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The coronaviral nonstructural protein 9 (Nsp9) is essential
for viral replication; it is the primary substrate of Nspl2’s
pseudokinase domain within the viral replication transcription
complex, an association that also recruits other components
during different stages of RNA reproduction. In the unmodi-
fied state, Nsp9 forms an obligate homodimer via an essential
GxxxG protein-interaction motif, but its ssRNA-binding
mechanism remains unknown. Using structural biological
techniques, here we show that a base-mimicking compound
identified from a small molecule fragment screen engages Nsp9
via a tetrameric Pi-Pi stacking interaction that induces the
formation of a parallel trimer-of-dimers. This oligomerization
mechanism allows an interchange of “latching” N-termini, the
charges of which contribute to a series of electropositive
channels that suggests a potential interface for viral RNA. The
identified pyrrolo-pyrimidine compound may also serve as a
potential starting point for the development of compounds
seeking to probe Nsp9’s role within SARS-CoV-2 replication.

SARS-CoV-2 is the causative agent of the disease COVID-
19, a coronavirus whose introduction into the human popu-
lation and subsequent global spread has inundated health care
systems worldwide (1, 2). Coronaviral genomes consist of a
large ~30 kb messenger-sense single-stranded RNA that re-
produces inside of viral-induced membrane vesicles within
host cells (3). Replication occurs as a continuous process
alongside a coronaviral-unique discontinuous translation
mechanism that also produces subgenomic ER-targeted tran-
scripts (4). Following infection two main classes of coronaviral
proteins are translated by host ribosomes: virion structural
proteins are encoded by the subgenomic transcripts while
nonstructural proteins, or Nsps, are transcribed directly from
the genome as parts of an autoproteolytic polyprotein. The
Nsps are responsible for replication of SARS-CoV-2 and are
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considered an obvious point of therapeutic intervention (5).
The RNA-dependent RNA polymerase (RdRp) is contained
within Nsp12, which in cocomplex with the accessory factors
Nsp7 and Nsp8 (6—8) serves as the core of the viral replication/
transcription complex (RTC) (4, 9). In vitro Nsp7, 8 and 12 are
sufficient for a basal level of RdRp activity (5); however,
replication of the full-length genome and its templating of
discontinuous subgenomic transcription is further facilitated
by a helicase (Nsp13) (9, 10) and Nsp9 (11, 12).

Coronaviral Nsp9 was originally reported to be an ssRNA-
binding protein that forms homodimers in solution with
modest affinity for long oligonucleotides (13, 14). A recent
cryo-electron microscopy structure of the extended form of
the SARS-CoV-2 RTC has also shown that the homodimeric
interface of Nsp9, which predominates in solution in vitro (15),
can be repurposed to directly interface with the nucleotidyl-
transferase, or NiRAN, domain of Nsp12 (16). When doing so,
the N-terminus of Nsp9 inserts fully into the enzymatic site of
the domain to interface with the nucleotide therein while
potentially recruiting Nsp10 and Nsp14 (17). This interaction
occurs at a distance from the active center of the RNA poly-
merase domain. NiRAN domains are found throughout the
nidoviral family, and their nucleotidylation activity is known to
be essential (18), but their precise function is still under study.
At least two hypotheses have been proposed for the
Nsp9:Nspl2 interaction: Yan et al. (16) suggest a role as
nucleotidylation inhibitor during mRNA-cap formation,
whereas Slanina et al. (19) propose that Nsp?9 itself is the major
substrate for the reaction. If the latter modified form of Nsp9 is
proven to predominate under physiological conditions, then
the posttranscriptionally modified Nsp9 could directly base
pair with nucleotides, and earlier RNA-binding studies would
need to be revisited. As well as its RTC-associated roles, Nsp9
together with Nsp8 may bind to discrete regions of 7SL RNA
to modify host protein trafficking (20).

To aid the characterization of Nsp9cov19, we had previously
obtained the structure of its homodimeric form (21). The
analogous protein of SARS-CoV-1 shares 98% sequence
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Nsp9 residues involved in nucleotide binding

identity and is known to be essential for viral replication (22),
we thus sought to identify compounds with affinity for
Nsp9covio that could potentially be developed into inhibitors.
The integrity of the conserved self-associating GxxxG
sequence motif within the C-terminal a-helix of Nsp9 is
known to be essential (15). The glycines of this motif occur on
the same face of the dimerization helix and closely assemble
with their counterparts within the homodimer to yield a tight
parallel helical coupling, they represent an obvious surface of
the protein to target for inhibition.

This coronaviral Nsp9 dimer is a virally unique fold, which
diverges so significantly from other nucleotide binding pro-
teins that potential ssRNA-binding modes cannot be easily
deciphered. Herein we identify the residues within Nsp9 covig
that are chemically perturbed upon ssRNA binding. We then
describe the identification of a base-mimetic compound that
binds weakly to Nsp9covio via a tetrameric m-m stacking
mechanism; this induces formation of a hexameric particle
that utilizes the same perturbed residues as part of its oligo-
merization mechanism. The low-affinity compound detailed
herein represents a potential starting point for structure-based
inhibitor design. Its mode of association with Nsp9covig
suggests a potential mechanism for single-stranded nucleotide
binding within this conserved family of coronaviral proteins.

Results

Identification of residues involved in ssRNA binding by HSQC-
NMR

We aimed to identify small-molecule compounds that bind
within or near to the ssRNA binding site of Nsp9cov19, but
first needed to better characterize the site itself. To do so, we
sought to identify the residues involved in oligonucleotide
binding using 2D ['*N-'H]-HSQC NMR from a uniformly
>N-isotope-labeled protein. Recombinant Nsp9covie in
isolation yielded well-defined amide cross-peaks with similar-
ities to the previously assigned Nsp9sars homologue (97%
sequence identity) allowing us to tentatively assign the ma-
jority of theoretical backbone amide resonances with good
confidence (Biological Magnetic Resonance Data Bank ID
6501, Fig. S1A). Our initial assignments agreed with those
published elsewhere (23, 24). ["°N-'H]-HSQC NMR spectra
were then acquired in the presence of short 5 nt and 8 nt
ssRNA oligonucleotides. Several amide resonances were
observed to undergo concentration-dependent chemical shift
perturbations upon titration of 0 to 1000 uM ssRNA with
larger shifts observed for the longer oligonucleotide (Fig. 1A
and Fig. S1B). Although most peaks remained unperturbed,
ssRNA induces large chemical shifts for the backbone amide
peaks assigned to Val-41, Thr-67, and Ile-91 (Fig. 1, B and C)
as well as a large-scale shift of unassigned sidechain amide
peaks (Fig. S1C). Smaller-scale movements were also observed
for residues 40, 42, 63, 64, 68, 98, and the point-of closest
approach within the GxxxG helices (residues 100-102).

A global shared fit of the chemically perturbed cross-peaks
(Fig. 1B) allowed an estimation of the Kp, for these short 8 nt
ssSRNA of ~550 uM (95% confidence between 410 and
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750 uM). At the highest ssRNA concentration (red peak in top
left panel of Fig. 1A4), the resonance also peaks and begins to
broaden and reduces in intensity. Thus, two distinct areas of
Nsp9 show chemical perturbation in the presence of ssRNA:
one corresponding to changes within the homodimer interface
and a second site, distinct from the dimer interface that may be
involved in nucleotide binding.

Screening for Nsp9cov:s binding compounds via ['°N-"H]-
HSQC-NMR

After identification of a potential RNA-binding site Nsp9covi9,
we next sought to identify small-molecule compounds that might
associate at, or nearby, to said site. Our initial stratagem for
obtaining such candidates consisted of screening a small frag-
ments library (25) against the recombinant Nsp9covie by
recording 1D-"H saturation transfer difference NMR on mixtures
of five fragments to assess binding. Of 450 fragments, a shortlist of
48 initial hits resulted from this screening process (Fig. S2A). The
binding of these fragments was validated by recording ['°N-"H]-
HSQC NMR for each. Notably several heterocyclic compounds
from the initial shortlist held obvious similarities to RNA bases.
One such molecule is 1,3-dimethyl-6H-pyrrolo[3,4-d]pyrimi-
dine-2,4-dione, hereafter referred to as FR6 (Fig. 1D). HSQC
measurements showed that titration of FR6 with the protein
perturbed Phe-40 (Fig. S2B). The 1D "H spectra of FR6 implied a
potential for it to aggregate in solution at high concentrations
(>4 mM). Several residues including Phe-40 undergo chemical
perturbations upon titration of RNA with Nsp9covio.

The FR6::Nsp9cov19 cocomplex

As FR6 is an RNA base-mimetic sans backbone, we theo-
rized it could potentially provide a means to elucidate the
molecular interactions that mediate ssSRNA binding within
Nsp9. In prior studies we had observed a tendency for re-
combinant Nsp9cov1e crystals produced with extraneous N-
terminal tag residues to grow more robustly and diffract to
higher resolution than if such residues were removed. We
cocomplexed Nsp9covie with FR6 in a 5:1 M ratio and iden-
tified new crystallization conditions. The FR6:3c-Nsp9covie
crystals diffracted to 1.58 A in space group P3,21 (see
Table S1) with the asymmetric unit containing three molecules
of Nsp9covie (A—C protomers) (Fig. S2C and Fig. 2A). Clear
electron density is observed for all Nsp9cov1o residues, which
adopt a largely identical structure to that observed previously:
that of a small 7-stranded p-barrel with elongated p1-strand
and B6-P7 loop that each protrude to engage opposite faces
and ends of the GxxxG dimerization helix. All three protomers
have near-identical C,-backbone conformations except within
the p4-B5 loop (residues 57—66). The differences in this loop’s
structure within the B-protomer are detailed later.

Within the FR6 complex, crystallographic symmetry oper-
ators produce the canonical coronaviral Nsp9 homodimer
(14); this protein—protein interaction mechanism accommo-
dates a degree of orientational flexibility about the self-
associating GxxxG motifs (21). In the complex, the C,-back-
bone structure of the protein aligns most closely to that of
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Figure 1. Identification of residues involved in ssRNA binding and the FR6-binding site in close apposition. A, following peak assignment of the
TH-">N 2D HSQC NMR Nsp9covis Spectra several peaks are seen to undergo concentration-dependent chemical shift perturbations from their unliganded
positions (blue) upon titration of different concentrations of short ssRNA oligomers. B, an approximate Ky can thus be obtained for a global shared fitting
analysis from the movements of the most perturbed peaks (Val-41, Thr-67, lle-91, and an unidentified Asn side chain). C, the largest chemical shift per-
turbations with a white to pink gradient can be mapped onto the crystal structure of Nsp9cov19 solved previously. The positions of the residues used in
global fitting are labeled. One subunit of the homodimer is partially transparent. D, chemical structures of guanine, FR6, and uracil.

gNsp9covie form solved previously (pdb: 6WXD, r.m.sd
1.04 A?), but the respective subunit orientation aligns more
closely with that of 3c-Nsp9cov1o (pdb: 6WC1 r.m.sd 1.16 A?).
Overall, Nsp9cov19 retains its structure upon FR6 binding.

FR6 binds at protein proximal and distal sites

Following refinement of the protein residues, extraneous
electron density within the omit maps clearly allowed precise
positioning of two copies of FR6 per molecule of Nsp9covig
(Fig. S2D). Binding occurs via a parallel-displaced -1 stacking
mechanism with FR6 occupying two distinct sites, one proximal

SASBMB

to the protein aligned atop the aromatic ring of Phe-40 (Fig. 2B)
and a second distal site parallel to this (Fig. S2E). The proximal
binding site is situated between the N-terminus of the GxxxG
helix and the nearby p2-p3 loop, a cluster of asparagine and hy-
drophobic residues serve to interface with the functional groups
of the FR6 pyrimidinedione ring. The ligand’s C8 carbonyl group
forms a hydrogen bond to the side chain of Asn-98 alongside a
water-mediated interaction with the backbone amide of Asn-95.
Nearby, the other FR6 carbonyl group hydrogen bonds with the
side chain of Asn-33. This proximal binding site engages only one
of the ligand’s methylamine groups (via Leu-42 and Leu-94), the
other remaining largely solvent exposed.

J. Biol. Chem. (2021) 297(3) 101018 3
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Figure 2. The FR6-induced Nsp9coy1o hexamer. A, the arrangement within the FR6-bound hexameric form of Nsp9cov1g is displayed in cartoon rep-
resentation, one ring of protomer subunits uses green hues and the equivalent symmetry-related protomers use blue ones. In this side view, one-third of the
hexamer is in the background. B, a closer view of the aromatic ruler region indicating the binding mode of the tetrameric FR6 stacking and the proximity of
the N-terminal latch residues and open AB gate entry to the end-cap channel network. C, cross-sectional view of the three m-m stacks within the hexameric
form of Nsp9cov1e, the aC-dimer helices are labeled for the six subunits. D, fluorescence polarization anisotropy assays using 17mer PolyU to assess ssRNA
binding of different recombinant Nsp9 constructs. Constructs correspond to: gNsp9—protein with an additional GPG stub at the N-terminus; +Nsp9—
protein with a free backbone amide at Asn-1 and Nsp9. The plot shows corrected anisotropy for each Nsp9coy19 protein concentration; error bars represent
the SD from the mean of triplicate measurements. E, top-down view of the Nsp9cov19 hexamer shows the end-cap channel network along with open and
closed conformations of 34f35 entry gate. F, representation of the hexamer with the calculated electrostatic surface potential shown in context with the
modeled ssRNA fragment. The aromatic ruler and end-cap channel network is labeled.

The electron density of FR6 has potential pseudosymmetry
due to similar electron scattering from the carbonyl and
methyl groups, hydrogen bonds formed with the protein help
orient FR6 within the proximal site, but a lower occupancy
form flipped about the FR6 pseudosymmetry axis may also be
present at the distal site. FR6 binds at two sites within
Nsp9covio at the base of the GxxxG helices.

FR6 is a base mimetic with a tetrameric engagement of a Phe-
40 aromatic ruler

The pyrimidinedione ring of FR6 bears obvious similarities
with that of uracil but also has a heterocyclic structure

4 ] Biol. Chem. (2021) 297(3) 101018

analogous in form to purine nucleotides. Thus, it is note-
worthy that ssRNA and FR6 both result in changes to the local
backbone amide environment near Phe-40/Val-41 (Fig. 14 and
Fig. S2B). The backbone of Val-41 is overlayed by FR6
(Fig. 2B), and its binding results in two new interactions with
its backbone amide. As titration of ssRNA into Nsp9covig
induced chemical shifts in residues near the FR6-binding site,
we next sought to assess whether by acting as a base-proxy
whether its association with the protein provided potential
information about nucleotide-binding. Although two mole-
cules of FR6 associate with each protein molecule, the pseu-
dosymmetric arrangement of the asymmetric unit’s three
protomers converts this into a n-m stack of four aromatic FR6

SASBMB



ligands within a hexameric Nsp9cov9 particle (Fig. 2A4). Three
copies of the canonical Nsp9 homodimer are seen to align
such that their C-terminal a-helices orient toward a central
point. The aromatic FR6 stacking has a 14.5° parallel-offset
and occurs at each neighboring homodimer interface (Fig. 2,
A and B). This is most easily visualized in cross section at the
hexamer’s mid-point where the three tetrameric -1 stacks
interleave between the oC helical pairings (Fig. 2C); residues
within this structural element’s N-termini serve to provide the
proximal binding site for each end of the aromatic stacking
(Fig. 2B).

The tetrameric -1t ligand stacks are delimited at either side
through similar interactions with the side chain of Phe-40
(Fig. 2B), a bookended interface that provides a 4-base aro-
matic ruler at points throughout the hexamer. While the distal
FR6-binding site is relatively open, the tip of the $2-p3 loop
serves to cover each end’s protein-proximal site. If nucleotides
bind within the same site with bases aligned to FR6, the latter’s
solvent-exposed methylamine groups would occupy equivalent
positions to that of the B-N1-glycosidic bond. Thus, the
necessary presence of the ssRNA phosphate-backbone in
physiological substrates is not incompatible with our putative
base-binding mode inferred from the FR6 complex. If the
observed aromatic ruler within our structure also engages
RNA, then artificial tag residues occupy the expected position
of the phosphate backbone (Fig. S2F). A free Asn-1 amide may
therefore influence nucleotide binding in Nsp9.

ssRNA fluorescence polarization anisotropy

We, and others, have performed fluorescence polarization
anisotropy experiments to monitor nucleotide binding to
Nsp9covie (21). The construct we had used previously
retained artificial residues ~>Gly-Pro-Gly® prior to Nsp9’s N-
terminal sequence 'NNELSV, a common occurrence with
standard recombinant techniques. To determine whether a
free amide within Nsp9covie influences nucleotide binding,
we recloned Nsp9covo from its prior form (gNsp9) such that
no artificial residues remained after his-tag removal (+Nsp9)
along with a second construct lacking the first six residues
(Nsp9A6). In vitro RNA-binding assays were then repeated
with all three constructs, as reported previously gNsp9 dis-
played relatively weak binding to ssSRNA with a Kd of ~200 +
50 pM, while the fit for the anisotropic data for Nsp9A6
provided a Kd within the mM range. In contrast, the ssRNA
anisotropy binding data for +Nsp9 suggested a tenfold increase
in affinity for this version of the protein (Kd ~ 33 + 3 uM)
(Fig. 2D).

A cyclic exchange of latching Nsp9 N-termini stabilizes
hexamerization

The Nsp9 hexamer has two adjacent rings of subunits (blue
or green color hues in Fig. 2A4) with the canonical homodimer
comprised of one from each ring. The homodimer’s aC helices
provide a highly stable, yet somewhat dynamic, interring
connection. This contrasts with the subunit arrangement
around each ring that is less direct and appears stabilized in

SASBMB

Nsp9 residues involved in nucleotide binding

equal measure by interactions mediated through the aromatic
ligands but also utilizes a cyclic exchange of subunit N-termini
across neighboring dimers (Fig. 24). In this latching mecha-
nism, the first two residues of Nsp9 extend to lie between
subunits of the opposing end ring (Fig. 2B). In doing so the
side chain of Asn-1 forms two new hydrogen bonds to the
amide backbone of Val-41. This “latch-engaged” conformation
of Asn-1 lies above the benzyl group of Phe-40 further stabi-
lizing the aromatic ruler. Binding of RNA-base like com-
pounds to Nsp9covio directly influences Phe-40 and Asn-1 is
proximal to the site.

Electropositive channels encircle the surface of the Nsp9coy9
hexamer

If the hexameric form of Nsp9 is also used to bind to RNA,
an elongated interaction site would be required capable of
accommodating aromatic bases and the phosphoribose back-
bone. At each endcap of the Nsp9 hexamer, a 6 to 8 A wide tri-
forked channel connects the three FR6 ligand stacks (Fig. 2E).
The base of the channel network is created by the residues
from the B5 and P6 strands aligning with their counterparts
from adjoining end-ring subunits. The first layer of the
channel’s walls is then formed by the $3-p4 loop. Access be-
tween the endcap channel network and the aromatic ruler
occurs over the N-terminal latch (top right Fig. 2B). To assess
whether this site could accommodate ssRNA, we made elec-
trostatic calculations for the hexameric particle, which indicate
a concentration of positive charge both near the aromatic ruler
and throughout the end channel network (Fig. 2F). Within the
former, Lys-36, Lys-58, Arg-74, and Asn-1 provide the po-
tential for charge-mediated interactions near to the channel
entry gate, while Lys-52, Lys-92, and the dipole moment of a
short helical turn (residues *TQTAC?) present similar con-
tributions within the end channels. Potential hydrophobic sites
for base association within the end cap are presented via the
side chains of Trp-53, Ile-65, Tyr-66, and Pro-71. Large
channels exist within the Nsp9 hexamer that might be able to
accommodate oligonucleotides.

The HSQC peaks perturbed upon addition of ssRNA make up
the N-terminal latch

The major peaks displaying chemical perturbation within
the HSQC spectra upon addition of ssSRNA were Val-41, Thr-
67, Ile-91, and unassigned side chain amides. The first three of
these residues make up the N-terminal latching mechanism of
the FR6-hexamer (Fig. 3, A-C). Self-association of the viral
protein results in two new hydrogen bonds between N-1 and
the backbone amide of Val-41 upon FR6 binding (Fig. 3B),
which would be consistent with its downfield shift (Fig. 3C). In
contrast, Thr-67 undergoes an upfield shift potentially arising
from a hydroxyl association with its carbonyl group (Fig. 3B).
Ile-91 is part of an unusual i + 2 B-turn whose movements may
be stabilized when the N-terminal latch associates with its side
chain (Fig. 3B). The side chains of Asn-1 and -2 each form new
hydrogen bonds upon hexamerization so are potential candi-
dates for the unassigned amides perturbed by ssRNA.

J. Biol. Chem. (2021) 297(3) 101018 5
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conservation within the B4-f5 loop is shown.
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A gating mechanism control entry to the potential nucleotide-
binding channels

If the two end-cap channels accommodate nucleotide
polymers in the liganded state, then the symmetry of the
hexamer will be broken upon binding; that is, all three
branches of each tri-forked channel cannot be simultaneously
occupied. It is thus noteworthy that within our asymmetric
unit, two alternate conformations exist for the p4-p5 loop at
the sites of channel entry (residues 5765, Fig. 3D). That of the
B-protomer (bottom Fig. 3D) aligns closely with the predom-
inant form in unliganded Nsp9; in this state Ile-65 is orientated
toward the N-terminal latch and together with the alkane core
of Arg-39 presents an unoccupied hydrophobic cavity above
the latching mechanism (Fig. 2B). This potentially base-
receptive form of the B4-B5 loop is present at the AB chan-
nel entry gate of the hexamer (Fig. 3D). In contrast, the novel
form of the 4-B5 loop occurs within the A and C protomers
and makes the other end-cap channel entries more compact.
In these positions, the Asn-1 latch is further stabilized by Gly-
63 overlaying it (Fig. 3, B and D). In this closed p4-f5 loop
conformation, both B-strands are reduced in extent with Ile-65
flipping to present in a solvent-exposed end-cap direction
where it forms a hydrogen bond with the side chain of GIn-49
from another end-ring subunit (Fig. 3D).

Positively charged residues line the P4-f5 gate loop (eg,
Lys-58) and are obvious candidates for nucleotide interacting
side chains. We had serendipitously made two independent
MERS-CoV viral isolates in which Lys-58 (K58) was mutated
to alanine. Assuming that the degree of conservation between
Nsp9mers and Nsp9covie is consistent with a common
functional mechanism, we thus performed a viral replication
assay to compare MERS-CoV with a MERS-CoV K58A mutant
virus (Fig. 3E). While there was no discernible difference in
plaque-forming units at 24 h postinfection, by 72 h an
approximately fivefold difference in viral titre was observed for
the K58A mutant, indicating a moderate disadvantage in viral
replication for the K58A mutant. Therefore, mutation of res-
idues within the P4-B5 loop has discernible impact upon
coronaviral replication and merits further studies in infected
tissue culture cells and animals.

Coronaviral Nsp9 sequence conservation within the context of
the hexamer

Several coronaviral homologs of Nsp9cov1e structures are
known in their unliganded states, which share between 35 and
98% sequence identity (13, 14, 21, 26—28). When their primary
sequences are aligned (Fig. S3A) and invariant residues map-
ped onto the dimeric structure of Nsp?9, it is difficult to discern
between potential ligand interacting sites and regions of the
protein critical for adopting the fold (Fig. S3B). If the same
visualization is used within the context of the hexamer (Fig. S3,
C and D), residue conservation appears to be concentrated
upon N-terminal residues and those making up the base and
walls of the end-channel network. Oligomerization thus con-
verts conserved regions of the protein from convex surfaces
within the dimer (Fig. S3, A and B) to interdependent concave
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ones with more obvious potential for ligand interaction
(Fig. S3, C and D). Within the FR6-binding site, the hydro-
phobic nature of Phe-40 is maintained but its aromaticity is
not strictly conserved. The N-terminal latch residues also play
a dual role in NiRAN domain association.

Discussion

The conserved coronaviral Nsp9 homologues are single-
stranded RNA-binding proteins whose unliganded structures
had been determined from a number of viral species (14)
including SARS-CoV-2 (21). The Nsp9 fold comprises a
structure that is clearly distinct from previously studied
nucleotide binding proteins making any potential oligonucle-
otide association mechanism unclear. NMR titration assays
indicate several residues within Nsp9 appear to be perturbed
upon RNA binding including Phe-40, Val-41, and Ile-91.
These residues or those nearby are likely to directly associate
with nucleotide. Furthermore, we identify 1,3-dimethyl-6H-
pyrrolo[3,4-d]pyrimidine-2,4-dione as a low-affinity ligand that
interacts near the putative nucleotide-binding site of
Nsp9covio.

The binding of our purine-like compound induced a hex-
americ form of Nsp9covie that was intriguing but whose
relevance is unclear. The residues undergoing chemical
perturbation upon oligonucleotide binding map to an inter-
subunit N-terminal latching mechanism within the hexameric
Nsp9 assembly. Moreover, our fluorescence polarization
anisotropy assays indicated that a free N-terminus within the
protein increased its affinity for oligonucleotide. If a hexameric
form of Nsp9 is physiologically relevant, the proximity of the
electropositive end-cap channel network to the aromatic ruler
suggests potential paths for ssSRNA winding. At least two
different wrapping topologies are apparent that would be
compatible with the presented structure, each utilizing both
the aromatic ruler region and the channel network in different
ways (Fig. S4). Our experiments support the role of both the
proximal and distal FR6 binding sites being occupied upon
oligonucleotide binding and leave sufficient room for the
phospho-ribose backbone. In the unliganded state residues 1
to 8 are often flexible while in the hexamer they reside next to
the aromatic ruler and channel gate inducing oligomerization
and oligonucleotide binding. If Nsp9’s association with RNA
induces hexamerization in solution, the intersubunit interface
at the base of the GxxxG helices is likely to involve a degree of
cooperativity during the oligomerization process.

Our potential interpretation of the hexameric Nsp9 as-
sembly is complicated by the recent identification of Asn-1 as
the primary substrate for Nspl2’s nucleotidylation activity
(19). Such a modification would result in an RNA base post-
transcriptionally added to the protein at Asn-1. This modifi-
cation could potentially also be accommodated within the FR6
proximal site. An alternative explanation for the formation of a
hexameric Nsp9 assembly may then be as a storage particle for
UMP-modified Nsp9covi9, phosphoramidite P-N bonds are
known to be relatively reactive. It is worth noting that UMP
modification of Nsp9 may also be linked to its nucleotide-
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binding role (19). Further work is required to identify how
prevalent this form of Nsp9 is within coronaviruses but also
which oligomeric state of Nsp9 predominates in solution un-
der different conditions.

Single-stranded nucleotide-binding proteins often provide a
number of aromatic-binding pockets, albeit ones that are not
as deep or reactive as those normally targeted for drug
development. Prior work has gone into developing small
molecules that target nucleotide-binding proteins in order to
dissect their role in genome replication (29) or as bacterial
antibiotic targets (30). The essentiality of Nsp9 for SARS-CoV-
2 replication is intriguing (15, 19) and presents a novel op-
portunity for antiviral development targeting its role within the
replication transcription complex (16). The dual-site binding
mode of the FR6 fragment to Nsp9cov19 poses challenges with
respect to modification of its framework to increase affinity;
that is, at present, any modification must be accommodated by
two distinct sites. Nonetheless, this compound retains some
potential for development with further work required to better
define the nucleotide-binding sites of Nsp9cov19. Character-
ization of the FR6 binding mode helps this effort.

Experimental procedures
Protein production

The maturation of Nsp9 from the Orflab polyproteins re-
quires the enzymatic action of the main protease. To produce
recombinant Nsp9covi9 for enzymatic assays with a physio-
logical N-terminus, the synthetic gene for Nsp9covi9 was
fused to yeast Smt4 sequence between the hexahistidine tag
and viral Nsp9 sequence. Protein was produced as before
except affinity tag removal was performed using an overnight
digestion with Ulpl protease to yield +Nsp9. Prior to gel
filtration purification, cleaved +Nsp9 was separated from the
Smt4 sequence through passage over a Hi-trap SP column (GE
healthcare), protein eluting under a 0 to 1 M NaCl gradient
was then passed over a nickel column and the flow-through
subject to gel filtration where it eluted as a single peak. Syn-
thetic genes were ordered for the Nsp9A6 mutant described in
text.

Crystallization screening also included constructs we had
made previously, now renamed gNsp9covie and 3c-
Nsp9covio (21). These retain the artificial residues GPG at the
N-termini post cleavage of hexahistidine residues.

Isotope-labeled Nsp9covi9 was purified in an identical
manner except that E. coli (DE3) transfected with pET-28-
NKI-Nsp9covie was grown instead in M9 minimal media
containing 15N-labeled ammonium chloride (Merck #299251).

ssRNA oligonucleotides and fluorescence polarization assays

RNA oligonucleotides were purchased from IDT with the
following sequences RNA.1(AUUCG) and RNA.2 (UUGGA-
GUU). Fluorescence anisotropy assays were performed as re-
ported previously (21). Data were measured in triplicate with
errors representing the 95% confidence interval obtained from
a nonlinear model derived from the program PRISM 8.3.1.
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1D-"H ligand saturation transfer difference (STD) NMR
spectroscopy

A pilot screen of 90 mixtures containing 450 fragments was
screened against 10 uM Nsp9coy1o using 1D-"H STD NMR.
NMR experiments were carried out on a Bruker 600 MHz
spectrometer equipped with a CryoProbe at 293 K. STD
spectra were processed and analyzed by MNova as reported
previously (31). A hit rate of 11.8% was observed. The chemical
structures of all identified hits are shown in Fig. S2A.

Backbone chemical shift assignments of Nsp9coy o

Chemical shift assignments (IHN,ISN,BC“, and side chain
13CP chemical shift assignments) of Nsp9-CoV-1 are available
in the Biological Magnetic Resonance Bank (BMRB) with
accession numbers 6501. We expressed and purified a uni-
formly "*N-labeled Nsp9¢ov1e. A 2D TROSY [*°N-'H]-HSQC
spectrum of Nsp9covie was collected in identical buffer and
temperature, as reported previously for Nsp9sars. Overlaid
HSQC spectra of Nsp9covig9 and Nsp9sars are shown in the
Fig. S1A. Although the overall chemical shift dispersion
pattern between the two spectra is similar, significant chemical
shift differences were observed between them for a set of
residues. We rationalize that this might be due to the two local
residues differences (Nsp9covieo N34T and Nsp9covyio H48L)
between the two proteins. Backbone amide resonances that
show little or no chemical shift perturbations between the
spectra are considered for the ligand-binding analysis for
Nsp9covie- 2D HSQC-NMR spectra were processed by
Topspin3.6 and analyzed by the software CARA.

Crystallization, data collection, and refinement

3C-Nsp9covi9:FR6 crystals were grown with a three- to
five-fold molar excess of compound in the presence of ~2 mM
protein. Data were obtained from crystals grown in 2.5 to 3 M
sodium malonate and 0.1 M sodium citrate pH 4. Crystals
were flash-frozen in liquid nitrogen after being soaked in a
cryoprotectant consisting of 1.5 M sodium malonate, 0.1 M
sodium citrate 25% v/v glycerol. Diffraction data were
collected at the Australian synchrotrons MX1 and MX2
beamlines (32). Data were processed using the program XDS
(33), scaled and merged with programs from the CCP4 suite
(34). Initial phases were obtained using the molecular
replacement program Phaser (35) with trimmed starting model
6W9Q (21). Subsequent rounds of manual building and
refinement were performed in the programs COOT (36) and
Phenix (37).

MERS-CoV replication assays

Generation of MERS-CoV K58A mutant and replication assays

The Nsp9 K58A mutation was introduced into mouse-
adapted (MA) MERS-CoV BAC via a two-step linear lambda
red recombination system utilizing an I-Scel homing endo-
nuclease as described in Fehr, 2020 (38). Briefly primers
overlapping MERS-CoV Nsp9 containing the K58A mutation
and overlap with Kanamycin containing the I-Scel site were
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used to generate a kanamycin fragment containing overhangs
to MERS-CoV Nsp9 that contain the K58A mutation. The
fragment was electroporated into GS1783 E. coli cells con-
taining the MA MERS-CoV BAC allowing for homologous
recombination. Proper recombination was selected via repli-
cate on LB agar containing kanamycin and chloramphenicol
antibiotics. Recombined colonies were treated with arabinose
for induction of the I-Scel enzyme. The culture was heat
shocked to induce RED recombination effectively removing
the fragment containing kanamycin and producing a scarless
MA MERS-CoV BAC containing the K58A mutation. Virus
was rescued via transfection of Huh-7 cells with 1 to 2 pg of
the K58A MERS-CoV BAC and 10 pl lipofectamine 3000 in
opti-MEM media. In total, 3 to 4 days post transfection cells
and supernatant were collected and virus was propagated on
Huh-7 cells to generate stocks and was tittered on
Vero81 cells. Growth curves were performed by infecting
Huh-7 cells at an MOI of 0.01 of MA MERS-CoV (EMC/2012)
or MA MERS-CoV strain bearing the K58A mutation. Virus
was collected at 24, 48, and 72 h post infection and freeze
thawed. Virus was titered on Vero81 cells. Following
adsorption for 1 h, virus inocula were removed and plates
were overlaid with 0.6% agarose containing 2% FBS and
DMEM supplemented with 10% FBS. After 3 days, agar
overlays were removed, fixed with 4% PFA, and stained with
0.1% crystal violet. Viral titers were calculated as pfu/ml. All
work with infectious MERS-CoV was performed in a BSL3
laboratory.

Data and code availability

The accession number for the atomic coordinates of the 3C-
Nsp9COV19:FR6 and associated structure factors have been
deposited at the protein databank (www.rcsb.org) with acces-
sion code 7KRI

Supporting article  contains

information.
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