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C O R O N A V I R U S

Toward wide-spectrum antivirals against coronaviruses: 
Molecular characterization of SARS-CoV-2 NSP13 
helicase inhibitors
Gustavo R. Perez-Lemus1†, Cintia A. Menéndez1,2†, Walter Alvarado1,3†,  
Fabian Byléhn1†, Juan J. de Pablo1,4*

To date, effective therapeutic treatments that confer strong attenuation against coronaviruses (CoVs) remain 
elusive. Among potential drug targets, the helicase of CoVs is attractive due to its sequence conservation and in-
dispensability. We rely on atomistic molecular dynamics simulations to explore the structural coordination and 
dynamics associated with the SARS-CoV-2 Nsp13 apo enzyme, as well as their complexes with natural ligands. A 
complex communication network is revealed among the five domains of Nsp13, which is differentially activated 
because of the presence of the ligands, as shown by shear strain analysis, principal components analysis, dynamical 
cross-correlation matrix analysis, and water transport analysis. The binding free energy and the corresponding 
mechanism of action are presented for three small molecules that were shown to be efficient inhibitors of the 
previous SARS-CoV Nsp13 enzyme. Together, our findings provide critical fresh insights for rational design of 
broad-spectrum antivirals against CoVs.

INTRODUCTION
Severe acute respiratory syndrome coronavirus (SARS-CoV), which 
emerged in 2003, was the first CoV identified as a severe human 
pathogen. CoVs are positive-strand RNA (+RNA) viruses belonging 
to the order Nidovirales (1). Ten years later, a similar CoV known 
as the Middle East respiratory syndrome CoV (MERS-CoV) arose 
and was found to have higher fatality rates than the first SARS-
CoV. On December 2019, a new CoV of zoonotic origin, SARS-CoV-2, 
appeared in Wuhan City, Hubei Province, China (2–5). SARS-CoV-2, 
a -CoV, is the etiological agent responsible for the 2019–2020 viral 
pneumonia coronavirus disease 2019 (COVID-19) outbreak. Targeted 
therapeutics for CoVs are not available, and at this point in time, 
effective treatment options for CoVs remain limited.

The nidovirus contains the largest known RNA genome (6). This 
genome encodes two large polyproteins, pp1a and pp1ab, which, after 
being proteolytically processed, produce 16 nonstructural proteins 
(Nsps), including primase (Nsp8), RNA-dependent RNA poly-
merase RdRp (Nsp12), and helicase (Nsp13). These three enzymes 
and other Nsps are components of a replication and transcription 
complex (RTC) that is essential for the virus life cycle. The helicase 
is essential for replication in the nidovirus equine arteritis virus (7) 
and the -CoV murine hepatitis virus (8) and is presumed to be es-
sential in all nidoviruses (9). Previous studies of SARS-CoV Nsp13 
helicase have shown that this enzyme unwinds double-stranded 
nucleic acids (either DNA or RNA), with a 5′ > 3′ polarity, into two 
single strands by relying on the energy derived from nucleotide 
hydrolysis (10). Nsp13 can target all natural nucleotides and deoxy-
nucleotides as substrates when performing its adenosine triphos-
phatase (ATPase) activity (11, 12). Nsp13 is a member of the SF1 

helicase family, where the Walker A (phosphate loop) and Walker B 
(Mg2+ binding site) motifs play a fundamental role in the adenosine 
triphosphate (ATP) binding and catalysis (13). In addition, it has 
been shown that both SARS-CoV Nsp12 and MERS Nsp12 can en-
hance the helicase and ATPase activities of the SARS-CoV Nsp13 
enzyme (10). The mechanistic role of the helicase in SARS-CoV-2 
replication and transcription has yet to be established. However, a 
structural basis for the Nsp12-Nsp13 coupling in the SARS-CoV-2 
RTC complex has recently become available. A stable Nsp13:holo- 
RdRp:RNA complex has been produced, and its structure has been 
reconstructed by cryo–electron microscopy (14). From this study, a 
possible role for Nsp13 has been proposed in the generation of 
backtracked replication transcription complexes for proofreading, 
template switching during subgenomic RNA transcription, or both 
(14). From the aforementioned structure, it was also shown that the 
primary interaction determinant of the helicase with the RTC occurs 
between the Nsp13 protein through its zinc binding domain (ZBD) 
and the Nsp8 extensions (14). The principal SARS-CoV-2 Nsp13 
domains are highlighted in Fig. 1. The SARS-CoV-2 Nsp13 protein 
represents an ideal target for development of anti-CoV drugs because 
of its sequence conservation and indispensable role across all CoV 
species (15, 16). The primary amino acid sequence of SARS-CoV 
Nsp13 and SARS-CoV-2 Nsp13 shares a sequence identity of 99.8% 
and a sequence similarity of 100.0% (17). This implies that previously 
found therapeutics that target this enzyme in other CoVs species 
might be effective against the new COVID-19 disease.

The repurposing of approved pharmaceutical drugs and drug 
candidates already in clinical trials provides an essential approach 
to identify drugs with clinical potential against new infectious 
diseases. A particularly attractive strategy is based on targeting key 
enzymes such as proteases, polymerases, and helicases, which are all 
involved in the replication cycle of the virus. Good examples of anti-
viral drugs with a protease and polymerase mechanism of action are 
indinavir, saquinavir, lopinavir/ritonavir, and remdesivir, which 
have recently gained attention in clinical trials against COVID-19 
infection (18). Unlike the structural proteins of CoVs such as spike 
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(S) proteins, which exhibit a great deal of variability among CoV 
species, NSPs such as helicase (Nsp13) have been shown to be high-
ly conserved. As noted earlier, the primary amino acid sequence of 
the Nsp13 protein from the previous SARS-CoV and SARS-CoV-2 
Nsp13 shares a sequence identity of 99.8% and a sequence similarity 
of 100.0% (17). This means that previously reported drugs that tar-
get these enzymes might be effective against the new SARS-CoV-2 
system. A recent study has shown that it is possible to target multi-
ple CoVs through broad-spectrum inhibitors (19).

More specifically, Nsp13 inhibition could be achieved through ATP 
binding, direct nucleoside triphosphatase (NTPase) activity, nucleic acid 
binding to the helicase, blocking helicase translocation, etc. Several 
compounds have been reported as Nsp13 inhibitors; benzotriazole, 
imidazole, imidazodiazepine, phenothiazine, quinoline, triphenyl-
methane, pyrrole, acridone, small peptides, and bananin derivatives 
all constitute potential new agents for SARS-CoV-2 treatment (20). 
Here, we have selected three different ligands belonging to some of 
the aforementioned families: bananin (21), SSYA10-001 (19), and 
chromone-4c (22); the rationale behind our choices is provided below. 
In what follows, we explore the binding mechanism for each of them.

Bananins represent a family of antiviral compounds with a unique 
structural signature that incorporates a trioxa-adamantane moiety 
covalently bound to a pyridoxal derivative. Bananin deserves spe-
cial attention because it was an effective inhibitor of the ATPase and 
helicase activities of the previous SARS-CoV helicase (21). In a cell 
culture system of SARS-CoV, bananin exhibited a median effective 
concentration (EC50) of less than 10 M (21). This adamantane de-
rivative acts as a noncompetitive inhibitor of the ATPase activity of 
the SARS-CoV helicase with respect to both ATP and nucleic acids. 
This suggests that bananin displays Nsp13 inhibition by binding at 
a site different from the highly conserved ATP and nucleic acid 
binding sites (20). Note that the human pharmacology for several 
adamantane derivatives has already been studied, thereby providing 
a starting point for possible clinical trials. Recent reports have argued 
in favor of the potential protective effects of adamantanes against 
COVID-19 (23); if confirmed for larger sample sizes, adamantanes 
might prove helpful in limiting SARS-CoV-2 infection.

Previous studies have demonstrated through virological, bio-
chemical, and molecular modeling that SSYA10-001, a 1,2,4-triazole, 
exhibits notable antiviral activity against multiple CoVs (19). 
SSYA10-001 is an efficient inhibitor of the helicase activity of the 
Nsp13 enzyme and is a strong replication inhibitor of at least three 
CoVs: the previous SARS-CoV, mouse hepatitis virus (MHV), and 
MERS-CoV (19). This evidence suggests that the binding pocket of 
SSYA10-001 to Nsp13 helicase is conserved among different CoVs 
and supports the notion of targeting multiple CoVs through broad- 
spectrum inhibitors. Here, we explore its potential mechanism of 
inhibition for the new SARS-CoV-2 Nsp13 protein.

Naturally occurring chemicals are also considered to be a promising 
source of potential medications against a wide range of diseases. In 
the case of SARS-CoV, 64 natural chemical compounds were exam-
ined for their effect over helicase activity (24). Relying on the afore-
mentioned antecedent, the pharmacophore space of SARS-CoV 
NTPase/helicase by synthetic dihydroxychromone derivatives has 
been studied (22). Three classes of dihydroxychromone derivatives 
were synthesized, and a pharmacophore model of SARS-CoV 
NTPase/helicase was proposed. The model includes a diketo acid 
core, a hydrophobic arylmethyl substituent, and a free catechol unit 
(22). Among this series, chromone-4c exhibits the highest SARS-CoV 
helicase activity and marginal ATP/ase activity. Here, we explore the 
binding mechanism of this dihydroxychromone derivative, which 
has shown Nsp13 inhibition.

In this work, we present results of atomistic molecular dynamics 
(MD) simulations that provide useful, previously unknown insights 
into the structure and dynamics associated with the Nsp13 apo 
enzyme, as well as their complexes with the natural ligands. At the 
time of writing this report, the experimental structure of the SARS-
CoV-2 Nsp13 protein is not available in the apo form or in complex 
with its natural ligands [nucleoside triphosphate (NTP) nucleotide 
and the oligonucleotides]. We have therefore constructed a homology 
model based on the experimental structure reported for SARS-CoV 
Nsp13 (10, 25). We first evaluate the impact of the binding of the 
different Nsp13 natural ligands on the protein molecular stiffness 
and molecular strain to unravel any communication patterns among 

Fig. 1. Nsp13 protein structure. (Left) Surface representation of the Nsp13 model, with the principal domains highlighted with colors: ZBD (dark blue), Stalk (gray), 
RecA1 (pink), RecA2 (dark gray), and 1B (blue). (Right) Conserved motifs in Nsp13 among SF1 helicase family: motif I (red), motif II (orange), motif III (yellow), motif IV 
(green), motif V (dark green), motif VI (cyan), and motif Ia (dark orange), along with the ADP binding mode (light blue in sticks) and the RNA (white spheres). Protein im-
ages generated with Chimera (38).
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distal sites, if present. In addition, we examine how ligand binding 
modifies the structure and transport of water in the Nsp13 catalytic 
site. Second, we explore the potential interaction sites for three small 
organic molecules that are efficient inhibitors of the helicase or 
ATPase activity of the previous SARS-CoV Nsp13 protein: bananin 
(21), SSYA10-001 (19), and chromone-4c (22). We estimate their 
absolute binding free energy to arrive at a quantitative measure of 
their potential effectiveness. The protein molecular stiffness, molecu-
lar strain, and the structure and transport of water in the Nsp13 
catalytic site are also examined for the different small organic mol-
ecules, in efforts to unravel the mechanism of Nsp13 inhibition at 
the molecular level. We conclude with suggestions for future work.

RESULTS
Structure and dynamics of the Nsp13 apo protein and their 
complexes with ADP and ssRNA natural ligands
MD simulations of seven different complexes were carried out using 
the Amber18 package (26). Three different atomistic trajectories 
were collected for each complex. The full list is compiled in Table 1, 
which includes the total simulation times. The first four complexes 
involve the Nsp13 monomer with natural ligands: adenosine di-
phosphate (ADP) and single-stranded RNA (ssRNA) (10, 25), while 
the last three complexes consider the conformational and energetic 
changes induced by drugs that were previously tested on SARS-
CoV helicase (19, 21, 22). As indicated earlier, at the beginning of 
this project, an experimental structure of the SARS-CoV-2 helicase 
was not available, so a SwissModel (25) based on the SARS-CoV 
helicase was adopted [Protein Data Bank (PDB): 6JYT]. The left 
side of Fig. 1 shows the general shape of the Nsp13 monomer with 
its principal domains: ZBD (1 to 100), Stalk domain (101 to 150), 1B 
domain (151 to 261), Rec1A domain (262 to 442), and Rec2A 
(442 to 596), among with the ATP/ADP binding sites and the ssRNA 
binding site. As member of the SF1 family, Nsp13 has seven charac-
teristic motifs that participate in both ATP and ssRNA binding (27). 
The right side of Fig. 1 emphasizes the conserved helicase motifs in 
the active site of the protein, which are motifs I (281 to 291) (also 
known as Walker A motif), Ia (340 to 347), (Walker B) II (373 to 
379), III (398 to 406), IV [also known as IIIa (28)] (438 to 445), 
V (532 to 546), and VI (565 to 572). Figure S1 shows the NSP13 
sequence of the highlighted motifs.

Principal components analysis (PCA) was used to identify the 
dominant motions of the Nsp13 protein and relate them to the presence 
or absence of the ligands (29). Correlations between domains in the 
protein were determined by computing a dynamical cross-correlation 
matrix (DCCM) (29). Figure 2 shows the first mode of the PCA for 
the Nsp13 enzyme in the apo state, as well as Nsp13+ADP, Nsp13+ssRNA, 
and Nsp13+ADP+ssRNA, where both Nsp13’s binding sites are 
occupied simultaneously. In the Nsp13 apo form, the first mode 
shows a limited movement of the protein, with the ZBD and the 
RecA1 and RecA2 domains being the more active parts of the pro-
tein. The DCCM map for the apo form exhibits the main domains 
of the protein clearly defined, with high intradomain positive cor-
relation and general reduced interdomain correlation. The highest 
interdomain anticorrelation is located between the ZBD and the Stalk 
domains (Fig. 2A). A number of visible changes occur when ssRNA 
binds to the protein. In the first PCA mode, a clear coordinated move-
ment appears between the ZBD and the 1B domains, where they 
move toward each other (Fig. 2, left). In DCCM (Fig. 2B), a definite 
anticorrelation emerges between the previously mentioned domains, 
and a weak one between ZBD and the 330 to 420 residues of the 
RecA1 domain; at the same time, the anticorrelation in the ZBD and 
the Stalk domains is increased with respect to the apo form. On the 
other hand, the correlations in the 320 to 350 regions that include 
motif Ia, which is an RNA binding region of the protein, are reduced 
with respect to the apo form. The addition of ADP to the Nsp13 
protein induces the largest changes observed in DCCM (Fig. 2C). 
For this complex, the domains Stalk, 1B, and RecA1 become com-
pletely positively correlated, and they show an anticorrelation with 
ZBD and RecA2. The latter two domains correlate positively with a 
small band of anticorrelations in residues 440 to 460. The PCA first 
mode shows a coordinated movement between ZBD and other up-
per domains of the protein that resembles an opening of the upper 
part of the protein. Figure 2D is DCCM for the system that includes 
both natural ligands simultaneously, ssRNA and ADP. Therefore, 
the correlation map shows a behavior intermediate between those 
of Fig. 2 (B and C), with the domains Stalk and RecA1 correlated, 
similarly to the Nsp13+ADP system, whereas the 1B domain shows 
a clear reduction in the number of correlations with the RecA1 do-
main compared with the behavior observed in the Nsp13+ADP system. 
The anticorrelations between ZBD and the three domains listed 
above persist as in the Nsp13+ADP complex. The same is true for 
the correlations between RecA2 and Stalk.

In summary, the results from PCA and the DCCM matrix reveal 
a tightly coupled structural assembly characterized by a complex 
communication network among the five principal protein domains; 
moreover, this network presents a distinct configuration depending 
on whether the natural ligands are present or not. For example, the 
transition from Nsp13 in the apo form to the Nsp13+ADP system is 
accompanied by the emergence of a high degree of interdomain 
communication that is absent in the apo state of the enzyme. A similar 
response is also evident when both natural ligands, ADP and ssRNA, 
are incorporated into the assembly. This last complex was therefore 
selected as the reference state for all subsequent studies presented in 
the next section, which involve the incorporation of small drug 
molecules. This choice is motivated by the higher level of response 
of the global system compared with the apo state, which might be 
useful in exposing the effect of nonnatural ligands on the assembly.

We have also performed a detailed analysis of water behavior in 
the active site of the protein. This analysis has been shown to be 

Table 1. The Nsp13-ligand complexes that were studied by means of 
atomistic molecular dynamics simulations Nsp13 monomer with their 
natural ligands and small organic molecules and the corresponding 
simulations times. 

Complex Simulation time (ns)

NSP13 apo 1800

NSP13+ADP 1800

NSP13+ssRNA 1800

NSP13+ssRNA+ADP 1800

NSP13+ssRNA+ADP+Bananin 1500

NSP13+ssRNA+ADP+SSYA10-001 1500

NSP13+ssRNA+ADP+Chromone-4c 1500
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helpful in the study of different proteins, where the description of 
pocket sizes and tunnel formation provides insight into protein 
function (30). The left side of Fig. 3 shows the water inlets, the sur-
faces of water pores, and three highlighted regions of the Nsp13 
protein. These highlighted regions correspond to the 427 to 437 res-
idues for region 1 (magenta in Fig. 3), the 496 to 511 residues for 
region 2 (slate blue), and the 512 to 542 residues for region 3 (in 
olive). In a previous study, those regions were analyzed to study the 
dynamics of the helicase, where region 1 was related to the opening 
and closing of the RecA domains, and regions 2 and 3 were related 
to the ssRNA binding (10). Given their importance in SARS-CoV 
helicase, these regions were analyzed by surface-accessible solvent 
area (SASA), with the LCPO (linear combination of pairwise over-
laps) algorithm as implemented in CPPTRAJ (31) to measure con-
formational changes upon ligand binding. The results are included 
in Table 2, where, in the case of the Nsp13+ADP complex, regions 
1 and 2 experience minimal changes, while region 3 increases their 
surface with respect to the apo state: Region 3 experiences the largest 
variance. When the ssRNA is bound to the protein, a similar trend 
is observed in the sense that region 2 minimally reduces its values 
and region 3 exhibits an increase in surface area with the largest 
variance with respect to the apo form. However, region 1 exhibits a 
small reduction of surface exposure that was not evident before. 
Upon addition of ADP to the Nsp13+ssRNA complex, regions 2 
and 3 exhibit an increase in surface exposure compared with the pre-
vious Nsp13+ssRNA assembly, and region 1 presents a reduction in 
the exposed area. These results show again that a complex cross- 
communication system exists between the ADP binding site and the 
oligonucleotide binding region. When ADP is bound to the Nsp13 
enzyme in the active site, region 3, which binds ssRNA and is located 
in a distal position with respect to the NTP nucleotide binding site, 
experiences a marked increase in its solvent surface compared with 
the apo state, meaning that it separates from the bulk protein. Then, 
when ssRNA is attached to the protein, region 1 experiences a reduction 

of its surface that is correlated with a higher proximity between the 
RecA1 and RecA2 domains. For regions 2 and 3, where the ssRNA 
binds, a lower exposure compared to the apo form is observed, as 
expected because of direct interactions with the oligonucleotide. 
When ADP is added to the complex, we observe a small reduction 
of the RecA1-RecA2 interface and a small detaching of the ssRNA 
in regions 2 and 3, as revealed by a higher solvent surface compared 
to the Nsp13+ssRNA system.

Returning to the water analysis, as shown in the left panels of 
Fig. 3, when ADP is present, a clear cluster of water inlets appears in 
the vicinity of region 1, which is related to an opening between the 
RecA1 and RecA2 domains. This water pore also appears when 
ssRNA is bound to the protein and disappears when both binding 
regions in Nsp13 are occupied at the same time by ADP and 
ssRNA. To elucidate the structural role of water, we calculate the 
maximum available volume (MAV) of the NTP nucleotide binding 
region. From the results included in the histogram of Fig. 3, we can 
see how the presence of ADP causes the RecA1 and RecA2 regions 
to separate, thereby generating a larger volume in the active site. The 
presence of ssRNA expands this volume slightly, compared with 
the apo system, whereas the subsequent addition of ADP to the 
Nsp13+ssRNA assembly creates another increase in the volume.

The NTP active site of Nsp13 is examined in more detail at the 
bottom right of Fig. 3, which shows the strain graphs for the four 
complexes shown on the left panel. Strain is considered a useful 
quantity for the analysis of local protein deformations, which serves 
to underscore the mechanical allosteric coupling between two re-
gions on the same protein (32). This deformation is calculated as the 
shear strain measured relative to the average conformation of the 
Nsp13 apo form. The shear strain in the apo form points to a high 
strain in motif Ia, which intervenes in the helicase activity (10). In 
addition, a region in the 1B domain (190 to 210) exhibits a visible 
strain along with the region comprised by residues 480 to 490. 
These two regions mediate RNA binding. When ssRNA is present, 

Fig. 2. Principal components analysis (PCA) and the dynamical cross-correlation matrix (DCCM). Left: Movement representation of the first mode of the PCA of the 
 carbons of Nsp13 in the presence of nucleotides. Right: Dynamical cross-correlation network for  carbons in (A) Nsp13 apo, (B) Nsp13+RNA, (C) Nsp13+ADP, and 
(D) Nsp13+ADP+RNA.
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we see a spreading and increase of strain into the residues involved 
in the oligonucleotide binding. In the presence of ADP, the protein 
increases its strain in the 1B and RecA2 ssRNA binding regions and 
reduces the strain in the Ia motif. These results reveal the existence 
of a communication network among these distal sites of the Nsp13 
protein and a corresponding allosteric behavior, as expected for the 
helicase activity. In addition, when ADP is present in the system, the 
Walker A motif, motif IV, motif V, and the contiguous regions from 
motifs II and III show a small strain signal, which was not evident 
for the previous Nsp13 conditions; in contrast, motif VI does not 
exhibit any shear strain, following the same trend shown by Nsp13 in 
the apo form and the Nsp13+ssRNA assembly. When both binding 
regions of Nsp13 are occupied at the same time by ADP and ssRNA, 
the shear at the RecA1 RNA binding site increases and spreads con-
siderably, while in the 1B domain, the strain disappears around resi-
due number 190 and increases in the region between 200 and 210. 
For the RecA2 site, the strain raises among residues 470 to 500, and 
the signal in motif V is reduced considerably compared to the 
Nsp13+ADP system. Together, the results outlined above present a 
general landscape of the structure, dynamics, and hydration proper-
ties of the SARS-CoV-2 Nsp13 protein in its native state and help 

reveal key roles for selected regions that might be of use in our sub-
sequent comparative analysis of potential inhibitors.

Inhibitors of the NSP13 helicase activities and  
replication of SARS-CoV
To identify potential binding sites at the SARS-CoV-2 helicase, the 
ligand candidates were docked using the AutoDock4.2 software (33). 
Two different binding sites were identified; the bananin binding site 
is located at the Rec1A domain, whereas SSYA10-001 and chromone-4c 
bind at the same pocket located in the RecA2 domain. SSYA10-001 
and chromone-4c, which are efficient inhibitors of the helicase 
activity of the previous SARS-CoV Nsp13 enzyme, both bind to the 
same region of the protein.

The binding positions identified by means of docking simulations 
were subject to further refinement through atomistic MD simulations 
with explicit water. In all cases, three replicas with a total of 1500-ns 
simulations of classical MD were carried out. Figure 4 shows Nsp13- 
ligand interactions for the different complexes after MD refinement.

To arrive at a quantitative estimate of the binding affinity of each 
ligand, we used thermodynamic integration (TI) and determined 
the absolute binding free energy for the different Nsp13 regions. In 

Fig. 3. Characterization of the water behavior in the active site of the Nsp13 protein and shear strain analysis. (Left) Water for the different Nsp13 systems. Cartoon 
representation of Nsp13 protein, with regions 1, 2, and 3 highlighted in colors: magenta (427 to 437), slate blue (496 to 511), and olive (512 to 542). The water inlet clusters 
are represented in colored spheres, with cluster area in rainbow contour maps. (Top right) Histogram of the maximum available volume (MAV) in Å3 for the NTP active 
pocket for the four complexes on the left. (Bottom right) Strain analysis of the four complexes, with the seven principal motifs highlighted in the same colors as repre-
sented in Fig. 1 (right).

Table 2. SASA estimated by the LCPO algorithm. For all the systems, the SASA values for regions 1, 2, and 3 are reported in Å2. In all cases, it was estimated 
from over the heavy backbone atoms and the amide hydrogen belonging to each region. 

Complex Region 1: 427–437 residues (Å2) Region 2: 496–511 residues (Å2) Region 3: 511–542 residues (Å2)

NSP13 apo 208.58 ± 13.46 154.88 ± 20.72 284.15 ± 30.48

NSP13+ADP 220.22 ± 18.57 150.17 ± 21.64 364.24 ± 43.54

NSP13+ssRNA 201.48 ± 15.94 157.65 ± 24.42 299.90 ± 49.76

NSP13+ssRNA+ADP 188.56 ± 31.43 189.64 ± 43.54 358.06 ± 27.47
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all cases, 11 windows per integration and 20 ns per window were 
taken into account. In addition, multiple runs starting from the 
most probable binding cluster identified in the previous MD simu-
lations were considered. In this way, three independent replicas for 
each site were used to calculate averages and their associated SDs. 
The results are shown in Table 3.

The absolute binding free energies corresponding to the different 
nonnatural ligands are negative, serving to underscore the thermo-
dynamic stability of the nsp13-ligand complexes. SSYA10-001 and 
chromone-4c, which bind at the RecA2 domain, exhibit the highest 
affinities. Moreover, the calculated free energies for SSYA10-001 and 
chromone-4c correspond to a micromolar order for the constant 
inhibition, which are the same order of magnitude than the experi-
mental results (19, 21, 22, 24), while the calculated energy for bananin 
underestimates its experimental inhibition value.

All the Nsp13+ADP+ssRNA+drug assemblies considered here are 
thermodynamically stable; their mechanism of inhibition of each 
drug, however, is different. A detailed analysis of the water behavior 
in the active site of the protein was conducted using the AQUA-
DUCT 1.0.5 software (30). In particular, we studied water structure 
and water flux in the Nsp13+ligand complexes. The time window was 
selected as 100 ns, and sampling was performed every 10 ps in all 
cases. The results are shown in Fig. 5. The left side of Fig. 5A rep-
resents the water averaged paths, the surface of water pores, and the 
MAV of the ATP/ADP binding site (included in the inset histogram). 

In all cases, regions 1, 2, and 3, as described in the previous sections, 
are highlighted using the same color code as in Fig. 3. In all images, 
the binding site of the ligands is colored in brown.

From Fig. 5A, the presence of water pores below the RecA1 and 
RecA2 domains when SSYA10-001 and chromone-4c are included 
is evident. This contrasts with the reference state—when both bind-
ing regions in Nsp13 protein are occupied simultaneously by the 
natural ligands (ADP and ssRNA). In the absence of a small mole-
cule, these water channels, which expand from the ATP/ADP binding 
site to the ssRNA/ssDNA binding region, are closed. The binding of 
SSYA10-001 and chromone-4c in the upper part of RecA therefore 
generates an important conformational change. This change occurs 
far away from the binding site, showing that both small molecules 
can trigger allosteric changes that open the water channels. Our re-
sults for the MAV of the ADP binding region are shown in the his-
togram of Fig. 5 and reported as the relative value to the reference 
system (Nsp13+ADP+ssRNA assembly with no ligand). We can see 
how the presence of SSYA10-001 and chromone-4c causes RecA1 
and RecA2 to separate and generate a larger volume in the Nsp13 
catalytic site. The presence of bananin does not change quantita-
tively the reference volume.

Figure 5 (B and C) shows the relative -factor values alongside 
the relative shear strain throughout the protein upon binding of 
different small molecules. The reference state corresponds to the 
Nsp13 protein, with both binding regions occupied at the same time 

Fig. 4. Interaction diagrams for NSP13-ligand complexes: Bananin, SSYA10-001, and chromone-4c. In all cases, light green represents van der Waals interactions, 
dark green represents hydrogen bonding interactions, light violet shows -alkyl contacts, dark violet shows -sigma interactions, and orange shows cation- interactions. 
The interaction diagrams were generated using BIOVIA software (39).
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by ADP and ssRNA in the absence of a small molecule. All the re-
sults given in Fig. 5 (B and C) are expressed as relative values with 
respect to that reference state to simplify the data interpretation. 
The -factor values throughout the Nsp13 enzyme were estimated 
from the root mean square fluctuation (RMSF) of the heavy atoms 
belonging to the backbone of the protein to quantity thermal fluctu-
ations for each residue.

From Fig. 5B, it is apparent that the ligand bananin induces a 
small reduction in mobility at the Walker A motif located at the ATP/
ADP binding site (region highlighted in red, motif I), while the 
opposite trend is observed in SSYA10-001 and chromone-4c. Note 
that all ligands bind the Nsp13 enzyme in a distal region with re-
spect to the catalytic site; however, all of them trigger a mobility 
constraint at the active site of the protein. In addition, a larger re-
duction in mobility is observed for the conserved motif Ia (high-
lighted in dark orange), which binds the ssRNA, in bananin and 
SSYA10-001, where a mixed behavior is observed for chromone-4c. 
Bananin and chromone-4C induce an enhanced mobility in motif 
IV (highlighted in light green). Those ligands also show an important 
increase of the flexibility in a region around motif V (highlighted in 
dark green). With regard to the region from residues 150 to 261, the 
1B domain, we observe an appreciable increase of global flexibility 
for all the ligands. Previous studies of the SARS-CoV Nsp13 helicase 
have shown that the residues 176 to 186 and 209 to 214, belonging 
to the 1B domain, constitute a probable nucleic acid binding region 
(10). We therefore expect the stiffening (and the enhanced flexibility) 
around those punctual sequences, displaying direct interactions with 
the ssRNA, to affect the normal Nsp13 function. However, time 
scale limitations preclude us from unraveling the full impact of the 
observations outlined above over the entire dynamics of the nucleic 
acid translocation processes.

Strain analysis helps disentangle the effects of functional and 
nonfunctional fluctuations and provides a more detailed view of the 
effects of the ligands. Figure 5C shows that all ligands induce strain 
in the Walker A motif (motif I, highlighted in red color) and motif 
Ia, consistent with the -factor data. In addition, all ligands induce 
considerable strain in the region around residues 496 to 511 and the 
region around residue 200, which are a nucleic acid binding region 
on the 1B and RecA2 domains. This signal, which arises at a nucleic 
acid binding site on the 1B domain (residues 209 to 214), is reduced 
for SSYA10-001. SSYA10-001 also exhibits a high strain in the ZBD, 
but in this particular case, the signal is spread more broadly inside 
the ZBD, with a sharp spike around residue 100 at the border of the 
ZBD and Stalk domains. This pronounced spike is correlated with a 
conformational change of the ZBD, which can be seen in Fig.  5 
(left), where the ZBD is located now much closer to the RecA1 domain. 

The movement of the ZBD domain should be contrasted with its 
experimentally observed rigidity (10) and suggests a possible com-
promise of the helicase activity and its interaction with the RdRp 
complex (14). Note that studies of the previous SARS-CoV Nsp13 
helicase have shown that both SARS-CoV Nsp12 and MERS Nsp12 
are able to enhance the helicase and ATPase activity of the Nsp13 
enzyme. Moreover, the interactions among the Nsp12 and Nsp13 
proteins take place on the ZF3 motif belonging to the ZBD domain 
and the 1A domain. Therefore, it is plausible that the perturbations 
of the structure and dynamics of the ZBD also disturb the normal 
interaction patterns among these two Nsps and influence their function.

SASA also presents small changes upon ligand binding. The 
Nsp13+ssRNA+ADP system shows a value of 188.56 ± 31.43 Å2 for 
region 1, 189.6 ± 43.5 Å2 for region 2, and 358.1 ± 27.5 Å2 for region 
3. Compared to that, SSYA10-001 exhibits noticeable changes only 
in regions 1 and 3, with values of 171.87 ± 28.6 Å2 and 382.0 ± 38.4 Å2, 
respectively. Chromone-4c shows its biggest difference in region 3, 
with 373.6 ± 40.4 Å2. For bananin, the reduction in the surface area 
occurs only in region 2, with the respective value of 155.1 ± 19.5 Å2. 
These results point out that all these drugs may affect RNA binding 
to the RecA2 domain. To characterize the interactions between 
Nsp13 with ssRNA in the presence of the different ligands, we have 
calculated the relative contact map of the protein to the ssRNA and 
the relative linear interaction energy (LIE) (31). The reference state 
is again the Nsp13 protein with ADP and ssRNA but without any 
small molecules. The results are shown in Fig. 6. As shown in the 
upper left panel of Fig. 6, in general terms, the contacts among the 
RecA2 domain and the ssRNA are reduced with respect to the refer-
ence state. This is also evident from the relative LIE analysis depicted 
in the lower right panel of Fig. 6, where we observe a positive delta 
value for all ligands, with the largest changes occurring for bananin 
and chromone-4c. All ligands induce a loss of interactions between 
the ssRNA substrate and the RecA2 domain. In contrast, the RecA1 
domain have a mixed behavior among the studied ligands, with 
motif 1a as one of the key interacting parts in RecA1, as mentioned 
above. LIE for this domain exhibits a stabilization in the ssRNA 
binding for bananin, while SSYA10-001 and chromone-4c present a 
small destabilization but with a huge variance. For the last two in-
teracting domains, Stalk and 1B, the contact map shows a changing 
region around residue 180 for all ligands, with mixed gains and 
losses. These changes produce an overall positive LIE (in relative 
terms) for bananin and SSYA10-001, which implies a loss of inter-
actions between the Nsp13 protein and the ssRNA substrate in the 
Stalk and 1B domains. The ligands with the strongest helicase inhi-
bition, bananin and chromone-4c, exhibit a clear positive change in 
the ssRNA binding energy or, in other words, a pronounced loss of 
interactions between the Nsp13 protein and the oligonucleotide, 
which corresponds to the ssRNA substrate becoming detached from 
the Nsp13 enzyme; however, chromone-4c also has a bigger variance 
in the Stalk, 1B, and RecA1 domains, where only the RecA2 domain 
has fewer variable results. SSYA10-001 also shows a positive change, 
but the magnitude is smaller, and like chromone-4c, there is a high 
variance on those LIE results.

Figure 7 shows the results of our PCA and DCCM analyses of the 
four complexes. In all cases, the first two PCA modes account for 
more than 40% of the variance. The correlation maps focus on the 
residues in the RecA1 and RecA2 to capture the effects of drug binding 
in the helicase motifs and the ADP binding site. The left panel 
shows the first mode of the PCA. Bananin exhibits higher reduction in 

Table 3. Absolute binding free energies for Nsp13-ligand 
complexes: The average energy and uncertainty values were 
obtained from three independent replicas. Details of the calculation 
are provided in Materials and Methods. 

TI (kcal/mol) SSYA10-001 Bananin Chromone-4c

Replica 1 −7.73 −3.83 −8.13

Replica 2 −8.53 −3.33 −9.23

Replica 3 −7.03 −4.33 −5.83

Average −7.83 ± 0.9 −3.83 ± 0.5 −7.73 ± 1.8
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correlation values throughout the entire RecA1 and RecA2 domains, 
with a clear band of anticorrelation that expands from residues 440 
to 460 that is absent in the reference. The first PCA mode exhibits a 
higher mobility than the reference system for the 1B and RecA2 
domains but a reduced mobility in the ZBD domain. In the case of 
SSYA10-001, the correlation boundaries for RecA1 and RecA2 are 
sharper than for the two previous systems; the band around motif 1a is 
still present, but is barely distinguishable from its surroundings, as it 
is in the reference for bananin. The PCA mode on the left side panel 
of Fig. 7 shows a different behavior than that observed in the refer-
ence and the other ligands, largely as a result of the conformational 
change of the ZBD, where we now see a displacement of this domain, 
which gets closer to the RecA1, while 1B and RecA2 move in the 
opposite direction relative to RecA1. In the case of chromone-4c, the 
Nsp13 protein exhibits a reduced correlation band that spreads from 
the 400 to the 440 residues. In the three complexes, where this last 
band is still there, are the ones that exhibit helicase inhibition. Last, 
the first PCA mode of chromone-4c shows a mobility similar to that 
of the reference system, with the ZBD domain moving toward the 
main body of the protein.

It is of interest to point out that past studies of the previous 
SARS-CoV helicase Nsp13 have shown that all five domains of the 
enzyme are directly or indirectly involved in the helicase activity 
and are finely coordinated with respect to each other in the assembly 
(10). Most of these observations (from -factor, shear strain, PCA, 
and LIE analysis) suggest a high degree of communication through-
out the entire Nsp13 helicase, where the binding of a small molecule 
at one punctual site can trigger some disruption of the normal Nsp13 
structure and dynamics.

DISCUSSION
Identifying compounds that exhibit a broad antiviral spectrum (34) 
by targeting highly conserved structures has proven to be effective 
against a wide array of viruses. In this sense, the SARS-CoV-2 Nsp13 
helicase protein emerges as an attractive target given its sequence 
conservation and importance across all CoV species (15, 16).

The first part of this study focused on deciphering the structural 
coordination that exists between the Nsp13 domains and the behav-
ior of the enzyme’s complex with its natural ligands. The results 
from PCA and the DCCM matrix reveal a structural assembly that 
is characterized by a complex communication network among the 
five principal protein domains that is selectively activated by the 
presence of different natural ligands. As an example, the transition 
from Nsp13 apo form to Nsp13+ADP, the final product of the NTP 
nucleotide hydrolysis in the active site, gives rise to a high degree of 
interdomain communication that is absent in the apo state of the 
enzyme. A similar response was observed when both natural ligands, 
ADP and ssRNA, are incorporated into the assembly. A SASA anal-
ysis supports the existence of a communication mechanism between 
the ADP binding site and the ssRNA binding site in the RecA2 
domain; the solvent surface exposure of regions 1, 2, and 3 is altered, 
and the increase of the active pocket volume (Fig. 3) serves to point 
out how the binding of ADP induces the opening of the RecA1 and 
RecA2 domains. Experimental studies on the previous SARS-CoV 
Nsp13 helicase have reported a similar behavior and response of the 
Nsp13 assembly to the natural ligand, ADP (10), suggesting that 
similar Nsp13 dynamics exist among CoVs. The opening of the 
RecA1 and RecA2 domains is also evident from the PCA, where the 
1B and RecA2 domains (Fig. 2) separate from RecA1, either when 

Fig. 5. Water trajectories in Nsp13 complexes (blue out and red in) and pore surface as rainbow contour maps. (A) Cartoon representation of Nsp13 protein, with 
regions 1, 2, and 3 highlighted in magenta (427 to 437), slate (496 to 511), and olive (512 to 542), respectively. The ligand binding sites are shown with stick representation 
in brown color. Upper right: Relative MAV (in Å3) of the water pocket in the active site of nsp13 due to the ligands’ presence. (B) Relative -factor values. (C) Shear strain 
analysis of the four different protein-ligand complexes. (B) and (C) highlight the regions that correspond to the conserved motifs in Nsp13 among SF1 helicase family: 
motif I (red), motif II (orange), motif III (yellow), motif IV (green), motif V (dark green), motif VI (cyan), and motif Ia (dark orange).
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only ssRNA or when both ligands are attached to the protein. PCA 
also highlights the rigidity of the ZBD and how the presence of the 
natural ligands affects its mobility. The cross-correlation maps 
reveal pronounced anticorrelations with the other domains upon 
binding to the natural ligands. The allosteric communication in the 
Nsp13 protein is also evident in the strain analysis, which shows 
conformational changes of the helicase conserved motifs located in 
the ADP binding site and the RNA binding region, with motif I 
(Walker A) and motif Ia showing the largest effects.

Having characterized the structure and dynamics of the SARS-
CoV-2 Nsp13 protein, the second part of this work was focused on 

the characterization of three compounds that offer potential to hinder 
its activity. Specifically, we found that SSYA10-001, bananin, and 
chromone-4c all form thermodynamically stable complexes with the 
Nsp13+ADP+ssRNA assembly, with SSYA10-001 and chromone-4c 
exhibiting the highest affinity. Both ligands bind to Nsp13 at the 
RecA2 domain, in regions 2 and 3, underscoring these as important 
regions for the helicase’s activity (10). In addition, the numerical 
value of the binding free energies is in the same order of magnitude 
than the experimental values, giving confidence on the model and 
results obtained. On the other hand, the computed binding free 
energy for bananin underestimates its inhibition power, where the 

Fig. 6. Characterization of the total relative contact maps and LIE of ssRNA and NSP13 in the presence of ligands. The contact maps and LIE are divided by domains 
for each ligand. Bananin (BAN), SSYA10-001 (SSYA), and chromone-4c (CRO).
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causes of that could be related to the limitations of the selected force 
field to capture the complex interaction in the adamantane motif 
present in bananin. On the other hand, it could be possible that ba-
nanin exerts its antiviral activity by inhibition of other molecular 
target apart from Nsp13. Shear strain and -factor analyses revealed 
that the largest perturbations of the assembly take place in motif I 
(Walker A) and motif Ia; the reduced flexibility in motif Ia may be 
responsible for the reduced Nsp13 helicase activity, as reported for 
these ligands and as predicted for SARS-CoV-2 by our models. 
In addition, the largest strain responses occur in the three bind-
ing regions for ssRNA (190 to 210), (330 to 350), and (490 to 530). 
This result, in conjunction with the contact maps and LIE anal-
ysis (which shows a reduction in the interaction between the 
ssRNA oligonucleotide and the Nsp13 protein), could explain the 
helicase inhibition mechanism. SSYA10-001 shows a different be-
havior than that of the other molecules: This small drug leads to a 
large strain in the ZBD-Stalk region, which, in turn, induces a con-
formational change of the protein. Given the importance of ZBD in 
the helicase activity, as well as its leading role on the interaction 
among Nsp13 and the RdRp, it is reasonable to expect these pertur-
bations over the enzyme structure and dynamics to impair its func-
tion. Following the important role of NSP13 in the RTC complex, 
additional atomistic studies on the protein-protein interactions are 
now being pursued. The possible mechanism of disruption of the 
NSP13-RdRp complex by small molecules will be the focus of 
that work.

MATERIALS AND METHODS
Model of Nsp13 and natural ligands
The model of the Nsp13 helicase protein of SARS-CoV-2 adopted 
here is the SwissModel generated with the SARS-CoV helicase 
(PDB: 6JYT). To determine the binding models for ADP and 
ssRNA, we used the Dali server (35) to align the protein to PDB 
2XZO and determine the initial configuration for those natural 
ligands. The generated PDB model of Nsp13 with ADP and ssRNA 
is included in the Supplementary Materials (data S1).

Molecular dynamics
The parameters for each of the complexes considered here were de-
termined using the ff14SB for the protein, RNA.OL3 for the oligo-
nucleotide, and GAFF for the small molecules. The charges for the 
ligands were determined using the AM1-BCC method. An octahedral 
box with ~40,000 TIP3P water molecules and ~23 Cl− ions was used. 
Energy minimization included 3000 steps, which involved 1500 
steepest descent steps and constraints to heavy atoms, followed by a 
second minimization of 30,000 steps involving 15,000 steepest descent 
steps. Equilibration was performed through a gradual temperature 
increase from 0 to 300 K over 400 ps using a Langevin thermostat 
with a temperature coupling constant of 1.0 ps in a constant volume 
ensemble. Density equilibration and production runs were con-
ducted in a constant pressure ensemble (NPT). All simulations were 
performed using periodic boundary conditions and a 2-fs time step. 
Long-range electrostatic interactions were modeled using the Parti-
cle Mesh Ewald method with a nonbonded cutoff of 12 Å. The 
SHAKE algorithm was used to implement rigid constraints to cova-
lent bonds involving hydrogen atoms.

Molecular docking
AutoDock4.2 was used for the molecular docking between the tar-
get protein and ligands using the Lamarckian genetic algorithm and 
pseudo-Solis and Wets local search method (33). The initial config-
uration of NSP13+ADP+ssRNA was taken after an NPT relax-
ation for 600 ns. A total of 200 docking runs were performed for 
each replica, and each run was set to terminate after 25,000,000 en-
ergy calculations. The best result of each ligand was selected for fur-
ther analysis in MD simulations.

TI calculations
The absolute binding free energy for the nonnatural ligands is 
defined as GAbsolute = GL − GRL, where GRL is the free energy 
change of the ligand annihilation in the Nsp13+ADP+ssRNA+drug 
assembly and GL is the free energy change of ligand annihilation in 
water. To calculate these free energy changes, we used TI imple-
mented in PMEMD (Particle Mesh Ewald Molecular Dynamics) for 

Fig. 7. PCA and DCCM in the presence of ligands. (Left) Movement representation of the first mode of the PCA of the  carbons of Nsp13+ADP+ssRNA in the presence 
of ligands. (Right) Dynamical cross-correlation network for  carbons in the presence of bananin (BAN), SSYA10-001 (SSYA), and chromone-4c (CRO).
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Amber 18. A one-step annihilation protocol with soft core potentials 
was implemented. We used multiple runs starting from the equili-
brated ligand position from previous 350-ns MD simulations. In this 
way, three independent replicas for each ligand, as well as three rep-
licas for solvation in pure water, were considered. Eleven equally 
spaced windows were selected with 20 ns of simulation time per 
window. To keep the ligand from wandering in TI calculations, we 
used a soft positional restraint of 1 kcal/mol Å2, whose contribution 
to the total free energy calculations can be obtained analytically us-
ing the following equation (36)

   ∆  G  restraint   = − kTln (      V   0  ─  
 (2kT /  K  harm  )   3/2 

   )     

where V0 is a reference volume and Kharm is the harmonic constant 
applied to the positional restraint.

SASA and LIE calculations
To calculate SASA for determined regions of the NSP13 protein, we 
used the LCPO method implemented in CPPTRAJ (31). For each of 
the studied regions, the calculations were averaged over the last 
100 ns of simulation using conformations taken every 20 ps and 
using the backbone atoms (N, CA, C, and O) of each residue plus 
the amide hydrogen (H).

LIE was estimated using CPPTRAJ (31), where the nonbonded 
energy (van der Waals and electrostatic interactions) was calculated 
between the oligonucleotide and the protein divided by domains. 
The distance cutoff selected was 12 Å, and minimum image distance 
is applied. The results are averaged over 10,000 frames from the last 
200 ns for each system in each replica.

Water analysis
To analyze the water flux and active site changes in the NSP13 pro-
tein of SARS-CoV-2 for each complex, we used AQUA-DUCT 1.0.5. 
We obtained MAV, water paths, inlet clusters, and their surface. For 
calculations, the region of interest was defined as a 5-Å sphere around 
the center of geometry of the NTP active site residues (K288, S289, 
D374, E375, Q404, and R567). The time window used in all calcula-
tions was 100 ns, sampling every 10 ps. The results reported were 
block-averaged for the total simulation time used. Images were 
created with open-source PyMOL (37).

Contact maps and RMSF calculations
Contacts maps by residue and RMSF calculations were generated 
using the native contacts and RMSF functions in CPPTRAJ (31). 
The contacts between the ssRNA and the Nsp13 protein were de-
fined relative to the averaged PDB of Nsp13+ADP+ssRNA with a 
cutoff distance of 4 Å. The maps were averaged over 2500 snapshots 
taken every 100 ps for each ligand. The relative RMSF calculations 
were calculated with respect to a 200-ns averaged structure using 
the mass-weighted average over the CA, N, and C atoms and reported 
by residue. A total of 5000 snapshots were used, taken every 20 ps.

Strain analysis
The effects of functional and nonfunctional fluctuations after ligand 
binding can be distinguished with the aid of the strain formalism from 
continuum theory. This type of analysis has been proven useful in 
proteins before (32). For this study, a 10-Å radius around each C 
atom for our analysis was considered. In the first part of this work, 

a 300-ns simulation of Nsp13 was used as reference for strain calcu-
lations; a 300-ns simulation of Nsp13+ADP+ssRNA without ligand was 
used as reference for strain calculations in the second part of the article.

PCA and DCCM
PCA and DCCM calculations were performed using the Bio3D 
package for R (29) and CPPTRAJ (31), respectively. PCA is a dimen-
sionality reduction technique that is effective at identifying correlated 
motions in atomic simulations of proteins from experimental struc-
tures or MD trajectories. The first several PCs are often considered 
“essential dynamics,” and the rest are neglected without important 
loss of information (29).

DCCM represents all atom-wise cross-correlations whose ele-
ments, Dij, may be displayed in a graphical representation

   D  ij   =    
〈( r  i   − 〈  r  i   〉 ) ( r  j   − 〈  r  j   〉 ) 〉

  ─────────────────   
 √ 

_______________________
    (  〈  r i  

2  〉 −  〈  r  i   〉   2  )   (  〈  r j  
2  〉 −  〈  r  j   〉   2  )    

    

where r1, …, r3N are the atomic coordinates of the protein, 
averaged over all the sampled snapshots from the simulation. If 
Dij = 1, the fluctuations of atoms i and j are completely correlated 
(same period and same phase); if Dij = −1, the fluctuations of atoms 
i and j are completely anticorrelated (same period and opposite 
phase); and if Dij = 0, the fluctuations of i and j are not correlated. 
Off-diagonal positive and negative correlations may indicate poten-
tially interesting correlations between domains of noncontiguous 
residues (29). For PCA and DCCM, 5000 equally spaced snapshots 
taken from a 600-ns simulation of each complex were used, and the 
analysis was performed on the C atoms of the protein.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj4526

View/request a protocol for this paper from Bio-protocol.
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