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SUMMARY

Non-structural protein 1 (Nsp1) of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a major
virulence factor and thus an attractive drug target. The last 33 amino acids of Nsp1 have been shown to bind
within the mRNA entry tunnel of the 40S ribosomal subunit, shutting off host gene expression. Here, we report
the solution-state structure of full-length Nsp1, which features an «/p fold formed by a six-stranded, capped
B-barrel-like globular domain (N-terminal domain [NTD]), flanked by short N-terminal and long C-terminal
flexible tails. The NTD has been found to be critical for 40S-mediated viral mMRNA recognition and promotion
of viral gene expression. We find that in free Nsp1, the NTD mRNA-binding surface is occluded by interactions
with the acidic C-terminal tail, suggesting a mechanism of activity regulation based on the interplay between
the folded NTD and the disordered C-terminal region. These results are relevant for drug-design efforts

targeting Nsp1.

INTRODUCTION

The COVID-19 pandemic caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) has considerably
increased the awareness of coronaviruses as a threat to human
health worldwide. Seven coronaviruses—all belonging to the
Alpha and Beta coronavirus genera—are known to infect
mammalian species.” Human Alpha coronaviruses such as
HCoV-229E, HCoV-NL63, HCoV-OC43, and HCoV-HKU1 cause
seasonal and mild respiratory tract infections with common-
cold-like symptoms,” while SARS-CoV-2, together with its
homolog SARS-CoV-1, and the Middle East respiratory syn-
drome (MERS) CoV are established agents of life-threatening
acute respiratory pathologies and severe lung disease.®*
SARS-CoV-2 has an enveloped, positive-sense, single-
stranded RNA genome approximately 30 kb in length. The
5-capped and 3'-poly-adenylated genome has two terminal
untranslated regions (the 5’ and 3’ UTRs) surrounding the central
coding region, which is comprised of 12 open reading frames
(ORFs). The first two—ORF1a and ORF1b—are directly
translated from the genomic RNA, while the other 10 ORFs are
translated from a set of eight subgenomic RNAs that are first
generated from the genomic RNA by two rounds of transcrip-
tion.>® Translation of ORF1a and ORF1b, which together span
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two thirds of the entire genome, produces two polyproteins
that are subsequently cleaved by two viral proteases to yield
16 non-structural proteins.”® Among these, non-structural pro-
tein 1 (Nsp1), also known as the leader protein, plays a key
role in suppressing host-cell protein translation and thus the
host immune response to the virus.

Nsp1 inhibits host translational activity by inserting the second
half of its C-terminal tail (residues 148-180; termed the C-termi-
nal domain [CTD]; Figure 1A) into the entrance of the mRNA
tunnel of the 40S ribosomal subunit. This blocks translation of
host transcripts at the initiation stage and may lead to a tem-
plate-dependent endonucleolytic cleavage of the mRNA
transcript and, eventually, host mRNA degradation in infected
cells.”'® Nsp1-dependent translational inhibition represses the
ability of human lung epithelial cells to respond to interferon
(IFN)-B stimulation, thus inactivating virus- and IFN-dependent
signaling pathways and resulting in the attenuation of the innate
immune response.'*'®

The viral mMRNA evades Nsp1-mediated translation inhibition
through as-yet unknown mechanisms that have been proposed
to rely on the association between the N-terminal domain (NTD)
of Nsp1 (defined here as residues 10-127; Figure 1A) and the
SARS-CoV-2 5 UTR.'>'*'20 However, the viral 5 UTR
appears to have no affinity for either free Nsp1 or any component
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Figure 1. Solution NMR structure of Nsp1 from SARS-CoV-2

(A) Domain structure and ribbon representation of the final water-refined ensemble of 10 NMR structures of full-length Nsp1. The short N-terminal and
long C-terminal tails are largely disordered (colored in turquoise and purple, respectively). The globular NTD, comprising residues 10-127, is colored in gray.
Coordinates have been deposited in the PDB with accession code 8AOU (PDB: 8AOU).

(B) Ribbon representation of the closest-to-the-mean structure for the NTD alone. The B-strands are colored in orange, the three helices are in light blue, and
segments not adopting canonical secondary structure are in gray. The secondary-structure elements are labeled sequentially.

(C) Ribbon representation of Nsp1 with the hydrophobic residues that comprise the core of the B-barrel shown as sticks. The three layers are colored in green, red,
and light brown. L46, which stabilizes the opening layer of B-barrel, is shown in light blue.

of the ribosome.?® Deletion of either the NTD or the CTD or
mutations in both regions substantially reduce the impact of
Nsp1 on viral load and suppression of host gene expression,
underlining the significance of both the Nsp1-NTD and the C-ter-
minal tail in sustaining the activity of Nsp1 as a major virulence
factor.12‘13'15’19’21_23

There have been several structural studies on Nsp1 from
SARS-CoV-1 (PDB: 2GDT, 2HSX*%) and SARS-CoV-2 (PDB:
7K7P, 7K3N, and 7EQ4°°?), but all of the corresponding struc-
tures represent only the globular core and end at residue 126 or
127. Cryoelectron microscopy (cryo-EM) studies on Nsp1 from
SARS-CoV-2 in complex with the 40S ribosomal subunit have
shown that the CTD forms two «-helices stably bound inside
the ribosomal mRNA entry channel,'®'®'"? put the structure
does not extend further toward the N terminus of the protein.
Recently, the nuclear magnetic resonance (NMR)-derived sec-

ondary-structure determination of full-length Nsp1 (FL-Nsp1)
has shown that the C-terminal tail (residues 128-180, linker +
CTD; Figure 1A) remains largely disordered in solution, although
helix-forming propensity was detected in the region that forms
the helical hairpin in the ribosome mRNA tunnel.?® Up to
now, there has been no complete atomic-resolution structure
of FL-Nsp1 from either SARS-CoV-1 or SARS-CoV-2.

Here, we report the high-resolution solution structure of FL-
Nsp1 from SARS-CoV-2. The FL protein retains its globular
core domain formed by the various truncated forms of the pro-
tein (NTD, residues 10-127; Figure 1A): the o/p fold comprising
a six-stranded, capped B-barrel motif.>* Both the short N-termi-
nal and long C-terminal tails (residues 1-9 and 128-180, respec-
tively) are mostly unstructured and flexible, but the NMR spectra
reveal the presence of interactions between the tails and the
globular core domain. The structure reveals that—in the FL
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Table 1. Assignment and restraint statistics

Assignment coverage

Overall, by element (%)

H C N
98.9 91.6 75.4
Backbone, by nucleus type (%)
HN N c c¥/ch H* Overall
99.4 93.9 96.7 100 100 98.3
Side chain, by element (%)
H C/N
98.4 79.3
Restraint counts
NOE distance restraints
Intra-res. Sequential Short range Med. range Long range Total
Unambig 1,484 813 283 74 783 3,437
Ambig. 528.0 472.4 309.6 93.8 797.2 2,201
Overall 2,012 1,285.4 592.6 167.8 1,5680.2 5,638
Backbone dihedral restraints
® s Total
94 94 188
Hydrogen-bond restraints
Hto O Nto O Total
51 38 89
RDC restraints (backbone N-H)
Tight Loose Total
73 16 89

NOE distance restraints are classified by sequence-separation (Ai): intra-residue (Ai = 0); sequential (Ai = 1); short range (2 < Ai < 3); medium range
(4 < Ai < 5); and long range (Ai > 5). Intra-res., intra-residue; Med., medium; Unambig., unambiguous; Ambig., ambiguous.

protein—the positively charged patch comprising the end of the
B6-strand, which has been demonstrated to be critical for RNA
binding,'"+19:2%24:39.31 interacts with the highly acidic C-terminal
tail, effectively occluding the RNA-binding surface from intermo-
lecular interactions. From the perspective of drug design, our
study indicates that the RNA-binding surface of Nsp1 is not
completely accessible in the free protein and that competition
with the long C-terminal tail for this binding site needs to be taken
into account in the design of novel therapeutics targeting
free Nsp1.

RESULTS

Structure determination of FL-Nsp1 from SARS-CoV-2

We used NMR spectroscopy to determine the structure of FL-
Nsp1 in solution. The protein was expressed with '°C,*N-label-
ing and purified as described previously.”® The rotational
correlation time estimated from backbone "°N relaxation exper-
iments®2° indicated that Nsp1 is a monomer in solution (vide
infra). Nearly complete backbone and side-chain resonance
assignments were determined using standard triple-resonance
NMR methods. The backbone assignment has been reported
previously.?® In brief, we were able to obtain 'H and '°N assign-
ments for 99.4% and 93.9% backbone amide groups and '°C
assignments for 96.7%, 100%, and 100% of the C’, C*, and C?
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nuclei, respectively. Amide assignments are missing for residue
G127. The side-chain 'H resonances were assigned to a
completeness of 98.4%. NOEs (nuclear Overhauser effects)
were derived from standard 3D NOESY-'®N-HSQC and
NOESY-"3C-HSQC spectra. The final data collection statistics
and structural quality scores are shown in Tables 1 and 2. The
structure closest to the mean was chosen as the representative
structure of the ensemble and used in all figures unless stated
otherwise.

The solution NMR structure of FL-Nsp1 includes a short
unstructured N-terminal region (N-terminal tail) (residues 1-9), fol-
lowed by a folded globular domain (NTD, residues 10-127), and
finally a long and largely disordered C-terminal tail (linker + CTD,
residues 128-180; Figure 1A; PDB: 8AOU). Canonical second-
ary-structure elements of the folded core of Nsp1 are labeled
sequentially as B1, 31q, 21, B2, a2, B3, B4, B5, and 6 (Figure 1B).
The globular domain is defined by the NOEs and the residual
dipolar couplings (RDCs) to a precision of 0.8 A (backbone root-
mean-square deviation [RMSD] calculated over residues 10-127
for the 10 lowest-energy structures). This domain features an o/
B fold formed by three helices and a six-stranded B-barrel motif,
which is composed of three pairs of antiparallel -strands: 2
(51-54) and B5 (104-109); B3 (68-73) and B4 (84-91); and B1
(13-20) and B6 (116-124). a1 (residues 35-48) acts as a “cap,”
covering one opening of the barrel, while the 31¢-helix (residues
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Table 2. Structural quality parameters
Structural RMSDs

Ensemble Representative

(fitting to mean) average (+SD) structure
Structural RMSDs (fitting to mean)

Backbone (A) 0.57 (+0.11) 0.43
Heavy atoms (A) 0.99 (+0.09) 0.92
RMSDs from experimental restraints

NOE distances (A) 0.02897 (+0.00091) 0.02773
H-bond distances (A) 0.0142 (+0.0029) 0.0129
Dihedral angles (°) 0.977 (+0.087) 1.012
RDCs, tight (Hz) 0.894 (+0.066) 0.881
RDCs, loose (Hz) 2.92 (+0.19) 2.63
Violation counts

NOE distances >0.5 A 0.10 (+0.30) 0

NOE distances >0.3 A 10.9 (+2.3) 7

NOE distances >0.1 A 103.5 (+4.4) 104
H-bond distances >0.5 A 0 (x0) 0
H-bond distances >0.5 A 0 (x0) 0
H-bond distances >0.5 A 0.6 (x0.5) 1
Dihedral angles >10° 0 (x0) 0
Dihedral angles >5° 2.00 (+0.63) 2
RMSDs from idealized geometry

Bond lengths (A) 0.004177 (+0.000084) 0.004083
Bond angles (°) 0.567 (+0.013) 0.558
Improper angles (°) 1.726 (+0.056) 1.760
Ramachandran plot summary (PROCHECK) (%)

Most favored 84.5 71.3
Additionally allowed 13.9 24
Generously allowed 1.1 1.3
Disallowed 0.5 3.3

The first column lists average values for the ensemble (with standard de-
viations in parentheses), while the second column lists the corresponding
values for the representative structure (closest-to-the-mean). Structural
RMSDs were calculated over residues 12-126.

23-25) and o2 (residues 58-63) are oriented parallel to and along-
side the B-barrel. The residues that form the core of the B-barrel
are predominantly hydrophobic. The side chains of residues
L16, L18, V69, L88, L107, and L123 form one of the two edging
layers of the B-barrel, whichis also stabilized by L46 in a1 donating
its side chain to the center of this layer. Residues L53, 171, V86,
and V121 contribute their side chains to form the central layer of
the B-barrel, while the other edging layer is comprised of residues
V84 and L104 (Figure 1C).

Comparison with solution NMR structure of Nsp1'3-127
from SARS-CoV-1 and crystal structures of the globular
core domain of Nsp1 from SARS-CoV-2

SARS-CoV-2 Nsp1 shows approximately 84% amino acid
sequence identity with its homologous protein from SARS-
CoV-1 (Figure S1A). Tertiary structural alignment of the two
globular domains reveals a few differences, for example in the
conformations of the major loops (Figure S1B). However, the
conformations of loops 1 and 2 are variable in the NMR ensemble
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of SARS-CoV-2 Nsp1 (Figures 1A and S1C) and also differ be-
tween the representative structure of the NMR ensemble and
the available crystal structures of SARS-CoV-2 Nsp1 (PDB:
7K7P, 7K3N, and 7EQ4; Figures S1D and S1E). Thus, we
conclude that the differences observed between the conforma-
tions of the SARS-CoV-2 and SARS-CoV-1 loops are likely due
to the internal flexibility of these loops rather than to differences
in the primary sequence.

In the crystal structures of the SARS-CoV-2 Nsp1-NTD, a one-
residue extension of strand 4 is associated with the appearance
of an additional B-strand in loop 2, named B5 (residues 95 to 97),
which, together with B4, forms a short B-hairpin®® (Figure S1E).
The emergence of the extra B sheet may be due to the influence
of intermolecular contacts in the crystal lattice; in solution, this
loop does not appear to form a canonical B-hairpin.

Comparing the electrostatic surface of the SARS-CoV-2
Nsp1-NTD with that of SARS-CoV-1 Nsp1'®~'?7 shows that
the two proteins have similar surface potentials, even in regions
where the primary sequences differ the most, such as loop 1
(Figures S2A-S2C). However, some deviations between the
electrostatic surfaces are brought about by the different confor-
mations of the loops 1 and 2. One striking difference caused by
the flexibility of loop 2 is the emergence of a negatively charged
pocket in SARS-CoV-2 Nsp1 formed by residues S74, E87, G98,
and S100 (Figures S2D-S2F). The presence of this negative
pocket is highly dependent on the position of S100 in loop 2. In
conformers where the S100 side chain is far from the side chains
of S74 and E87, this negatively charged pocket disappears
(Figures S1C and S2G). In the crystal structure of the SARS-
CoV-2 Nsp1-NTD, the negative patch is still present but with
reduced size.

Interactions between the Nsp1-NTD and the disordered
terminal tails

Our initial NMR studies of SARS-CoV-2 Nsp1 yielded spectra
whose appearances were characteristic of a protein consisting
of a well-folded globular domain followed by an extended,
largely disordered C-terminal tail.’® To further analyze the
dynamics of the terminal regions, we performed the standard
set of backbone '°N-relaxation experiments ("°N R;, "°N R,
(R1,), and {'H}'"®N heteronuclear NOE; Figure S3; Table S1)
and analyzed the relaxation rates within the Lipari-Szabo
model-free framework.>**> The isotropic rotational correlation
time, as calculated from the subset of R./R4 ratios for amide
groups with limited internal motion and without significant
exchange broadening (see STAR Methods), is ~13.5 ns, which
is slightly larger than would be expected for a compact globular
20 kDa protein. The corresponding rotational diffusion tensor is
only slightly anisotropic, with principal components D,,, D,,,
and D, 0f1.12,1.23,and 1.32 x 10" s ', respectively. Figure 2A
shows the backbone N-H order parameters (S resulting from
the model-free analysis, which confirm that the globular domain
is rigid with the exception of two loops (loop 1, between 3
and B4, and loop 2, between B4 and B5), whose lower S? values
(0.6-0.7) reveal the presence of enhanced local flexibility relative
to the remainder of the core domain. The N-terminal and C-ter-
minal tails (residues 1-9 and 128-180) are instead dynamic (S?
values in the range 0.2-0.3). However, some regions of the C-ter-
minal tail (130-144 and 154-163) appear to experience partial
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Figure 2. The C-terminal tail is dynamic but interacts with the NTD
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(A) Top: order parameters (S?) for backbone amide N-H groups derived from '®N-relaxation data. An N-H group that is totally rigid in the molecular frame has an S?
value of 1, while a group with completely unrestricted motion has an S value of 0. Bottom: probabilities (P(ss)) of a-helical (upward-pointing red bars) and p-strand
(downward-pointing green bars) secondary structure predicted by TALOS-N from the backbone chemical shifts.

(B and C) Long-range NOE contacts (black dashed lines) between the short N-terminal tail and the NTD.

(D-F) Long-range NOE contacts between the NTD and the long C-terminal tail. The dashed lines are labeled with the corresponding distances in the closest-to-

the-mean structure.

restrictions on their local flexibility, which could arise from either
transient secondary-structure formation, weak interactions with
the NTD, or a combination of the two. Upon interaction with the
ribosome, two helices are formed comprising residues 154-163
and 171-176. In free Nsp1, backbone chemical shifts indicate a
clear helical propensity only for residues 171-176,%° which, on
the other hand, have very low order parameters. The backbone
chemical shifts of residues 154—-163 are not indicative of second-
ary-structure formation,?® and thus their higher-order parame-
ters are likely due to intra-molecular interactions.

Interactions between the tails and the globular domain were
revealed in the NOESY spectra (although there are no contacts
between the two flexible tails themselves). Long-range NOEs
were detected from the short N-terminal tail to the globular
core domain between the side chains of L4 and L122 (Figure 2B)
and between V5 and T78 (Figure 2C). Similarly, we could also
detect three sets of unambiguous NOEs between the long flex-
ible C-terminal tail and the globular NTD. For example, residue
W161 experiences contacts with residues R43 and K125, the
latter of which belongs to the conserved eight amino acid
sequence (LRKxGxKG) that was shown to be important for the
RNA-binding activity of Nsp1 proteins (Figure 2D)." 192431 Res-
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idue L177, close to the very end of the CTD, contacts residue V35
of the core domain (Figure 2E). Similarly, another long-range
NOE was observed between the side chains of the NTD V89
and A131 in the linker region (Figure 2F). These three sets of un-
ambiguous NOEs represent common points of contact between
the C-terminal tail and the globular NTD that are reproduced in all
structures of the ensemble. In addition to these unambiguous
NOEs, we could detect numerous ambiguous NOEs with contri-
butions from proton pairs that correspond to long-range NOEs
between the C-terminal tail and the globular core. The combina-
tion of the common points of contact at A131, W161, and L177
with the other more fuzzy contacts reflected in the ambiguous
NOEs produces an ensemble of structures where the C-terminal
tail is always close to the surface of the NTD but in which its
conformation over the long stretches in between the common
points of contact varies over the ensemble.

Despite the presence of these contacts between the NTD
and the N- and C-terminal tails of Nsp1, the structural
ensemble clearly shows that neither the secondary nor the ter-
tiary structures of the short N-terminal and long C-terminal tail
are well defined. This is in agreement with the '®N-relaxation
data, which indicate that the two tails are flexible. The overall
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picture that emerges is of a C-terminal tail with significant local
flexibility but engaging in interactions with the globular NTD.
Interestingly, the CTD residues forming the two helices interact-
ing with the 40S ribosomal subunit in the cryo-EM structure of
Nsp1 appear to be mostly disordered in free Nsp1 and tend to
fall back onto the surface of the Nsp1-NTD, as revealed by the
points of contact at W161 and L177. While the NMR structural
ensemble presented here clearly reveals the presence of multi-
ple and widely distributed interactions between the flexible
C-terminal tail and the globular NTD, the degree of flexibility
of the tail backbone revealed by the relaxation data indicates
that the tail samples, on a fast timescale, a wide conformational
space that may be only partially represented in the NMR
ensemble.

Free Nsp1 has no affinity for RNAs derived from the 5’
UTR region of the SARS-CoV-2 genome

The 40S ribosomal subunit has been suggested to be critical for
mediating association of Nsp1 with the 5 UTR of viral
mRNA.2%2® However, Shi et al. have also reported a direct inter-
action of the SARS-CoV-2 5’ UTR RNA with the Nsp1-NTD."” To
test whether Nsp1 is able to bind SARS-CoV-2 5 UTR RNA or
any of its stem-loop elements, we compared the 'H,"*N-hetero-
nuclear single quantum coherence (HSQC) spectrum of isolated
"®N-labeled Nsp1 with its spectra in the presence of two RNA
constructs derived from the 5’ UTR: either stem-loop 1 (SL1; pre-
sent at 2-fold stoichiometric excess) or SL1-4 (present at
equimolar concentration). No significant changes were observed
in the "H,"N-HSQC spectra after the addition of the RNAs, sug-
gesting that neither of these RNAs bind Nsp1 in the respective
binary mixtures (Figure S4A). We next tested the binding
between Nsp1 and the complete 5 UTR RNA via an electropho-
retic mobility shift assay (EMSA). The migration of 0.3, 0.6, 1.25,
and 2.5 uM of the 5" UTR RNA through a native gel was moni-
tored after incubation with increasing amounts of Nsp1 (0-, 5-,
10-, 20-, and 40-fold excess). No significant binding was
observed from this EMSA (Figure S4B), confirming that Nsp1
has no direct binary affinity for the RNAs SL1, SL1-4, or even
the FL 5 UTR RNA of SARS-CoV-2.

Importance of charged surface regions for the potential
functional role of Nsp1

Several studies have indicated that Nsp1 is a major virulence fac-
tor for viral pathogenicity of SARS-CoV-2, inhibiting host gene
expression by binding to the 40S ribosomal subunit through its
CTD and inducing cellular mRNA degradation.® 61950 The
host mRNA associates with Nsp1 in a ribosome-dependent
manner,”>°® and this association requires both the NTD and
CTD of Nsp1. Recent cryo-EM studies have demonstrated that
inhibition of host protein synthesis by Nsp1 is mediated by inser-
tion of the end of the C-terminal tail into the entrance of the
mRNA tunnel in the 40S ribosomal subunit.’®"*72 |t therefore
appears that two distinct functional domains of Nsp1 are
required for SARS-CoV-2 to selectively inhibit host protein pro-
duction: the CTD, as a general inhibitor of mRNA translation, is
necessary for translational shutoff, while the NTD is required
for host MRNA binding and induction of host MRNA degradation.
The mode of interaction of the host mMRNA with the Nsp1-NTD in
the Nsp1-40S-mRNA complex is still unknown. In addition, the
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CTD domain is not the sole region responsible for the recruitment
of Nsp1 to the 40S ribosomal subunit as both the Nsp1-NTD and
the linker domain have been shown to reinforce binding.?*-°

SARS-CoV-2 mRNAs containing the 5 UTR are resistant to
Nsp1-induced mRNA cleavage as well as to repression of trans-
lation."?""®72% This function of the 5’ UTR of viral mRNA has been
shown to depend on the ribosome-mediated association of the
Nsp1 core domain with SL1 of the 5 UTR."*""-'92 |n addition,
a mutant Nsp1, where the linker domain was extended beyond
20 residues, failed to support viral translation, emphasizing the
importance of this spacer in the regulation of Nsp1 activity.'”
Despite all these data, the precise mechanism by which SARS-
CoV-2 eludes the Nsp1-mediated translation inhibition —thereby
switching the host translation machinery from host to viral
protein synthesis—and how the association between the
Nsp1-NTD and the SARS-CoV-2 5 UTR supports this mecha-
nism are still unknown.

The consensus amino acid sequence (LRKxGxKG), located at
the end of 6 of the Nsp1-NTD, is conserved among Beta
coronaviruses (Figure S5). Its positively charged amino acids
R124 and K125 have been shown to be crucial for the associa-
tion of Nsp1 with viral 5 UTR RNA, as well as with host
MRNA,":19:23248031 |n oyr structure, the positively charged
surface formed by this conserved sequence (Figures 3A and
3E) is partially masked by both the N- and C-terminal tails (the sol-
vent-accessible surface area drops from 515 A2 in Nsp119-1%0 to
262 A2in FL-Nsp1; Figure 3). While the N-terminal tail is predom-
inantly hydrophobic, the long C-terminal tail is highly acidic, so
the electrostatic potential of the accessible surface of this region
in FL-Nsp1 is different from that of the masked patch beneath.

The interaction between the Nsp1-NTD and the C-terminal tail
may have functional relevance in two ways. First, it may serve to
protect the long, disordered region from either degradation or
non-specific binding before it encounters the 40S ribosomal com-
plex; the intra-molecular interaction is incompatible with binding
of residues 148-180 to the ribosome mRNA entry tunnel and
thus needs to be disrupted upon recruitment of Nsp1 to the ribo-
some. Second, the occlusion of positively charged surface
patches on the NTD by the C-terminal tail may function to
prevent non-specific RNA recruitment to Nsp1 away from the
ribosome; this would explain why free FL-Nsp1 has no binding af-
finity to RNAs correspondingto SL1, SL1-4, or FL5’ UTR of SARS-
CoV-2 (Figure S4), while Shi et al. found that the Nsp1-NTD can
directly bind to SARS-CoV-2 5 UTR RNA.'” Consequently the
engagement of the C-terminal tail by the ribosome would make
the RNA-binding surface of Nsp1 more accessible, supporting
the model proposed by Mendez et al. in which recruitment of
Nsp1 by the ribosome is coupled to its recognition of RNA.?®

The recognition modes of host mRNA and viral RNA by the
Nsp1-NTD remain unknown, as does the explanation of why
binding of the viral 5 UTR RNA to the Nsp1-NTD promotes trans-
lation of the viral RNA while binding of the host mMRNA to the
Nsp1-NTD instead results in mRNA cleavage. It has been pro-
posed that binding of the viral 5 UTR to the Nsp1-NTD induces
a large conformational change in the linker, which ultimately
leads to weakening of the interaction of the CTD domain with
the mRNA entry site of the 40S particle.’®?® Our structure
supports this hypothesis. Besides R124 and K125, R99 of loop
2 was also found to be important for binding both types of
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Figure 3. Electrostatic surface potential and functional surface regions of full-length SARS-CoV-2 Nsp1
(A) Electrostatic surface potential of the closest-to-the-mean structure of the Nsp1'°~'%, j.e., the surface potential that would be observed in the absence of the
N- and C-terminal tails. The positively charged putative RNA-binding site made up of the conserved amino acid sequence (LRKxGxKG) is indicated by the black

square.

(B-D) Electrostatic surface potential of the closest-to-the-mean structure of full-length Nsp1 (FL-Nsp1) shown from three different viewing-angles. The position of

the conserved amino acid sequence (LRKxGxKG) is indicated as before.

(E) Surface/ribbon representation of the structural ensemble of Nsp1'%~'%°, with the surface patch corresponding to the eight-residue consensus sequence

colored in yellow.

(F-H) Surface/ribbon representations of the structural ensemble of FL-Nsp1 shown from three different views. The NTD is colored gray, and the N- and C-terminal
tails are colored turquoise and purple, respectively. Here, the yellow surface patch of the consensus sequence visible in (E) is largely covered by the C-termi-

nal tail.

RNA,?° thus identifying the surface formed by the N-terminal end
of B1 and the C-terminal end of 6 and 3, as well as loop 2 as a
potential RNA-binding platform (Figure 4). Even if this surface
contains a negative patch in free Nsp1 (Figures S2D and 4), the
rearrangement of loop 2 expected upon RNA binding is likely
to cause a conformational change that eliminates the negative
patch, as readily seen in other conformers of the ensemble (Fig-
ure S2G). In free Nsp1, this surface is flanked on one side by the
linker region, as confirmed by the unambiguous NOEs seen be-
tween V89 and A131 (Figure 2F). In our structure, the linker region
makes many fuzzy contacts with the Nsp1-NTD and shows
reduced flexibility with respect to, for example, the residues at
the very end of the C-terminal tail. Depending on the secondary
and tertiary structures of the RNA binding to this surface, and the
exact mode of the interaction, the linker may be either displaced
from its location on the Nsp1-NTD or, at a minimum, undergo a
conformational change. The nature of this displacement and/or
conformational change may determine the different functional
consequences of host mRNA or viral 5 UTR RNA binding to
the Nsp1-NTD. It is worth noting that when measuring the weak-
ened binding of MRNA to Nsp1 mutants, deletion of the NTD had
similar effects on the association of Nsp1 with both host and viral
mRNAs (15- and 17-fold reductions in binding, respectively),
while the mutations R124A/K125A and R99A had a stronger
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effect on the association of Nsp1 with viral mRNA (13- and
7-fold reductions for the R124A/K125A and R99A mutants,
respectively) than with the host mRNA (5- and 2-fold reductions
for the R124A/K125A and R99A mutants, respectively).”® These
data support the hypothesis that the binding mode of the RNA to
Nsp1, and the consequences of that binding event on the confor-
mation of the linker region, is sequence-, and thus structure-,
dependent. This hypothesis is also in agreement with the obser-
vation that not all host mRNAs are subject to Nsp1-induced
cleavage.'®

DISCUSSION

We have presented the structure of FL-Nsp1, which reveals
that the two highly disordered terminal tails are prone to fall
back onto the surface of the globular core domain largely due
to long-range and fuzzy electrostatic interactions. As a result,
a large portion of the positively charged surface around the
key RNA-binding residues R124 and K125 is not completely
accessible in free Nsp1. This provides an explanation for the
proposed coupling of RNA binding by the NTD with ribosome
binding of the CTD, which necessarily disrupts the interaction
of the NTD with the C-terminal tail. Furthermore, the linker re-
gion between the NTD and the CTD delineates the RNA-binding



Structure

Figure 4. The putative RNA-binding surface of SARS-CoV-2 Nsp1 is
flanked by the linker region

Electrostatic potential of the RNA-binding surface defined by residues R99,
R124, and R125 (shown in sticks and labeled in large font). Also shown in sticks
and labeled in small font are the residues that can form a negative patch,
depending on the conformation of loop 2 (S74, E87, G98, and S100), and the
residues of the conserved LRKxGxKG motif. An asterisk marks the end of the
linker region and the start of the CTD domain.

surface so that binding of RNA is likely to significantly perturb
this region, which may in turn influence the CTD and its interac-
tion with the ribosome. The precise nature of the perturbation
would depend on what type of RNA binds to Nsp1, rationalizing
the different fates for host mRNA and viral RNA. As ribosome-
dependent binding of RNA to Nsp1 is essential for viral replica-
tion, the surface region of Nsp1 containing R124 and K125 (and
also R99) is an attractive drug target. Our study shows that in
free FL-Nsp1, and probably also in the ribosome-bound state,
the nature of the accessible surface in this key region is
different from the corresponding surface of the isolated glob-
ular domain. The structure determined here provides important
insights to guide drug-design efforts that target the RNA-bind-
ing function of Nsp1.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

E.coli BL21(DE3) Laboratory collection N/A

E.coli Top10 Laboratory collection N/A
Chemicals, peptides, and recombinant proteins

SNH,CI Merck (Sigma-Aldrich) Cat # 299251
3Cq-D-glucose Merck (Sigma-Aldrich) Cat # 389374
6xHis-TEV protease Prepared in-house N/A

DNAse New England Biolabs Cat #M0303S
Plasmid Mini Kit Qiagen Cat # 12123
Plasmid Mega Kit Qiagen Cat # 12181
T7 RNA polymerase Laboratory collection N/A

Deposited data

NMR Data of Nsp1 This Study https://bmrb.io/
BMRB:34748

NMR Structure of Nsp1 This Study https://www.wwpdb.org/
PDB: 8AOU

Oligonucleotides

PCR forward primer: ACTGAGAATCTTTATTTTCA Microsynth N/A

G GGCGCCATGGAAAGCCTG GTT CCG GGTT

PCR reverse primer: GGTGGTGGTGGTGGTGC Microsynth N/A

T CGA GTTAACCACCATTCA GTTCGCGCATCA

Recombinant DNA

pETM-11-Nsp1 This study N/A

pHDV-5-SL1 Wacker et al.®” N/A

pHDV-5-SL1—4 Wacker et al.®” N/A

pSP64-5'UTR Wacker et al.®” N/A

Software and algorithms

NMRPipe v.10.1

Delaglio et al.*®

https://www.ibbr.umd.edu/nmrpipe/index.htmi

CcpNmr Analysis v2.4 Vranken et al.*>° https://ccpn.ac.uk/software/analysisassign/
ARIA v2.3 Rieping et al.*’ http://aria.pasteur.fr/

Pymol Schrédinger https://www.pymol.org/2/

Others

HisTrap HP column
HiLoad Superdex 75 16/600column
HiPrep Desalting column with Sephadex G-25 resin

GE Healthcare
GE Healthcare
Cytiva

GE17-5247-01
GE28-9893-33
Cytiva 17508702

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Teresa

Carlomagno (t.carlomagno@bham.ac.uk).

Materials availability

This study did not generate new unique reagents.
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Data and code availability
The NMR data of SARS-CoV-2 Nsp1 has been deposited at the BioMagResBank (https://bmrb.io) under accession number 34748
(BMRB: 34748). The atomic coordinates reported in this paper have been deposited in the Protein Data Bank (https://www.wwpdb.
org) under accession code 8AOU (PDB: 8AOU). Accession numbers are also listed in the key resources table. Any data reported in
this paper that is not included in the above depositions will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Full-length Nsp1 was expressed in E. coli BL21(DE3) cells in LB or M9 minimal medium supplemented with "®NH,Cl and '3Cg-D-
glucose as required.

METHOD DETAILS

Construct design and protein preparation
The construct design, protein expression and purification were carried out as described previously.?®

RNA transcription and purification

All RNA sequences were derived from the 5-UTR region of the SARS-CoV-2 genome®’ and comprised either the entire 5-UTR or
stem-loops 1 to 4 (SL1-4) or stem-loop 1 (SL1). The exact sequences are given in Table S2. All RNAs were generated by in-vitro
transcription.

Plasmids containing DNA templates were transformed into E. coli Top10 cells; transformed cells were grown in LB medium at 37°C
overnight and harvested by centrifugation at 6000 rpm and 4°C for 20 minutes. Plasmids were extracted using the Qiagen Plasmid
Mega Kit (Qiagen) according to the manufacturer’s instructions and linearized with Hindlll (NEB) before in-vitro transcription by T7
RNA polymerase (prepared in-house). Plasmid DNAs were then purified by phenol/chloroform/isoamyl alcohol and chloroform/iso-
amyl alcohol (Carl Roth) extraction and precipitated by pure ethanol and 5 M NaCl.

For the transcription of each RNA construct, the concentrations of DNA, nucleoside triphosphates (NTPs, Carl Roth), MgCl, and T7
polymerase were optimized to maximize the yield. Large-scale transcription reactions were run for 4 to 6 hours at 37°C. RNAs were
purified using preparative, denaturing polyacrylamide gels containing 7 M urea, except for the 5’-UTR, which was purified directly
after transcription by size-exclusion chromatography (Superdex S200 16/60) to preserve its fold. Purity was verified using analytical
denaturing polyacrylamide gels.

Electrophoretic mobility shift assays

Samples for EMSA were prepared by diluting the appropriate volumes of concentrated stock solutions (Table S3) of 5'-UTR (7.7 uM)
and Nsp1 (38 and 152 pM) in EMSA buffer (50 mM sodium phosphate (pH 6.5), 50 mM NaCl, 2 mM EDTA, 2 mM DTT; prepared with
nuclease-free water) to a total volume of 10 pL, followed by incubation for 30 mins at room-temperature. Four different concentrations
of 5’-UTR were used (0.3, 0.6, 1.25 & 2.5 uM), with five samples prepared at each 5’-UTR concentration (corresponding to 0-, 5-, 10-,
20- and 40-fold excess Nsp1), giving 20 samples in total. 2.5 pL 5x loading-dye (50 mM Tris—HCI (pH 7.5), 0.25% xylene cyanol, 0.25%
bromophenol blue, 30% glycerol) was added to each sample just prior to loading onto a 5% polyacrylamide gel, which had been pre-
run for 1 h with TBE running-buffer (100 mM Tris-HCI (pH 8.3), 100 mM boric acid, 2 mM EDTA). After sample-loading, the gel was run
overnight (with the same running-buffer) at 4 °C and a current of 2 mA. The gel was stained in a solution of ethidium bromide (0.25 pg/
mL, 2 mins incubation), washed three times in water and then visualized using a Gel Doc XR+ gel documentation system (Bio-Rad).

NMR data acquisition

Sample conditions

Except where specified otherwise, NMR spectra were collected on uniformly '3C,*N-labelled Nsp1 samples at concentrations of
500-700 uM, dissolved in NMR buffer (50 mM sodium phosphate (pH 6.5), 200 mM sodium chloride, 2 mM dithiothreitol, 2 mM
ethylene-diamine-tetra-acetic acid, 0.01% w/v sodium azide, 0.001% w/v 3-(trimethylsilyl)propane-1-sulfonate, 10% v/v D,0),
and loaded into 3-mm NMR tubes (sample volume ~180 pL). For the RNA titrations, the sodium chloride concentration in the buffer
was reduced to 50 mM. All NMR spectra were measured at a temperature of 298 K.

Instrumentation

All spectra were measured on Bruker AVIII-HD spectrometers running Bruker Topspin software (v3.2), operating at 'H field-strengths
of 600 MHz and 850 MHz, and equipped with inverse HCN CPP-TCI (nitrogen-cooled) and CP-TCI (helium-cooled) cryogenic probe-
heads, respectively.

Assignment experiments

2D '*N-HSQC spectra were recorded using States-TPPI for frequency discrimination, with water suppression achieved via a combi-
nation of WATERGATE and water flip-back pulses to preserve the water magnetization.*'*** Backbone resonance assignments were
obtained as described previously.”® 2D "H-"3C correlation spectra for sidechain assignment purposes were recorded as '*C-HSQCs
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with both real-time and constant-time '3C chemical-shift evolution periods.*>*** Separate constant-time '3C-HSQC spectra were
recorded for aliphatic and aromatic CH groups, with the length of the constant-time period optimized for the respective 'Jcc coupling
constants. Sidechain assignments were obtained from the following set of experiments: 3D aliphatic HC(C)H-TOCSY,**“¢ 3D
aromatic HC(C)H-TOCSY, 3D aromatic (H)JCCH-TOCSY, 3D H(CCCO)NH,*"*® 3D HA(CACO)NH and 3D HBHA(CBCACO)NH, 2D
(HB)CB(CD)HD and 2D (HB)CB(CDCE)HDH*® (all recorded at 600 MHz, with the exception of the aliphatic HC(C)H-TOCSY,
which was recorded at 850 MHz). Stereospecific assignments of Leu and Val methyl groups were obtained from a constant-time
3C-HSQC spectrum (850 MHz) recorded on a sample prepared from cells grown in minimal medium containing a mixture of 10%
3C-glucose and 90% '2C-glucose.®

Structural restraint data

Distance restraints for structure calculation were extracted from 3D NOESY-"°N-HSQC®'-° and 3D NOESY-'3C-HSQC spectra,***
both recorded at 850 MHz. The NOESY mixing-time was 100 ms. Hydrogen-bond restraints were partly inferred from a CLEANEX
experiment,®® recorded at 850 MHz as a pseudo-3D spectrum with incrementation of the CLEANEX mixing-time. Backbone amide
N-H residual-dipolar-coupling (RDC) restraints were extracted from two pairs of spectra, both recorded under isotropic (unaligned)
and anisotropic (aligned) conditions at 850 MHz using the same sample of "*N-labelled Nsp1: (1) '®*N-HSQC and "®N-TROSY-HSQC
spectra; and (2) the upfield/downfield sub-spectra generated from an IPAP-"*N-HSQC experiment.® Anisotropic conditions were
achieved by addition of Pf1 filamentous bacteriophage (ASLA Biotech, Latvia) to a final concentration of 13.5 mg/mL. The formation
and homogeneity of the anisotropic phase was confirmed by inspection of the D,O 2H spectrum, which showed a well-resolved
doublet with a splitting of 13.0 Hz. The '*N-HSQC spectrum was recorded using semi-constant-time >N chemical-shift-evolution
together with 'TH CPD (WALTZ-16).%” The "®N-TROSY-HSQC and IPAP-"°N-HSQC experiments were recorded with H*/H? band-se-
lective decoupling for ®N chemical-shift evolution.®®

Relaxation experiments

Relaxation experiments were measured on a solely '®N-labelled sample of Nsp1. Backbone '°N relaxation rates (R, and R1,) were
measured at 600 MHz using established proton-detected experiments based on a gradient-selected, sensitivity-enhanced, refo-
cused "®N-HSQC sequence.®”*® The water signal was preserved using selective water pulses and weak bipolar gradients during
the indirect chemical shift evolution time to maintain the water magnetization along the +z axis. The relaxation delays were varied
between 10 ms and 1.2 s for the Ry experiment, and between 3 ms and 120 ms for the R4, experiment. In the Ry sequence, N-H
cross-relaxation pathways were suppressed by application of 'H amide-selective IBURP-1 inversion pulses® at intervals of 5 ms
during the relaxation delay. In the R¢, sequence, cross-relaxation was suppressed by application of between one and four H
amide-selective inversion pulses during the "N spin-lock relaxation period,’® and the "®N magnetization was explicitly aligned
with the spin-lock field,®" which was applied at a "°N field-strength of 2.5 kHz. Backbone {'H}'°N steady-state heteronuclear
NOEs were measured using the standard method.®® The reference and saturated spectra were recorded in an interleaved fashion,
with an inter-scan recycle delay of 6 s for both spectra. Water magnetization was preserved in the reference spectrum as described
above. Saturation of the amide proton magnetization was achieved using a train of high-power 180° pulses applied at 10.9-ms in-
tervals for the duration of the inter-scan recycle delay.®® An inter-increment delay of 18 s was added to ensure full recovery of the
water magnetization at the start of each increment of the reference experiment.

NMR data processing and analysis

All NMR spectra were processed/visualized with a combination of the software packages NMRPipe v.10.1°° and CcpNmr Anal-
ysis v2.4.%°

CLEANEX spectrum

The final CLEANEX spectrum that was inspected in the process of deriving hydrogen-bond restraints was generated as a 2D projec-
tion over the subset of six 2D sub-spectra with mixing-times of 30.41, 40.55, 50.69, 60.82, 81.10 & 101.38 ms.

Extraction of RDCs

Two sets of backbone amide N-H RDCs, DZE,QC/ TROSY and DIAP, were calculated from the HSQC/TROSY and IPAP spectra, respec-
tively, according to:

HSQC/TROSY i i Jani; i i i il i
DNHQ / = 2VN[<5HSQC,amsotroplc _ 6"I\"ROSY,an|sotroplc> _ <6HSQC,|sotrop|c _ 6"I\"ROSY |sotrop|c>]

IPAP  _ upfield,anisotropic downfield,anisotropic upfield,isotropic downfield,isotropic
DRA™ = w[ (6N = Oy ) — (6N = Oy )]

where the various éy are the "N chemical-shift positions of the peaks in the four sub-spectra indicated in the respective superscript
labels (65 < pdownfield) and yy is the "N Larmor frequency (—86.151 MHz). Estimated errors in the individual RDCs were calculated
based on the following empirical relationship for the estimated error in the frequency position of any individual peak:

o[vndn] = 0.5 x FWHH / SINO

where FWHH and SINO are the full-width at half-height (in Hz) and the signal-to-noise of the peak, respectively. RDCs were not calcu-
lated for amides where any of the peaks in the four sub-spectra were heavily overlapped, and the estimated error was doubled for
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amides where any of the peaks were partially overlapped. Final raw RDCs were calculated as averages of the Dnaoo/ TROSY and DIFAP
values where both were available or taken as one or the other when only one value was available. Where the final raw RDC was calcu-
lated as the average of the two values, the corresponding error was set either as the SD of the two values if this was larger than both of
the estimated errors for the individual values, or otherwise as the average of the estimated errors for the individual values. Scaled
RDCs used for fitting of the alignment tensor and as restraints for structure calculation were generated by scaling the raw values
by the inverse of the backbone order-parameter, Sy, as derived from analysis of the relaxation data (errors were scaled accordingly,
and a lower-limit of 0.25 Hz was imposed on the final set of errors for the scaled RDCs). Alignment-tensor parameters were obtained
by SVD fitting®* of the scaled RDCs with the software package PALES®®; RDCs from amides with order parameters below 0.95 were
excluded from the fit.

Relaxation data analysis

Relaxation spectra were processed with partial Lorentzian-to-Gaussian apodization in both frequency dimensions and limited linear-
prediction in the "N dimension, and the corresponding peak intensities quantified by lineshape-fitting with the software package
FuDA (D. Flemming Hansen; https://www.ucl.ac.uk/hansen-lab/fuda/). Ry and R, rate-constants were calculated by fitting the
intensity profiles to mono-exponential decay functions, also with FUDA, and {'H}'®N heteronuclear NOEs (hNOEs) were calculated
as the ratios of the peak-intensities in the saturated and reference sub-spectra. For subsequent analysis, the pure transverse relax-
ation rate-constants, R,, were calculated from the following equation:

Ry, = Ry cos® +R; cos® §

0 is the tip-angle of the magnetization-vector, given by:
6 = arctan( /Av)

where v, is the field-strength of the spin-lock and Av is the offset relative to the frequency of the transmitter (both in Hz).

The three relaxation parameters — Ry, R» & {'H}'®N hNOE — were analyzed within the Model-Free framework, as implemented in
the software package TENSOR2.° Briefly, in the first step, the relaxation parameters for a subset of backbone amides with restricted
internal mobility and negligible residual exchange-contributions to R, are used to determine a global anisotropic rotational diffusion
tensor. The second step yields the parameters describing the internal mobility for all backbone amides by fitting the relaxation
parameters to the Model-Free®* and Extended Model-Free®” spectral-density functions, using the diffusion-tensor parameters deter-
mined in the first step. For the first step, amides with restricted internal mobility were defined according to the hNOE; only amides with
hNOE values higher than 0.62 were retained. Amides with residual exchange-contributions to R, were identified from within the
subset of those with restricted internal mobility by reference to the exchange-indicator statistic, Ex™, calculated as:

(To) = To Ty — (T3
T2) T

where T; = 1/R; and T, = 1/R,. Amides for which Ex™® < o[Ex'™¥], where o[ Ex'"] is the SD of the exchange-indicator statistic over the
considered subset, were considered to have negligible exchange-contributions to R, and retained for diffusion-tensor fitting. The
backbone order-parameter used for filtering the RDC data, Sy, was calculated according to:

a2 2
Snu = SNH.,fastSNH,slow

where SﬁH,fast and SﬁH,sIow are the squares of the order-parameters for fast and slow internal motions derived from the analysis of the
relaxation data.

EXInd —

Structure calculation

Structures were calculated with the software package ARIA v2.3,%C which uses CNS v1.21%® for simulated-annealing molecular-
dynamics. All restraint tables and NOESY peak-lists have been included in the BMRB submission (BMRB: 34748).

Distance restraints

Distance restraints were generated from NOE peak-heights using the ARIA internal relaxation-matrix calibration routine to account
for the effects of spin-diffusion. The majority of NOE cross-peaks in the NOESY-'°N-HSQC and NOESY-"3C-HSQC spectra were
manually assigned in the two HSQC dimensions; the NOESY dimension was left unassigned for automatic assignment by ARIA.
Some heavily overlapped peaks were left unassigned in all dimensions. For each NOESY spectrum, the cross-peaks were divided
into three lists: (1) peaks for which the HSQC assignments were to residues in the globular domain; (2) peaks for which the HSQC
assignments were to residues in the flexible tails; and (3) peaks that were unassigned in all dimensions. For this purpose, the globular
domain was taken to comprise residues 8-127, with the remaining residues (0-7 and 128-180) constituting the flexible tails. Each
peak-list was converted to distance restraints using a separate calibration; the rotational correlation times required for the calibra-
tions were set to 13.5, 4.5 and 9.0 ns for peak-lists (1), (2) and (3), respectively. The peak-heights in peak-lists (1) and (2) from the
NOESY-"°N-HSQC spectrum were pre-scaled prior to the ARIA run according to the peak-heights of the respective peaks in the
2D "SN-HSQC spectrum:
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where hyog and hﬁ%";d are the unscaled and scaled NOE peak-heights, respectively, hop _ ysqc is the peak-height of the correspond-
ing amide peak in the 2D "*N-HSQC spectrum and (hap _nsac) is the average peak-height in that spectrum. Peak-heights in peak-list
(3) from the NOESY-"5N-HSQC spectrum and in all three peak-lists from the NOESY-'3C-HSQC spectrum were unscaled.
Dihedral-angle restraints
The backbone dihedral angles ¢ and | were predicted by TALOS-N®° using the chemical shifts for the nuclei HN, N", H*, C*, CP and
C’. Dihedral-angle predictions described as “strong” or “generous” according to the TALOS-N classification system were used as
dihedral-angle restraints for the structure calculation. The error-bounds for the restraints were calculated by doubling and tripling the
TALOS-N estimated errors, with lower limits of 20° and 30°, for “strong” and “generous” predictions, respectively.
RDC restraints
Scaled N-H RDCs were incorporated into the structure calculation as SANI-format restraints. Only RDCs from amides in the globular
domain (here defined as residues 7-128) and with backbone order-parameters, Sy, greater than 0.80 were used as restraints. The
restraints were divided into two classes depending on the respective values of Syn: (1) Syn = 0.95; and (2) 0.80 < Sy < 0.95. The
SANI force-constants Kqoo11/Kcool2 Were set to 0.1/0.5 and 0.05/0.25 for classes (1) and (2), respectively (half and quarter as strong as
the respective default ARIA settings). The tensor parameters (magnitude, D,, and rhombicity, R) for each structure-calculation run
were calculated by SVD fitting of the scaled RDCs to the closest-to-the-mean structure of the previous run; the tensor parameters
for the final run were: D, = —8.8 Hz & R = 0.20.
Hydrogen-bond restraints
Where appropriate, hydrogen-bond restraints were imposed between backbone amide and backbone carbonyl groups. The final set
of hydrogen-bond restraints was derived in an iterative fashion during the structure-calculation process, by careful inspection for the
presence of recognisable hydrogen-bonds in interim structures (involving amide and carbonyl groups between which no hydrogen-
bond restraints had been imposed in the generation of the interim structure under inspection) and adhering to the criterion that there
was no peak in the 2D CLEANEX spectrum for the corresponding amide-group. Linearity of the restraints was imposed for the subset
of identified hydrogen-bonds located in regions of canonical secondary-structure.
Cis-prolines
The "3C chemical-shifts of P67-C* (downfield-shifted) and P67-C” (upfield-shifted), and the pattern of NOEs between P67-H*/H® and
Q66-HN/H* were indicative of cis geometry for the amide bond between residues Q66 and P67. Therefore, a cis-geometry Q66-P67
amide-bond was imposed during the structure calculation via the standard patch to the force-field parameter-set.
Protocol settings
The following adjustments were made to the default ARIA protocol settings:

® The number of calculated structures per iteration were: 50 structures for itO-it5 and 100 structures for it6-it8. Per-iteration viola-
tion analysis and calibration were done using the 10 lowest-energy structures from the previous iteration. The 10 lowest-energy
structures from it8 were water-refined to generate the final structural ensemble.

® The number of MD steps for each stage of the simulated-annealing were: steps_high = 30000; steps_cool1 = 15000; and step-
s_cool2 = 12000.

® The maximum numbers of allowed contributions to an ambiguous distance restraint were increased slightly in the early itera-
tions only: from 20 to 30 in it0 & it1, and from 20 to 25 in it2 & it3.

@ Chemical-shift matching tolerances for automatic assignment were set to: 'H[direct/HSQC dimension] = 0.02 ppm; "H[indirect/
NOESY dimension] = 0.04 ppm; "*C/'*N = 0.2 ppm.

QUANTIFICATION AND STATISTICAL ANALYSIS

The NMR structure of full-length Nsp1 was determined using the materials and software listed in the key resources table. Assign-
ment & restraint statistics and structural quality parameters are listed in Tables 1 and 2, respectively. Relaxation parameters and
estimated uncertainties generated from backbone '°N relaxation experiments (*°N Ry, "N R, (R4,) and {'"H}'°N heteronuclear
NOE) are shown in Figure S3 and listed in Table S1. Backbone N-H order parameters (S?) resulting from the Model-Free analysis
of the relaxation data are shown in Figure 2A.
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