.
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Table 5. Average Separation Distance and Standard
Deviation between All Residues in Motif V with ATP and
Mg2+ for States S1, S2, S3, and S4

average distance (A)

residues S1 S2 S3 S4
Val 533 5.3(8) 4(2) 3(1) 4(1)
Asp 534 8(1) 5(1) 6.0(4) 6(1)
Ser 535 8(1) 3(1) 4.7(5) 5(2)
Ser 536 6.6(7) 4.3(8) 4.2(8) 6.9(7)
Gln 537 9.2(8) 6(1) 7.2(5) 8.5(8)
Gly 538 12(1) 9(1) 9(1) 12.3(8)
Ser 539 12.2(7) 10.1(8) 10(1) 12.3(8)
Glu 540 11.0(4) 10.1(5) 10.0(6) 11.0(7)

These results are consistent with other studies in the
literature that identify the importance of motif V in the
communication between the ATP-pocket and the RNA-
binding cleft of other SF1 and SF2 helicases. Molecular
dynamics simulations of the flavivirus NS3 helicase protein
revealed motif V as an allosteric link between the ATP-binding
pocket and the RNA-binding cleft due to strong correlations
between motif V and both binding pockets.> Furthermore,
these results were supported by mutagenesis studies both in
vitro and in silico.”® SARS-CoV-2 motif V and subdomain 2A
are more dynamic than their flaviviral homologues, but the
mechanistic role of motif V is conserved. This further reflects
the importance of motif V in the translocation mechanism,
making it an interesting target for antiviral development.

B CONCLUSIONS

To provide insight into the translocation mechanism utilized
by nspl13 and the role ATP-binding plays in the translocation
mechanism we performed simulations of Apo, ATP, ssRNA,
and ssSRNA+ATP ligand-bound states of the nsp13 helicase.
Our models were verified by comparing substrate binding
poses to crystal structure of other SF1 helicases that contain
these substrates.

Interdomain distances revealed that the binding of ATP
leads to an increase in the 1A—1B and 2A—1B domain
distances corresponding to a widening of the RNA-binding
cleft. A GMM-LDA approach revealed the presence of 4 states
in the RNA-binding cleft. These four states represent a four-
step inchworm stepping translocation cycle where motif Ta and
motif IV alternate in releasing a ssRNA phosphate before
performing a power stroke and binding a phosphate one
basepair forward along ssSRNA. The change in sampling of the
four states in the ssSRNA and ssRNA+ATP systems suggests
that the first step in the cycle occurs due to the binding of ATP
by nspl3. Analysis of the ATP-pocket of the four states reveal
that motif V plays an important role in stabilizing ssRNA in
states where motifs Ia and IV are largely separated. When ATP
is present, motif V forms contacts, with ATP reducing its
interaction with ssRNA. Based on the simulations that we
present here, motifs Ia, IV, and V play a crucial role in the
translocation mechanism of nspl3. These motifs would be
ideal targets for antiviral drugs to inhibit the function of nsp13.

Future work will focus on performing simulations of ssRNA
+ADP+Pi and ssRNA+ADP ligand-bound states of nspl3 to
further investigate the translocation mechanism of nsp13 in the
later stages of the hydrolysis cycle. Specifically, the role of
ATP-hydrolysis, release of the inorganic phosphate, and release
of ADP in the inchworm stepping mechanism will be
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elucidated. Also, enhanced sampling simulations of motif V
would further clarify the ATP dependence of the structural
conformations of motif V and its role in stabilizing the two
phosphate gap in states where motif Ia and IV are largely
separated.
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