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ABSTRACT

The N protein of betacoronaviruses is responsible for nucleocapsid assembly and
other essential regulatory functions. Its N-terminal domain (NTD) interacts and melts the
double-stranded transcriptional regulatory sequences (dsTRS), regulating the discontinuous
subgenome transcription process. Here, we used molecular dynamics (MD) simulations to
study the binding of SARS-CoV-2 N-NTD to non-specific (NS) and TRS dsRNAs. We
probed dsRNAs’ Watson and Crick (WC) base-pairing over 25 replicas of 100 ns MD
simulations, showing that only one N-NTD of dimeric N is enough to destabilize dSRNAs,
initiating melting. N-NTD dsRNA destabilizing activity was more efficient for dsTRS than
dsNS. N-NTD dynamics, especially a tweezer-like motion of 2-B3 and a2-B5 loops,
played a key role in WC base-pairing destabilization. Based on experimental information
available in the literature, we constructed kinetics models for N-NTD-mediated dsRNA
melting. Our results support a 1:1 stoichiometry (N-NTD:dsRNA), matching MD
simulations and raising different possibilities for N-NTD action: (i) two N-NTDs of
dimeric N would act independently, increasing efficiency; (ii) two N-NTDs of dimeric N
would bind to two different RNA sites, bridging distant regions of the genome; and (iii)

monomeric N would be active, opening up the possibility of a regulatory dissociation event.

IMPORTANCE

Coronaviruses are among the largest positive-sense RNA viruses. They display a unique
discontinous transcription mechanism, involving N protein as a major player. The N-NTD
promote the dSRNA melting releasing the nascent sense negative strand via a poorly known
mechanism of action. It specifically recognizes the body TRS conserved RNA motif

located at the 5 end of each ORF. N protein has the ability to transfer the nascent RNA
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strand to the leader TRS. The mechanism is essential and one single mutation at the RNA
binding site of the N-NTD impairs the viral replication. Here, we describe a
counterintuitive mechanism of action of N-NTD based on molecular dynamics simulation
and kinetic modelling of the experimental melting activity of N-NTD. This data impacts
directly in the understanding of the way N protein acts in the cell and will guide future

experiments.

Keywords: SARS-CoV-2 nucleocapside protein; dsRNA melting activity; MD

simulations; kinetic models
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INTRODUCTION

The recent pandemic of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2), the causative agent of Coronavirus Disease 2019 (COVID-19), has become a
global health emergency (1, 2). SARS-CoV-2 is an enveloped virus containing a large non-
segmented positive-sense single-stranded RNA genome, belonging to the Coronaviridae
family (3, 4). The 5” two-thirds of the coronaviruses’ genome, corresponding to ORFl1a/b,
is translated into two polyproteins (ppla and pplab) that are proteolytically processed into
sixteen nonstructural proteins (NSPs) (5). These NSPs assemble in the viral replicase-
transcriptase complex (RTC) at the endoplasmic reticulum membrane, being responsible
for genome replication and transcription (6). Conversely, the 3* one-third of the genome is
translated into accessory proteins as well as the four structural proteins, spike (S),
membrane (M), envelope (E), and nucleocapsid (N), through a unique process of
subgenomic mRNA (sgmRNA) transcription (7, 8).

N is one of the most abundant viral proteins in the infected cell. It is a 46-kDa
multifunctional RNA-binding protein that drives the viral RNA packaging into a helical
nucleocapsid (9). In addition, N localizes at the RTC at early stages of infection and plays a
central role in the regulation of RNA synthesis (10-12). It is composed of two functionally
distinct folded domains, which are interspersed by an intrinsically disordered linker region
enriched in arginine and serine residues. Both the two domains and the linker region
contribute individually to RNA binding (13). The N-terminal domain (NTD) has been
shown to interact with regulatory RNA sequences during subgenome transcription, whereas
the C-terminal domain (CTD) is responsible for N protein dimerization, which is crucial for
nucleocapsid assembly (14, 15). The recently reported solution structure of SARS-CoV-2

N-NTD reveals a right hand-like fold, composed of a five-stranded central B-sheet flanked
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by two short a-helices, arranged in a p4-B2-f3-B1-B5 topology (16). The B-sheet core is
referred to as the hand’s palm, while the long f2-f3 hairpin, mostly composed of basic
amino acid residues, corresponds to the basic finger. The positively-charged cleft between
the basic finger and the palm has been suggested as a putative RNA binding site (16).

Genome replication is a continuous process in coronaviruses. In contrast,
transcription is discontinuous and involves the production of sgmRNAs (17). Regulation of
sgmRNA synthesis is dependent on transcriptional regulatory sequences (TRSs) located
either at the 5’ end of the positive-strand RNA genome, known as the leader TRS (TRS-L),
or at the 5* end of each viral gene coding for structural and accessory proteins, called the
body TRS (TRS-B). TRS-L and TRS-B share an identical core sequence, which allows for
a template switch during sgmRNA synthesis. Once the TRS-B has been copied, the nascent
negative-strand RNA is transferred to TRS-L and transcription is terminated (17, 18).
Multiple well-orchestrated factors, including TRS secondary structure, RNA-RNA and
RNA-protein interactions, influence sgmRNA transcription (17). Coronaviruses’ N-NTD
specifically interacts with the TRS and efficiently melts a TRS-cTRS RNA duplex,
facilitating template switch and playing a pivotal role in the regulation of discontinuous
transcription (10, 16, 17, 19). Despite its relevance for the viral replication cycle, the
molecular basis underlying the specificity of interaction of SARS-CoV-2 N-NTD with the
TRS sequence remains elusive. Thus, understanding the mechanism by which SARS-CoV-
2 N-NTD specifically recognizes TRS RNA at atomic detail is paramount for the rational
development of new antiviral strategies.

Here, we present a hypothesis for the molecular mechanism of dsRNA melting
activity of SARS-CoV-2 N-NTD. We showed by molecular dynamics (MD) simulations

(25 replicas of 100 ns) that N-NTD destabilizes dsRNA’s Watson and Crick base-pairing
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by dropping down intramolecular hydrogen bonds and perturbing the local rigid-body
geometric parameters of dSRNA. The destabilization is more significant for TRS than for a
non-specific (NS) dsRNA sequence. Moreover, a tweezer-like motion between B2-B3 and
a2-B5 loops of N-NTD seems to be a key dynamic feature for selectivity and, consequently,
dsRNA melting activity. We also constructed kinetic models for characterizing the melting
activity of the dimeric N protein assuming 1:1 and 2:1 (N-NTD:dsRNA) stoichiometries,

revealing that only one N-NTD is enough for dsSRNA melting.

RESULTS
Structural models of the N-NTD:dsRNA complexes and their validation from
molecular dynamics simulations

We calculated the structural model of the N-NTD:dsTRS complex based on the
experimental data for the N-NTD interaction with a non-specific dSRNA (5’~-CACUGAC-
3”) (dsNS) (16) using the HADDOCK 2.2 server (20). The structural restraints of the N-
NTD:dsNS complex were defined from CSPs titration performed by Dinesh et al. (2020)
(16). The lowest-energy structure of the N-NTD:dsNS complex from the cluster with the
lowest HADDOCK score (fraction common contacts = 0.8 + 0.1 A, interface-RMSD = 1.0
+0.6 A, and ligand-RMSD = 2.2 + 1.2 A) was used to mutate the dsNS molecule to obtain
the TRS sequence (5’-UCUAAAC-3’) and, therefore, to generate the N-NTD:dsTRS
complex structure. Figure 1A shows the structural model of the N-NTD:dsTRS complex, in
which the TRS RNA is inserted in a cleft located between the large protruding 32-f3 loop,
named finger, and the central B-sheet of N-NTD, referred to as the palm. Analysis of the

electrostatic surface potential of N-NTD revealed that the dsRNA-binding pocket is
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positively charged, with the finger being the highest charged region (Figure S1). This result
Is consistent with the charge complementarity of the nucleic acid phosphate groups that
exhibit negative charge. It is worth mentioning that the orientation of the TRS sense strand
in the complex model is in agreement with experimental results described by Keane et al.
(2012) for the Murine Hepatitis Virus structural homolog of N-NTD (21), in which the 5°-
end of the sense strand binds close to f4-B2-B3 and the 3’-end binds next to B1-B5 (Figure
1A).

We performed 25 calculations of 100 ns molecular dynamics (MD) simulations to
investigate the stability of the structural models of N-NTD in complex with either dsNS or
dsTRS, as well as each of the biomolecules separately (dsNS, dsTRS, and N-NTD). Figure
1B (top) shows the average RMSD values for the backbone atoms (C5’, C4’, C3’, O3’, P,
and O5’) of dsNS and dsTRS in their free and N-NTD-bound states, which were
significantly stable along the 100 ns MD simulations. Similar results are observed for the
average RMSD values for free and dSRNA-bound N-NTD over the simulations (Figure 1B
— middle). Evaluation of the average number of contacts between N-NTD and dsRNAs
(distance < 0.6 nm) revealed that dsNS and dsTRS are in close interaction with N-NTD
throughout the 100 ns MD simulations (Figure 1B — bottom). These parameters (RMSD
and contacts) validate the robustness and stability of the structural models generated for the
N-NTD:dsRNA complexes as well as the molecular structures of the investigated
biomolecules (dsNS, dsTRS, and N-NTD). The non-averaged values of the analyzed
parameters for each of the 25 MD simulations are provided in Supplementary Material
(Figure S2-S10).

Figure 1
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Stability of dsNS and dsTRS base-pairing upon N-NTD binding

To estimate the stability of the Watson-Crick (WC) base-pairing of dsNS and
dsTRS complexed with N-NTD, we evaluated the intramolecular hydrogen bonds formed
between sense and anti-sense strands of the dsSRNA bound to N-NTD. In addition, the
hydrogen bonds of the free RNA molecules were investigated as a control parameter.
Figure 2 shows the number of intramolecular hydrogen bonds for 25 replicas of MD
simulations of free and N-NTD-bound dsTRS. It is possible to note that the score profile of
intramolecular hydrogen bonds for free dsTRS (Figure 2A) was different than that of N-
NTD-bound dsTRS (Figure 2B). This difference is mainly due to a considerable reduction
in the number of intramolecular hydrogen bonds in at least 4 replicas of the set of 25 MD
simulations (runs 5, 8, 17, and 25), suggesting that dsTRS WC base-pairing was
destabilized by interaction with N-NTD. On the other hand, the score profile of
intramolecular hydrogen bonds for free dsNS (Figure 2C) was quite similar to its N-NTD-
bound state (Figure 2D).

Figure 2

We also performed a quantitative analysis of WC base-pairing by calculating the
average number of intramolecular hydrogen bonds throughout the 100 ns MD simulations
for each of the 25 replicas. For free dsRNAs, the average numbers of intramolecular
hydrogen bonds were constant for the 25 runs (Figure 3A) with an overall average value of
18.2 £ 0.2 and 15.5 + 0.3 for dsNS and dsTRS, respectively. It is worth noting that the
expected value of WC hydrogen bonds for dsNS and dsTRS are 18 and 16, respectively.
This confirms the consistency of the force field used to describe the studied molecular
system. For the N-NTD-bound dsRNAs, we observed a decrease in the overall average

number of intramolecular hydrogen bonds for both RNA ligands, accompanied by an
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increase in respective standard deviations. This increase in standard deviation is due to a
significant reduction in the average number of intramolecular hydrogen bonds of particular
replicas, specifically 4 for dsTRS (runs 5, 8, 17, and 25) and 2 for dsNS (runs 15 and 23)
(Figure 3A). The N-NTD-induced reduction in the number of intramolecular hydrogen
bonds between the sense and anti-sense strands of dsRNAs was more pronounced for
dsTRS than dsNS, as shown by the analysis of score profile in Figure 2.

In contrast to the decrease in the number of intramolecular hydrogen bonds between
the sense and anti-sense strands of dsSRNAs (WC base-pairing) due to N-NTD binding, we
observed an increase in the average number of intermolecular hydrogen bonds formed
between the nitrogenous bases of dsTRS and N-NTD (protein-RNA interaction) along the
100 ns MD simulation, whereas for dsNS, this average value was constant (Figure 3B —
top). It is noteworthy that dsNS has more hydrogen bond-forming sites (acceptor and
donor) than dsTRS and, in spite of that, the average number of intermolecular hydrogen
bonds for the N-NTD:dsTRS complex is higher after 50 ns simulation. Figure 3B (bottom)
shows that the average number of intermolecular hydrogen bonds for runs 5, 8, 17, and 25
increased significantly with respect to the average value of the other replicas (21 runs in
total). The non-averaged values of the intermolecular hydrogen bonds for each of the 25
MD simulations are provided in Supplementary Material (Figure S11). The drastic drop in
the number of intramolecular hydrogen bonds for dsTRS in these 4 replicas is a
consequence of the destabilization of the RNA duplex. Note that a complete break of WC
base-pairing was observed in run 5 (Figure 3C), whereas a similar behavior with partial
breaks occurred for dsTRS in runs 8, 17, and 25 (Figure S12). The structural model of the

N-NTD:dsTRS complex presented in Figure 3C suggests a hypothesis for the mechanism
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of action of N-NTD in which only one domain is capable of destabilizing the RNA duplex,
possibly leading to its dissociation and ultimately release of the RNA single strands.

Figure 3

To further understand the stability of the Watson-Crick base-pairing for N-NTD-
bound dsNS and dsTRS, we used the do_x3dna tool (22) along with the 3DNA package
(23) to analyze the local base-pair parameters (angles: buckle, opening, and propeller;
distances: stretch, stagger, and shear) from the MD simulations. Figure 4 shows the
population distributions of these local base-pair parameters for runs 5, 8, 17, and 25 (for
dsTRS), and runs 15 and 23 (for dsNS), both free and complexed with N-NTD, as well as
the difference between the distributions of the free and N-NTD-bound states. These replicas
were selected based on the results presented in Figure 3A, since their average numbers of
intramolecular hydrogen bonds were significantly lower than the overall average values.
From Figure 4, it is clear that N-NTD perturbs the population distributions of the local
base-pair parameters of dsRNAs, most notably for dsTRS.

The distribution of dsTRS buckle angles revealed a reduction in the population at
~0° (base-pairing planarity) and increase in subpopulations at ~+30° due to the interaction
with N-NTD. This can be clearly seen by the difference in distributions between the N-
NTD-bound and free states (inset in buckle plot of Figure 4). A similar but less intense
effect was observed for the population distribution of dsNS buckle angles. For the opening
angles, one can note a higher perturbation of population distribution for dsTRS than for
dsNS upon binding to N-NTD. For dsTRS, the opening angle population at ~0° (base-
pairing closure) decreased significantly while subpopulations emerged for angles higher
than 50°, remarkably at ~90°. The distribution of the propeller angles showed a reduction in

the equilibrium populations at —12.6° and —13.8° for dsTRS and dsNS, respectively, after
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interaction with N-NTD, with an increase in subpopulations around 0° (less twist), which
was significantly larger for dsNS. However, we observed an extra subpopulation of
propeller angles at approximately —30° for dsTRS after binding to N-NTD, which was not
seen for dsNS (see the inset in propeller plot in Figure 4).

Investigation of the stretch, stagger, and shear distances for dsNS and dsTRS
showed that the equilibrium population at ~0 A decreased for both dsRNAs as a result of
N-NTD binding. However, this reduction is more drastic for dsTRS than dsNS, as can be
seen in the inset for the respective plots in Figure 4. In addition to this reduction effect, we
also verified that N-NTD-bound dsTRS exhibited clear subpopulations at ~1, ~+1.5, and ~3
A for the stretch, stagger, and shear distances, respectively.

N-NTD-induced perturbations in the population distributions of angle and distance
base-pair parameters (buckle, opening, propeller, stretch, stagger, and shear) of dsRNAs for
the selected replicates (runs 5, 8, 17, and 25 for dsTRS, and runs 15 and 23 for dsNS)
indicate that both dsSRNAs suffered WC base-pairing destabilization upon N-NTD binding.
However, this destabilization effect is more evident for the N-NTD:dsTRS complex, since
the above analysis of angle and distance parameters suggests an impairment of base-pairing
planarity accompanied by an increase in the separation between the nitrogenous bases of
the complementary dsRNA strands upon N-NTD binding. This result agrees well with the
analysis of the intramolecular hydrogen bonds formed between the sense and anti-sense
dsRNA strands (see Figure 3A). It is worth mentioning that, even though base-pairing
destabilization was more pronounced for dsTRS than dsNS, dsNS suffered a greater
reduction in the RNA duplex twist, as suggested by the N-NTD-induced perturbation of the

propeller angles.
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We also analyzed the population distributions of the local base-pair parameters for
the 25 replicas of dsNS and dsTRS in their free and N-NTD-bound states. Figure S13
shows that the WC base-pairing perturbations observed in runs 5, 8, 17, and 25 for dsTRS
due to N-NTD binding was also seen for the fully unbiased distribution generated from the
25 replicas. Nevertheless, an opposite effect occurred for dsNS, for which the angle and
distance parameters exhibited characteristics of stability and/or slight fluctuations around
the equilibrium population.

Figure 4

Conformational flexibility of free and dsRNA-bound N-NTD

To further understand how dsRNA binding changes the conformational dynamics of
N-NTD, we concatenated the last 50 ns (stable RMSD values) of the 25 replicas for both
free and dsRNA-bound N-NTD and performed an analysis of root-mean-square fluctuation
(RMSF) and principal component analysis (PCA) of the MD trajectories (Figure 5). Figure
5A shows that both free and dsRNA-bound N-NTD exhibited significantly increased values
of RMSF for residues in the N- and C-terminal regions as well as the f2-f3 loop (finger),
suggesting large conformational flexibility. In addition to these regions, the N-terminal
portion of the B1-al loop (residues 58—65) and B3-p4 loop are especially noteworthy. These
loops displayed an increase in their dynamics in the N-NTD:dsTRS complex when
compared to free N-NTD, even though they are not directly involved in the interaction. A
gain in conformational flexibility can also be noted for the basic finger when N-NTD is
complexed with dsTRS. In general, we observed an increase in flexibility of N-NTD loop

regions when bound to dsTRS. Remarkably, conformational dynamics of the N-NTD:dsNS
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complex was similar to that of the free state, with the exception of the N-terminal region
and basic finger, in which conformational dynamics decreased upon dsNS binding.

The PCA scatter plot generated for free and dsRNA-bound N-NTD revealed a
significant difference between the free domain and the complexes, as evident from the
characteristic structures plotted along the direction of the first and second principal
components (PC1 and PC2, respectively). 25 replicas of the MD simulations using different
seeds of the random number generator provided a great exploration of the conformational
space for free and dsRNA-bound N-NTD, resulting in trajectories of 1.25 us. Despite the
already wide conformational space of N-NTD, dsTRS interaction made it even wider
(Figure 5B), while dsNS binding made it more constrained (Figure 5C). An investigation of
the motions filtered from the eigenvectors of PC1 and PC2 revealed that dsTRS-bound N-
NTD exhibited the largest conformational dynamics when compared to free and dsNS-
bound N-NTD, which were similar (Figure 5D and 5E). We highlight that the most evident
motions took place in the N- and C-termini as well as the basic finger ($2-3 loop) for both
free and dsRNA-bound N-NTD. However, the eigenvectors of PC1 and PC2 for the N-
NTD:dsTRS complex suggested a wide motion between the basic finger and the a2-B5
loop, located at the palm, similar to a tweezer. Interestingly, this tweezer-like motion was
intrinsic to the residues located at the dsSRNA-binding cleft in N-NTD (Figure 1A).

Our results of conformational flexibility from RMSF and PCA for free and dsRNA-
bound N-NTD corroborated each other and suggest a significant contribution of the N- and
C-termini and the basic finger (f2-p3 loop) to N-NTD dynamics. They also revealed that
N-NTD interaction with dsTRS led to a general gain in protein conformational flexibility
when compared to its free state. We suggest that this flexibility gain of dsTRS-bound N-

NTD over 25 replicas of concatenated simulations may be a key structural factor to
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promote dsTRS WC base-pairing destabilization upon N-NTD binding, as determined by
the break of intramolecular hydrogen bonds (Figure 2B and 3A) and perturbation of the
local base-pair parameters (Figure 4).

Figure 5

Modeling the dsRNA melting activity

Based on the molecular dynamics simulations performed here, we postulated that
only one molecule of N-NTD is necessary to break the WC base-pairing of one molecule of
dsRNA, possibly initiating dsSRNA melting. To investigate whether this hypothesis is
compatible with experimental measurements of N-NTD-induced dsRNA melting, we
simulated the experimental data obtained by Grossoehme et al. (2009) (10) using two
contrasting kinetic models: (1) model 1, which assumes that melting activity is the result of
binding of one N-NTD to one dsRNA,; and (2) model 2, which assumes that two N-NTD
molecules bind to one dsRNA (sandwich model).

In their work, Grossoehme et al. (2009) measured dsRNA melting activity of N-
NTD using fluorescent resonance energy transfer (FRET) from 5 Cy3-labeled sense RNA
strand (TRS) and 3’ Cy5-labeled antisense RNA strand (cTRS) (10). In those experiments,
the highest FRET efficiency (~0.9) was obtained for dsRNA in the absence of N-NTD.
Increasing N-NTD concentration led to the dSRNA melting curve, which is characterized
by an exponential decay of FRET efficiency as a function of N-NTD concentration. The
melting curves reached either zero, for an N-NTD construct that contains the C-terminal
serine/arginine (SR)-rich motif, or a plateau, for N-NTD itself (10).

Since the FRET efficiency is a measure of the molar fraction of dsRNA, in the

simulated kinetic models presented here, we report the molar fraction of dsSRNA as a
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function of N-NTD concentration, simulating the dsRNA melting curve. We used the
software Kinetiscope (http://hinsberg.net/kinetiscope/), which is based on a stochastic
algorithm developed by Bunker (24) and Gillespie (25). We used the elementary rate
constants for individual chemical steps to produce an absolute time base (Figure 6A). The
starting condition mimics exactly the experimental condition, varying the concentration of
N-NTD over 50 nM dsRNA (dsTRS). The predictions were validated by direct comparison
to the experimental data (10).

To simulate the melting curve, we had to constrain the kinetic space, which is large
because each model is composed by 6 reactions and 12 individual rate constants, assuming
the following boundaries: (B1) the kinetic model must be complete, complying all possible
reactions for a given mechanism; (B2) the presence of N-NTD must lead to catalysis, with
the melting of dsSRNA being faster than the annealing reaction; (B3) the equilibrium of the
annealing is shifted toward the dsRNA,; and (B4) the equilibrium for the melting activity
must be reached in few seconds or less to be efficient in the cellular environment.

The criterion for choosing the rate constants for the annealing reaction (R1, Figure
6) was that it must be significantly slower than the melting activity (catalysis). Since to our
knowledge, there is no experimental kinetic rate constant available for the annealing of
dsTRS, we fixed for the simulations a ko = 8x10™* s, which is the experimental value of
the dissociation rate constant observed for the almost inactive Y127A N-NTD+SR mutant
(10). This mutant has a melting activity of hours, while our simulation showed melting
activities of few seconds (Figure 6B). To yield an equilibrium shifted toward the dsRNA,
we used kon = 4x10" M's™, which is true below the melting temperature of the dsRNA.
Any values of ke < 1 571, with an association constant Ka, gives the same molar fraction of

dsRNA.
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We constrained the binding reactions R2 and R3 of N-NTD to the sense (TRS) and
antisense (CTRS) single-stranded RNA (ssRNA) (Figure 6A) based on the published
experimental values for these association constants (10, 21). Since these values were very
similar, to simplify the simulation, we used the same K, for both reactions (K = 4x10° M~
1. Note that ko, < 10° M™s™ makes the reaction too slow to reach equilibrium, violating
boundary B4 (Figures S14A and S16B).

For dsRNA (dsTRS) binding, there was no experimental data to constrain the
simulation. However, simulations unambiguously showed that K, for reaction R4 must be
of the same order of that for SSRNAs, leading to the allowed ranges depicted in Figure 6A.
We also determined k., based on the simulations, taking boundaries B2 and B4 into
consideration, which were also considered for reactions R1 to R3 (Figure S14B, S15A and
S16B).

All the constraints applied to reactions R1 to R4 are valid for both kinetic models
(models 1 and 2). Conversely, reactions R5 and R6 are specific for each kinetic model,
being essential to comply with boundary B1.

For model 1, there is no experimental data available to constrain reactions R5 and
R6, but the simulations showed that they are tightly related to reactions R2 and R3, being
both K, and ko of the same order of magnitude for reactions R2 and R3 (Figure S14C).
Note that there is an intricate relationship between the formation of sSRNA-bound states
(C2 and C3) and the decrease of free or bound dsRNA (dsTRS and C4). To illustrate this
relationship, Figure 6B shows the kinetics at three concentrations of N-NTD. The simulated
melting curves for model 1 resembled the near exponential decay observed experimentally
(Figure 6C, left). Interestingly, when ko of reactions R5 and R6 were bigger than ko for

reactions R2 and R3, we observed a plateau in the exponential decay of the dSRNA melting
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curve (Figure 6C). Remarkably, melting curves that either decayed to zero or reached a
plateau was observed experimentally, as mentioned before (10). It is worth mentioning that
the kinetic model 1 is fully compatible with the experimental data by Grossoehme et al.
(2009) (10), as well as with the mechanism suggested by the MD simulations, in which one
N-NTD can initiate dSSRNA melting, destabilizing the WC base-pairing.

We also evaluated kinetic model 2. This mechanism for N-NTD melting activity
was suggested in the conclusion scheme drawn in the paper by Grossoehme et al. (2009)
(10), in which each N-NTD of the dimeric full-length nucleocapsid protein binds to one
dsRNA to catalyze the melting reaction. In this model, a sandwich of two N-NTDs and one
dsRNA is formed, and the final products are each N-NTD bound to TRS and cTRS ssRNA.

To build a kinetic model that would exclusively produce ssRNA from the
sandwiched dsRNA, we had to replace reactions R5 and R6 of kinetic model 1. In the new
model, reaction R5 forms the sandwiched dsRNA (C5, Figure 6A) and reaction R6 is the
dissociation of C5 into the ssSRNA-bound N-NTDs (C2 and C3, Figure 6A). To simulate N-
NTD melting activity considering model 2, we used the same boundaries described earlier
(B1, B2, B3 and B4), with reactions R1 to R4 having almost the same constraints described
for model 1.

Reaction R5 and R6 of model 2 has no parallel to any other reaction. We scanned all
the kinetic space that led to the catalysis of melting activity and observed two contrasting
situations. The first is when reaction R6 equilibrium is between 10°° and 10" M™, always
having the dissociated forms C2 and C3 available and making the melting curve very stiff
(model 2a). The second is the opposite situation, where equilibrium is skilled toward the
sandwich state (C5) with K, > 10" M™* (model 2b). Figure 6C illustrates the melting curves

obtained for the two situations.
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Model 2a is characterized for the high efficiency in the dissociation of the dsSRNA,
kon and kos can assume any value. Particularly for model 2a, the kinetic of dSRNA melting
is also independent of k., for reactions R2 and R3, at fixed concentrations of N-NTD. All
simulated conditions led to the curve in red (Figure 6C), in which, the minimal amount of
N-NTD (10 nM) led to complete dissociation of the dsSRNA (molar fraction of zero). Figure
S15 illustrates all the simulated boundaries. Note that for model 2a, there is never an
accumulation of C5 (Figure S15C).

Model 2b corresponds to when the equilibrium of reaction R6 is shifted toward C5
(Ka > 10" M™). Figure S16 illustrates the reaction boundaries. In this situation, we were
able to observe a melting curve (Figure 6C, blue) with a near exponential decay at a low
concentration of N-NTD and a near exponential rise at higher concentrations of N-NTD.
This behavior is explained by the accumulation of C5 and N-NTD concentration-dependent
mutual compensation of C5 and dsRNA. Note how K, modulates the accumulation of C5,
transitioning between models 2a and 2b (Figure S16D). The increase in the concentration of
N-NTD led to a decrease in dSRNA forming C2 and C3 and ssRNA. Further increase in N-
NTD led to a decrease in dsSRNA and a compensating increase in C5. None of the situations
simulated for model 2 are parallel to the experimental observation.

Reaction R5 of model 2, which forms the sandwiched dsRNA, follows reaction R4
for model 2b. We determined that ko, has to be > 10" s™* to keep up with boundaries B2 and
B4. For the melting activity to take place, the equilibrium of reaction R5 was shifted toward
C5 (Ka > 1, for model 2a or 10’ M for model 2b) (Figure S15B and S16C).

Figure 6

DISCUSSION

18


https://doi.org/10.1101/2020.08.24.264465
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.24.264465; this version posted September 6, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

In the present work, we used computational simulations to unravel the dsRNA
melting activity of the isolated SARS-CoV-2 N-NTD. Our molecular dynamics data
suggested that, during interaction with dsSRNA, protein dynamics drives the destabilization
of hydrogen bonds involved in the WC RNA base-pairing, probably in a 1:1 stoichiometry
(N-NTD:dsRNA). We also showed that the capacity of N-NTD to break the WC base-
pairing was sequence-specific, being more efficient for dsTRS (5’-UCUAAAC-3") than
for a non-specific (NS) sequence (5>-CACUGAC-3’). To further explore the N-
NTD:dsRNA stoichiometry, we constructed kinectic models based on experimental data by
Grossoehme et al (2009) (10). Remarkably, the model using a 1:1 stoichiometry greatly fits
the experimental data, reinforcing the mechanism we hypothesize here.

The strategy of performing 25 100 ns-molecular dynamics simulations with the
same starting structure but different seeds of the random number generator provided a large
sampling of conformational space of each molecular system (N-NTD, dsRNAs, and N-
NTD/dsRNA complexes). This set of theoretical data ensured a statistically significant
result showing that N-NTD destabilizes the WC base-pairing, especially for dsTRS,
through the replacement of intramolecular hydrogen bonds between the dsRNA strands by
intermolecular hydrogen bonds between N-NTD and the nitrogenous bases of each RNA
strand. The results also revealed unbiasedly that the rigid-body geometric parameters of the
W(C base-pairing were significantly changed due to N-NTD binding.

One notable N-NTD structural feature is the presence of a significant number of
loops; only 32 out of 140 residues are involved in secondary structure (16, 26). This is a
typical feature of a dynamic protein. In fact, our results revealed that N-NTD is a plastic
protein, with the N and C-termini and the B2-B3 loop (finger) as the most prominent

dynamic regions. For the N-NTD:dsTRS interaction, a remarkable tweezer-like motion
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between the finger and the a2-B5 loop could be related to the sequence-specific WC base-
pairing destabilization. This led us to hypothesize that, following formation of the N-
NTD:dsTRS complex, the tweezer-like motion resulted from intrinsic protein dynamics
might promote a steric effect causing a “compaction pressure” on the dsSRNA strands. This
might expose residues from the bottom of palm (finger/a2-B5 cleft) allowing their
interaction with the bases, leading to destabilization of the WC base-pairing (Figure 7).

Figure 7

To confirm the mechanism emerged from the MD simulations, where only one
molecule of N-NTD was enough to initiate dSRNA melting, we constructed kinetic models
considering two possible scenarios: a stoichiometry of 1:1 or 2:1 for N-NTD and dsRNA.
The 2:1 stoichiometry is more intuitive since N protein is dimeric in solution (27).
However, the 1:1 stoichiometry produced dsRNA-melting curves compatible with the
experimental data published by Grossoehme et al. (2009) (10). It is important to mention
that the simulations of the kinetic models were only possible by constraining the kinetic
space since the number of degrees of freedom for 6 reactions is quite large. This
constrained Kinetic space was created by imposing boundaries to the system. These
simulations brought two important conclusions: (i) the 1:1 stoichiometry is enough to
explain the experimental data; and (ii) the sandwich model 2 is less likely to occur since
simulations produced more complex melting curves, which are different from the
experimental data.

Altogether, the results presented here support the idea that two N-NTDs of dimeric
N protein would not be necessary to act on one dsSRNA motif (dsTRS). Each N-NTD of the

same dimer would work independently, leading to a gain in efficiency of full-length N
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when compared to the sandwich model (model 2). The observation that one N-NTD could
be able to melt dsSRNA opens two new avenues for the understanding of the role played by
the N protein in the viral replication cycle. First, the two N-NTD arms of full-length N
could bind to two different sites at the viral genome, making it possible to bridge two
distant regions (2:2 stoichiometry). Second, if monomeric full-length protein is active, a
regulatory event involving the dissociation of the N protein dimer would be consider.
Indeed, for the N protein of bovine betacoronavirus, Lo et al. (2017) suggested that it acts

as a bridge between distant motifs in the genome.

MATERIAL AND METHODS
Molecular docking

To perform the docking, we took advantage of experimental data previously
published by Dinash et al. (2020), in which SARS-CoV-2 N-NTD interaction with a non-
specific (NS) dsRNA (5’-CACUGAC-3’) was monitored by chemical shift perturbations
(CSPs) titration experiments (16). Structural models for N-NTD:dsNS complex were
constructed using the HADDOCK server (version 2.2) (20). The coordinates used as input
were obtained from the solution NMR structure of SARS-CoV-2 N-NTD (PDB 6Y13) (16),
and the X-ray structure of a synthetic 7-mer dsSRNA (PDB 4U37) (28) mutated using the
w3DNA server (version 2.0) (29) to generate the same NS dsRNA sequence as that used in
CSP titration experiments (5’-CACUGAC-3"). In addition, histidine protonation states
were set according to the PROPKA server (30) considering pH 7.0. In total, 2000 complex
structures of rigid-body docking were calculated by using the standard HADDOCK
protocol with an optimized potential for liquid simulation (OPLSX) parameters (31). The

final 200 lowest-energy structures were selected for subsequent explicit solvent (water) and
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semi-flexible simulated annealing refinement, to optimize side chain constants. The N-
NTD:dsNS complex we obtained is very similar to that reported by Dinash et al. (2020)
(16).

Next, the structural model of the N-NTD:dsTRS (5>-UCUAAAC-3") complex was
generated from the lowest-energy structure of the N-NTD:dsNS complex, derived from the
cluster with the lowest HADDOCK score, by mutating the dsRNA sequence using w3DNA
(29). Therefore, both complexes have identical geometries, varying only the dsRNA
sequences. Structural conformation of the constructed model for N-NTD:dsTRS complex
was displayed using the web application http://skmatic.x3dna.org for easy creation of

DSSR (Dissecting the Spatial Structure of RNA)-PyMOL schematics (32).

Molecular dynamics simulation

Molecular dynamics (MD) calculations for N-NTD, dsRNAs, and N-NTD:dsRNA
complexes were performed using GROMACS (version 5.0.7) (33). The molecular systems
were modeled with the corrected AMBER14-OL15 package, including the ff14sb protein
(34) and ff99bscOyo3+OL15 nucleic acid (35, 36) force fields, as well as the TIP3P water
model (37). The structural models of N-NTD (PDB 6Y13), dsRNAs (mutated PDB 4U37),
and N-NTD:dsRNA complexes (from molecular docking) were placed in the center of a
cubic box solvated by a solution of 50 mM NaCl in water. The protonation state of
ionizable residues was set according to the PROPKA server (30) considering pH 7.0.
Periodic boundary conditions were used and all simulations were performed in NPT
ensemble, keeping the system at 298 K and 1.0 bar using Nose-Hoover thermostat (z1 = 2

ps) and Parrinello-Rahman barostat (z» = 2 ps and compressibility = 4.5x10°-bar ). A
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cutoff of 12 A for both Lennard-Jones and Coulomb potentials was used. The long-range
electrostatic interactions were calculated using the particle mesh Ewald (PME) algorithm.
In every MD simulation, a time step of 2.0 fs was used and all covalent bonds involving
hydrogen atoms were constrained to their equilibrium distance. A conjugate gradient
minimization algorithm was used to relax the superposition of atoms generated in the box
construction process. Energy minimizations were carried out with steepest descent
integrator and conjugate gradient algorithm, using 1,000 kJ-mol™*-nm™ as maximum force
criterion. One hundred thousand steps of molecular dynamics were performed for each
NVT and NPT equilibration, applying force constants of 1,000 kJ-mol™-nm to all heavy
atoms of N-NTD, dsRNAs, and N-NTD:dsRNA complexes. At the end of preparation, 25
replicas of 100 ns MD simulation of each molecular system with different seeds of the
random number generator were carried out for data acquisition, totalizing 2.5 pus. Following
dynamics, the trajectories of each molecular system were firstly concatenated individually
and analyzed according to the root mean square deviation (RMSD) of backbone atoms of
protein and nucleic acid, the number of contacts (< 0.6 nm) between N-NTD and dsRNAs,
the intramolecular (dsNS and dsTRS strands) and intermolecular (N-NTD:dsRNA
complexes) hydrogen bonds (cutoff distance = 3.5 A and maximum angle = 30°), and the
local base-pair parameters [angles (A): buckle, opening, and propeller; distances (nm):
stretch, stagger, and shear] for free and N-NTD-bound dsNS and dsTRS by using the
do_x3dna tool (22) along with the 3DNA package (23). These local base-pair parameters of
each of the 25 runs and of selected replicas were analyzed together as histogram plots
exhibiting population distributions. After individual analysis of each simulation, the last 50
ns of the 25 trajectories of free and dsRNA-bound N-NTD were concatenated in single

files, and these new trajectories were used to evaluate the root mean square fluctuation
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(RMSF) of the C, atoms and principal component analysis (PCA). PCA scatter plots were
generated for free and dsRNA-bound N-NTD, as well as conformational motions were
filtered (30 frames) from the eigenvectors of the first and second principal components
(PC1 and PC2, respectively). The structural representations of the motions from PC1 and

PC2 were prepared using PyMol (38).

Kinetic simulations

The Kinetiscope program (version 1.1.956.x6, http://hinsberg.net/kinetiscope/) was used to
simulate the Kkinetics of dsRNA melting by SARS-CoV-2 N-NTD. Simulations were
performed under constant volume, pressure, and temperature (298.15 K). An initial
concentration of 50 nM dsTRS was used and a total of 2439 initial number of particles were
calculated. N-NTD concentration ranged from 0 to 2 uM for model 1 and from 0 to 4.5 uM
for model 2. The maximum number of events was set to ten million and simulations lasted

100 s.
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FIGURES LEGENDS

Figure 1. Structural model of the N-NTD:dsRNA complex and its validation from
molecular dynamics simulations. (A) Structural model of the N-NTD:dsTRS complex
determined by molecular docking calculations and mutation of dsNS nucleotide sequence.
N-NTD is presented as purple cartoon and dsTRS is denoted as a ribbon model with base
pairing as colored rectangles. The color of the rectangles corresponds to the nitrogenous
base of the dsRNA sense strand, namely A: red, C: yellow, U: cyan, and G: green. The
large protruding 2-B3 loop is referred to as the finger. (B) Average RMSD values for
dsNS and dsTRS in their free and N-NTD-bound states (top), average RMSD values for N-
NTD in its free and dsRNA-bound state (middle), and average number of contacts between

N-NTD and dsRNA atoms (distance < 0.6 nm) (bottom). The average values correspond to
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25 MD simulations with the same starting point.

Figure 2. Stability of the Watson-Crick base-pairing via intramolecular hydrogen
bonds of dsRNAs. The number of intramolecular hydrogen bonds formed between the
sense and anti-sense strands of dsNS and dsTRS in their free states (A, C) and in complex
with N-NTD (B, D) over the 100 ns simulations for the 25 MD replicas (runs). The color
bar denotes the correspondence between the color code and the number of intramolecular

hydrogen bonds.

Figure 3. Analysis of the intramolecular (dsRNAs) and intermolecular (N-
NTD:dsRNAs) hydrogen bonds. (A) The average number of intramolecular hydrogen
bonds between the sense and anti-sense strands of dsNS (red) and dsTRS (black) in their
free states (squares and circles) and in complex with N-NTD (up and down triangles,
respectively) for each of the 25 replicas of 100 ns MD simulation. The black and red solid
lines denote the overall average values for the 25 runs, which are also presented
numerically with their respective standard deviations. (B) Average number of
intermolecular hydrogen bonds between the nitrogenous bases of dsSRNA (dsTRS in black
and dsNS in red) and N-NTD for the 25 replicas along the 100 ns MD simulations (top).
Average number of intermolecular hydrogen bonds for runs 5, 8, 17, and 25 (light gray) and
the other 21 replicas (black) are shown as a function of simulation time (bottom). (C)
Structural model of the N-NTD:dsTRS complex representative of the MD simulation for
run 5. The protein is shown in purple cartoon and dsTRS is denoted as a ribbon model with
nitrogenous bases and base-pairing as colored squares and rectangles, respectively. The

color of the squares corresponds to the type of nitrogenous base, namely A: red, C: yellow,
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U: cyan, and G: green, while the rectangles refer to the nitrogenous base color of the

dsRNA sense strand.

Figure 4. Population distributions of the local base-pair parameters. Population
distributions of local base-pair parameters (angles: buckle, opening, and propeller;
distances: stretch, stagger, and shear) for runs 5, 8, 17, and 25 of dsTRS and runs 15 and 23
of dsNS in their free form (dsTRS in light gray and dsNS in magenta, respectively) and
complexed with N-NTD (N-NTD+dsTRS in black and N-NTD+dsNS in red). The plot
insets correspond to the difference between the population distributions of N-NTD-bound
dsRNA minus its free state for dsNS (red) and dsTRS (black). The scheme insets illustrate

the geometrical definition of each local base-pair parameter (39).

Figure 5. Analysis of N-NTD conformational flexibility in its free and dsRNA-bound
states. (A) RMSF values as a function of residue number for N-NTD in its free state (blue
line) and complexed with either dsTRS (black) or dsNS (red). The secondary structures
along the sequence are indicated at the top. (B, C) PCA scatter plots PC1 and PC2 for free
N-NTD (black dots) and for N-NTD complexed with either dsTRS (red, B) or dsNS (red,
C) dsRNAs. (D, E) Motions filtered from the eigenvectors of PC1 (D) and PC2 (E) for the
dynamics data of N-NTD in its free form and complexed with either dsTRS or dsNS. The
motion direction is indicated by the color variation from blue to red. To perform the RMSF
and PCA calculations, the last 50 ns of trajectories of the 25 replicates were concatenated
for each of the molecular systems (free or dsRNA-bound N-NTD), resulting in MD

simulations of 1.25 ps.
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Figure 6. Simulation of the kinetics of dSRNA-melting activity. (A) Reaction R1 to R6
for models 1 and 2. Model 1 implies the melting activity with stoichiometry of 1 N-NTD
for 1 dsRNA (C4) and model 2 implies the formation of a sandwich with a stoichiometry
two N-NTDs and one dsRNA (C5). At the right of each reaction are the ranges of Kon, Ko,
and K, in which the simulation produces a dSRNA-melting curve, respecting the boundaries
described in the text. For reaction R6 of model 2, the color code refers to the color of the
simulated melting curves for model 2. (B) Illustration of the kinetics of dSRNA-melting for
model 1 in three different concentrations of N-NTD (50, 250, and 1500 nM). (C) Simulated
dsRNA-melting curve for model 1 and 2. We used the starting concentration of 50 nM of
dsRNA for all simulations. For model 1 simulations, we used the following reaction rates:
Kon (R1) = 4x10 M*s? and kot = 8%107* 57 kon (R2, R3) = 4x10" M*st and kog = 1 5%,
Kon (R4) = 1x10" M st and kot = 1 57 kon (R5, R6) = 4x10" M*s* and kot = 1 s+ (red);
kon (R5, R6) = 4x10% M's™ and kot = 1 s (orange); kon (R5, R6) = 6x10% M s and ko =
1x107* s (blue). For model 2 simulations, we used the following reaction rates: ko, (R1) =
4107 M's7 and kot = 8%107% 57 kon (R2, R3) = 4x10° M s and kot = 1 5°%; kon (R4) =
1x10" M'st and kot = 1 5% kon (R5) = 1x108 M st and kot = 1 s (red); kon (R6) =
1x107 M's ™ and ko = 1x10% 57 (red); kon (R6) = 1x10° M st and kot = 1x10* s (blue,

bottom): kon (R6) = 1x10” M's™ and ket = 1x10* s (blue, top).

Figure 7. Summary of the proposed mechanism for dsRNA-melting activity of N-
NTD. The binding of one N-NTD to one dsRNA triggers the destabilization of WC base-
pairing of the dsRNA and consequently expose the nitrogenous bases for interacting
directly with the N-NTD. We suggest that this activity is a consequence of intrinsic

dynamics of N-NTD, especially because the tweezer-like motion between B2-B3 (finger)
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and a2-B5 loops. The protein is denoted as cartoon with the helix-a and B-strand secondary
structures colored in cyan and orange, respectively. The dsRNA is showed as a line model
with the complementary strands colored in red and blue. The tweezer-like motion between

the finger and a2-B5 loop is indicated by bidirectional arrows colored in magenta.
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