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ABSTRACT

Coronaviruses generate double-stranded (ds) RNA
intermediates during viral replication that can acti-
vate host immune sensors. To evade activation of
the host pattern recognition receptor MDAS5, coron-
aviruses employ Nsp15, which is a uridine-specific
endoribonuclease. Nsp15 is proposed to associate
with the coronavirus replication-transcription com-
plex within double-membrane vesicles to cleave
these dsRNA intermediates. How Nsp15 recognizes
and processes dsRNA is poorly understood because
previous structural studies of Nsp15 have been lim-
ited to small single-stranded (ss) RNA substrates.
Here we present cryo-EM structures of SARS-CoV-2
Nsp15 bound to a 52nt dsRNA. We observed that the
Nsp15 hexamer forms a platform for engaging dsRNA
across multiple protomers. The structures, along
with site-directed mutagenesis and RNA cleavage as-
says revealed critical insight into dsRNA recognition
and processing. To process dsRNA Nsp15 utilizes a
base-flipping mechanism to properly orient the uri-
dine within the active site for cleavage. Our findings
show that Nsp15 is a distinctive endoribonuclease
that can cleave both ss- and dsRNA effectively.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has infected millions worldwide and led to the un-
precedented COVID-19 global health pandemic. Despite
the rapid development of effective vaccines, new anti-viral
treatments are urgently needed due to emerging SARS-
CoV-2 variants and the prevalence of break-through infec-
tions amongst those already vaccinated. Coronaviruses are

a family of large positive sense single stranded (ss) RNA
viruses that utilize a multi-subunit replication-transcription
complex (RTC) to replicate the viral genome and syn-
thesize sub-genomic viral mRNA transcripts within dou-
ble membrane vesicles (1,2). The RTC is composed of
multiple viral non-structural proteins (Nsps), including an
RNA-dependent RNA polymerase (RdRp, Nsp12), RNA
helicase (Nspl3), dual exonuclease/N7-Methyltransferase
(Nspl4), 2'O-Methyltransferase (Nspl6), and multiple
accessory/cofactor subunits (Nsp7, Nsp8, Nsp9 and
Nspl0) (2-6). The RTC is a leading target for new anti-viral
therapeutics such as nucleotide analogues that specifically
target the Nsp12 polymerase subunit (6-8).

During viral replication the RTC generates double-
stranded (ds) RNA intermediates, which are well estab-
lished activators of the innate immune defense system
(2,9-11). To prevent the accumulation of long dsRNAs,
which activate the pattern recognition receptor MDAS,
coronaviruses employ a uridine specific endoribonuclease
(EndoU, Nspl5) (12,13). EndoU like enzymes are also
found across the larger nidovirus family suggesting that
this endonuclease activity is critically important for single-
stranded (ss) RNA viruses. However, Nspl5 is one of the
most understudied non-structural proteins (5,14,15). In
virus infected cells Nspl5 has been shown to cleave the
polyU tail at the 5-end of the negative strand replication
intermediate as well as numerous sites within the positive
strand (12,16). In vitro, Nsp15 has broad cleavage specificity
towards sSRNA substrates and is largely guided to its cleav-
age sites by recognition of uridine (17). Structures of SARS-
CoV-2 Nspl5 in complex with single and di-nucleotide sub-
strates have revealed the molecular basis for uridine speci-
ficity and provided molecular details into the RNase A-like
transesterification reaction (17-19). Recent molecular mod-
eling suggests that beyond its role in cleaving viral RNA,
Nspl5 may play a pivotal role as the central scaffold for
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the RTC complex (5). Nspl5 assembiles into a 240 kDa hex-
amer and this oligomerization is required for nuclease ac-
tivity (20). While the molecular basis for oligomerization
is still not fully understood (19), it has been proposed that
the Nsp15 hexamer functions as the central scaffold for the
RTC to coordinate the RTC’s numerous enzymatic activi-
ties by serving as a platform for binding dsSRNA generated
during replication (5). This model is further supported by
work establishing that Nspl5 co-localizes with members of
the RTC (21,22).

Earlier work with SARS-CoV-1 Nspl5 revealed that the
enzyme can cleave both ss- and dsRNA substrates (14). It
is not known how Nsp15 can cleave dSRNA as this would
require movement of a base-paired uridine into the uri-
dine binding pocket, where it specifically interacts with a
well conserved serine residue (17-19). Furthermore, out-
side of the EndoU active site it remains unclear how the
largely electronegative surface of the Nsp15 hexamer could
engage a dsSRNA substrate. Central to the Nsp15 RTC scaf-
fold model is Nsp15's ability to engage dsRNA across mul-
tiple Nspl5 protomers, however there is no experimental
to support this model of dsSRNA binding (5). To address
these gaps in our knowledge we solved structures of SARS-
CoV-2 bound to dsRNA and determined the significance of
RNA-protein interfaces by site-directed mutagenesis cou-
pled with nuclease assays. We discovered that SARS-CoV-2
Nspl5 can process dsSRNA through a unique base-flipping
mechanism.

MATERIALS AND METHODS
Protein expression and purification

Wild type (WT) and mutant Nspl5 constructs were created
as described previously (17,19). Nspl5 was overexpressed
in E. coli C41 (DE3) competent cells in Terrific Broth with
100 mg/L ampicillin. At an optical density (600 nm) be-
tween 0.8 and 1.0, cultures were cooled prior to induc-
tion with 0.2 mM isopropyl B-D-1-thiogalactopyranoside
(IPTG). Cells were harvested after overnight expression at
16°C and stored at —80°C until use. Nsp15 purification was
done as described previously (17,19). Briefly, cells were re-
suspended in Lysis Buffer (50 mM Tris pH 8.0, 500 mM
NacCl, 5% glycerol, 5 mM B-ME, 5 mM imidazole) sup-
plemented with cOmplete EDTA-free protease inhibitor
tablets (Roche) and disrupted by sonication. The lysate was
clarified at 26 915 x g for 50 min at 4°C and then incu-
bated with TALON metal affinity resin (Clontech). His-
Nspl5 was eluted from the resin with 250 mM imidazole,
and buffer exchanged into Thrombin Cleavage Buffer (50
mM Tris pH 8.0, 150 mM NaCl, 5% glycerol, 2 mM @3-
ME, 2 mM CaCl,) for cleavage at room temperature for 4
h. The cleavage reaction was repassed over TALON resin
and quenched with 1 mM phenylmethylsulfonyl fluoride
(PMSF) prior to gel filtration using a Superdex-200 column
equilibrated in SEC buffer (20 mM HEPES pH 7.5, 150 mM
NaCl, 5 mM MnCl,, 5 mM B-ME).

Cryo-EM sample preparation

RNA oligos (Supplementary Table 1) were annealed at 250
uM final concentration by incubating equimolar amounts
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for 5 min at 75°C and then cooled on the heat block for 1.5
h. Purified Nsp15 H235A was diluted in a low-salt buffer (20
mM HEPES pH 7.5, 100 mM NacCl, 5mM MnCl,, 5 mM f3-
ME) to 0.75 wM and incubated with excess RNA substrate
(50 wM) for 1 h at 4°C. The purified protein was plunge
frozen on homemade customized support grids made of
C-flat R1.2/1.3 (Protochips) sputtered with 30 nm thick
layer of gold on the grid bar side using Leica ACE-600
sputterer. Before specimen deposition, the grids were pre-
treated on a Tergeo plasma cleaner (Pie Scientific) in immer-
sion mode with a power of 38 W for a period of 75 s. The
Nspl5/RNA mixture (3 pl) was deposited onto the grids
inside the chamber of a Leica EM-GP?2 vitrification robot
held at 15°C and RH of 90% humidity. The grid was back-
blotted for 3 s (Whatman Grade 40 filter paper), and then
quickly plunged into liquid ethane kept at 90 K. The vitri-
fied sample on the grid was then transferred to liquid nitro-
gen for storage.

Data collection and processing

Nspl5 images were collected using a Talos Arctica electron
microscope at 200 keV with a Gatan K2 Summit detector,
and a Titan Krios at 300 keV with a K3 Bioquantum de-
tector. Beam-induced motion and drift were corrected us-
ing MotionCor2 (23) through Scipion 3 (24). CryoSPARC
v2 (25) was used in all subsequent image processing. The
aligned dose-weighted images were used to calculate CTF
parameters using CTFFIND4 (26). For the first dataset,
particles were selected using blob and template-based parti-
cle picking, downsampled by a factor of 4, extracted with a
box size of 64 and subjected to an initial round of 2D clas-
sification. Full resolution particle projections from good
classes were re-extracted using a box size of 256. Ab initio
reconstruction was used to build an initial model, followed
by several rounds of 3D classification with localized CTF
refinement and per particle motion correction. No symme-
try was applied.

For the combined Arctica/Krios datasets, the Topaz Ex-
tract machine learning algorithm was used to pick parti-
cles. The extracted particles were curated and segregated
using a combination of 2D classifications, ab initio model
reconstruction and heterogeneous refinement. The curated
particles stacks from both Talos Arctica and Titan Krios
were then combined. The combined particle stack that
yielded the most ideal 3D map was then further refined
using homogeneous, Global CTF, and Non-Uniform Re-
finements without symmetry applied. Maps were re-scaled
to optimize RMS fit to core domain residues of reference
structure PDBID 6WLC (27).

Model building

A SARS-CoV-2 Nspl5 cryo-EM structure (PDBID 7K0R)
was used as a starting model and fit into the cryo-EM maps
using rigid body docking in Phenix (28). A combination
of rigid body and real-space refinement in Phenix as well
as iterative rounds of building in COOT (29) were used to
improve the fit of the models. Due to the weak RNA den-
sity the exact register of the RNA is not known. dsRNA
was built manually using one possible binding configura-
tion, supported by the higher quality density at the active
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Table 1. Cryo-EM collection and processing statistics

Nspl5/dsRNA Nspl5/dsRNA

dataset 1 dataset 2
Data collection and (EMD-26073, PDB: (EMD-25915 PDB:
processing 7TQV) 7TJ2)
Microscope Talos Arctica Titan Krios
Detector Gatan K2 Summit Gatan K3

Bioquantum

Nominal magnification 45 000x 81 000x
Voltage (kV) 200 300
Electron exposure 54 60
(e /A%
Defocus range (um) —0.8to-1.8 —1.2t02.2
Pixel size (A) 0.93 0.53
Symmetry imposed Cl Cl
Number of Micrographs 2435 752
Initial particle images 1201 304 254 136
Final particle images 398 516 97 592
Refinement Dataset 1 Combined Datasets
Resolution (A)/FSC 3.43/0.143 3.19/0.143
threshold
B-factor used for map 162.7 171.3
sharpening (A?)
Map to model CC
CC (mask) 0.69 0.76
CC (volume) 0.68 0.74
CC (peaks) 0.56 0.65
CC (box) 0.68 0.69
Model composition
Non-hydrogen atoms 17793 17 084
Protein residues 2083 2007
Nucleic acid 66 62
Mean B factors (A?)
Protein 85.95 58.77
Nucleic acid 277.22 150.81
R.m.s. deviations
Bond lengths (A) 0.002 0.002
Bond angles (°) 0.383 0.370
Validation
Molprobity score 1.52 1.39
Clashscore 5.00 3.74
Poor rotamers (%) 0.82 1.64
Ramachandran plot
Favored (%) 96.18 97.69
Allowed (%) 3.82 2.31
Disallowed (%) 0.00 0.00

site. The quality of the RNA density is poorer surround-
ing the termini, suggesting that the dsRNA is not fixed into
position once it is no longer in contact with Nsp15. Given
the weaker density of the RNA, it was restrained to model
RNA parameters during refinement. Molprobity (30) was
used to evaluate the model (Table 1). Figures were prepared
using Chimera (31) and Chimera X (32).

Urea-PAGE endoribonuclease assay

DsRNA was prepared by incubating equimolar concentra-
tions of complementary oligos at 75°C for 5 min, followed
by cooling on the heat block for 1.5 h. To remove any re-
maining unpaired RNA, samples were purified on a 20%
native polyacrylamide gel. The dsSRNA band was excised,
and the RNA was eluted overnight in 10 mM HEPES pH
7.5, 50 mM NacCl, 0.5 u/pl RNasin (Promega). Double
fluorescently-labeled RNA substrates (5'-FI and 3'-CyS5,
500 nM) were incubated with Nsp15 (50 nM) in RNA cleav-
age buffer (20 mM HEPES pH 7.5, 150 mM NacCl, 5 mM

MnCl,, 5mM DTT, 1 u/wl RNasin ribonuclease inhibitor)
at room temperature for 30 min, with samples collected at
0, 1, 5, 10 and 30 min. The reaction was quenched with
2x urea loading buffer (8 M urea, 20 mM Tris pH 8.0,
1 mM EDTA). At least three independent reactions were
performed with protein from at least two different purifi-
cations. Due to the expected size of cleavage products and
the size of bromophenol blue, loading buffer without dye
was used. To monitor the gel front, a control lane of pro-
tein only with bromophenol blue was run. A ladder com-
posed of double and single labeled oligos of different sizes
were used to help assign cleavage product identities. Cy5-
labeled products run anomalously compared to Fl-labeled
products (33,34). The cleavage reactions were separated us-
ing 15% TBE-urea PAGE gels and visualized with a Ty-
phoon RGB imager (Amersham) using Cy2 (Aex = 488 nm,
Aem = 515-535 nm) and Cy5 (Aex = 635 nm, N\ey, = 655—
685 nm) channels. RNA cleavage was measured by disap-
pearance of the uncleaved RNA, and quantified using Im-
age Studio Lite (LI-COR). Prism (Graphpad) was used to
calculate significant differences using Dunnett’s T3 multiple
corrections test.

RESULTS
Structure of SARS-CoV-2 Nsp15 bound to dsRNA

To experimentally determine how SARS CoV-2 Nspl5 in-
teracts with dsRNA, we determined a cryo-EM structure of
the Nsp15 hexamer bound to a 52-nt blunt termini dSRNA
(35) (Figure 1, Supplementary Table S1, Table 1 and Sup-
plementary Figure S1). To prevent RNA cleavage, we used
the H235A Nspl5 catalytic deficient mutant for structural
studies (19). We incubated Nspl5 with an excess of an-
nealed dsRNA for | h prior to vitrification and could vi-
sualize dsSRNA extending from the Nsp15 hexamer in the
2D classes (Figure 1A). Following 3D classification and re-
finement the Nsp15 dsRNA complex converged on a single
asymmetric class with one dsSRNA bound to the Nsp15 hex-
amer (Supplementary Figure S1). The overall resolution of
the reconstruction goes to 3.4 A, and there is clear density
for dsRNA engaged by the Nspl5 hexamer however, the
local resolution is lower for the dsRNA (Figure 1B, Sup-
plementary Figure S2). This variable local resolution led to
high B-factors in our dsRNA model outside of the active
site (Supplementary Figure S3). The dsRNA substrate we
used contains multiple uridine nucleotides in each strand,
leading to heterogeneity in the register of the dSRNA (Fig-
ure 1B). Despite the nucleotide heterogeneity we were able
to dock in a model of dsRNA containing 35 nucleotides
in each strand and spanning a length of ~100 A (Supple-
mentary Figure S4). The exact register of the dsRNA is not
known. The local resolution of the EndoU domains that do
not engage the dsRNA 1is also lower supporting our earlier
observation that substrate is required to fix the EndoU do-
main into position (19) (Figure 1B, Supplementary Figure
S2). To improve the resolution of the dSRNA surrounding
the engaged EndoU active site we collected an additional
dataset to increase the number of particles, resulting in a
second reconstruction with an overall resolution to 3.2 A
and improved resolution in the engaged EndoU active site
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Figure 1. DsRNA binds Nspl5 through interactions with two platforms in addition to the EndoU active site. (A) Selected 2D classifications of Nspl5
bound to dsRNA. DsRNA, indicated by arrows is visible extending away from the complex. Some classes suggest binding of more than one dsRNA
substrate; however these were not the predominant views. (B) Side view of the complex in ribbon (left), EM density (middle), and local resolution (right)

views.

(Supplementary Figure S5 and Table 1). The improved den-
sity led to better model B-factors for the RNA, though they
are still higher outside of the active site (Supplementary Fig-
ure S6). Overall, the reconstructions are very similar to one
another. The first reconstruction in which we can see more
overall density for the dsSRNA was used for global analysis
and docking of the dsRNA, while the second reconstruc-
tion was used for a specific analysis of the engaged endoU
active site.

Nspl5 engages dsRNA through multiple interfaces

In both cryo-EM reconstructions the Nsp15 hexamer asym-
metrically engages one dsRNA substrate. Nspl5 forms a
hexamer of back-to-back trimers. The dsRNA interacts
with three of the six Nspl5 protomers; two from the top
trimer (P1 and P3), and one from the bottom trimer (P6,
Figure 1B). Furthermore, across the three interacting pro-
tomers the dsRNA ultimately interacts with residues span-
ning all three domains that comprise an Nspl5 protomer
(N-terminal, Middle, and catalytic EndoU domain; Figure
2, Supplementary Figure S7). We identified 4 key RNA-
protein interfaces within the structure (Figure 2A, Sup-
plementary Figure S7). The N-terminal domain (NTD) of
Nspl3, including residues Q19 and Q20, interacts with the
dsRNA through P1 in the top trimer (P1-B). Two different
interfaces stem from the middle domain (MD): P1 in the top
trimer (P1-A), and P6 in the bottom trimer, both of which
predominantly interact with the backbone through the ma-

jor groove. Key residues in these interfaces include K65,
K111 and K150. Finally, the EndoU domain of P3 in the
top trimer interacts with the dsSRNA through interactions
with both the minor and major groove. The minor groove
interaction is mediated by EndoU residues such as H243
and Q245, while the major groove interaction includes
residues W333, Y343 and E340. The structure revealed that
Nspl5 interacts with both strands of the dsSRNA, and ex-
cept for the active site uridine, all of the protein-RNA in-
teractions are RNA backbone mediated. This supports ear-
lier work demonstrating that Nsp15 has broad specificity
towards uridine containing substrates (16,17).

Overall, our structures are in good agreement with the
predicted position of dsRNA binding interfaces derived
from the computational model of Nspl5 proposed in the
RTC Nspl5 based scaffold (Supplementary Figure S8) (5).
However, unlike the model which proposes multiple copies
of RNA bound to the Nspl5 hexamer, the majority of our
cryo-EM 2D classes revealed only one RNA bound per hex-
amer (Figure 1). Previously determined cryo-EM structures
of Nspl5 determined in the presence and absence of small
RNA substrates have revealed both symmetric and asym-
metric states, thus we assume it is possible for Nsp15 to en-
gage more than one dsRNA substrate at a time (17,19). We
hypothesize that the Nsp15 scaffold is a very transient part
of the RTC as this platform positions the dsSRINA within the
EndoU active site. This Nspl5-scaffolded RTC may only
form during certain phases of replication (i.e. discontinu-
ous transcription). Alternatively, the assembly of the RTC



8294 Nucleic Acids Research, 2022, Vol. 50, No. 14

A
ONP1-A
‘ /
Q:
5 |dsRNA
E T
E r 3 ;\_). > z MD
© P3l % “NaZA]
‘“f — 1-
- Rt A
) NTD
EndoU \(‘S; SAD I~
<] . NTD
& 3)7 /7*\%
. / 4 ‘;4 c
&\ B, MDA AR X 7
9] v Z y % /[NT&
I Zh3
= |~
€
2 P ,5?
o v
@ 44,5 "}
57 o > P
MD
D dsRNA WT Nsp15 + dsRNA

EndoU

EndoU

A
\c)/} .
A !
U 8O N
= <
N AN
J . scissile PO,
i, > —

ss(for) WT Nsp15 + ssRNA(for) = ss(rev) WT Nsp15 + ssRNA(rev)  protein/

OH 30 ©0 1 5 10 30 30 O

1

dye ctl

5 10 30 30 O 1 5 10 30

5’ GGAGGUAGUAGGUUGUAUAGUAGUAAGACCAGACCCUAGACCAAUUCAUGCC-Cy5 3’
| 1 1 1 ! 1 ! 1 1 : L]

T T T T 1 52

I t t
3" FI-CCUCCAUCAUCCAACAUAUCAUCAUUCUGGUCUGGGAUCUGGUUAAGUACGG 5’

Figure 2. Nspl5 can cleave both ss- and dsRNA. (A) DsRNA interacts with three Nsp15 protomers, across both trimers. P1 and P6 form platforms that
support RNA cleavage by P3. (B) Close-up of the active site (P3). Critical residues are shown in stick format. Uridine flips out to interact with S294 and
N278, which provides optimal positioning for the catalytic triad. The 3’ base is stabilized by W333. (C) Cryo-EM density for the RNA engaged in the active
site. (D) Time-course cleavage reaction for the dSRNA as well as each strand alone. Nsp15 cleaves ssSRNA more quickly than dsRNA, and prefers different
positions depending on that context. OH: alkaline hydrolysis of dsSRNA. ssRNA(for) is the CyS5 labeled strand (red); ssRNA(rev) is the FI-labeled strand

(blue).

complex with Nspl5 in the center could lock Nsp15 into an
inactive conformation incapable of cleaving dsSRNA.

Nsp15 base flipping mechanism

While the register for the RNA is ambiguous in our struc-
ture, we observed density for a nucleotide engaged in the
active site, which we modeled as a uridine. The engaged uri-
dine flips out from the dsSRNA helix and is positioned in the
active site as previously observed in UMP, and di-nucleotide
bound structures (Supplementary Figure S9) (17-19). As a
result of the flipping of the engaged uridine the base 3’ of the

uridine, which we modeled as an A, is destabilized from the
helix. In our structure this base engages with W333, which
likely stabilizes that base to support cleavage of the phos-
phate backbone 3’ of the engaged uridine (Figure 2B). Col-
lectively both the flipping of the uridine and the engage-
ment the 3’ base with W333 re-position the scissile phos-
phate within the Nsp15 active site composed of the catalytic
residues H235, H250 and K290. Aside from the flipped
base, we do not have sufficient density to determine if the
global dsRNA structure is otherwise perturbed. Many nu-
cleic acid processing enzymes utilize a base-flipping mecha-
nism to position substrates within their active sites, how-
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ever most of these enzymes do not flip bases from nor-
mal, A-form dsRNA (36-41). The base-flipping mechanism
in Nspl5 is reminiscent to the mechanism used by adeno-
sine deaminases acting on RNA (ADARs), which convert
adenosine to inosine in dsRNA. Like Nsp15, ADARs use a
base flipping mechanism to position the reactive adenosine
within the editing active site. Thus, Nspl5 appears to join
a small group of RNA enzymes, including ADARS, known
to flip a base from a normal duplex RNA substrate (36). It
remains to be seen if Nspl5 actively flips out the engaged
uridine or if it stabilizes the flipped-out base through a pas-
sive process.

Nspl15 cleaves ss- and dsRNA

Following structure determination, we confirmed that
SARS-CoV-2 Nspl5 cleaves dsRNA substrates. Previous
studies with SARS-CoV-1 and human coronavirus 299E
(HCov-229E) Nsp15 using a 22-nt RNA substrate contain-

ing a GUU sequence suggested that Nspl5 cleaves dSRNA
more efficiently than ssRNA (14). To confirm that SARS-
CoV2 Nspl5 can cleave dsSRNA we carried out a time
course using the 52-nt dsRNA from the cryo-EM structure
with labels on the 3’ ends. We observed that WT Nspl5
can cleave the duplex 52-nt substrate as well as the individ-
ual strands at numerous positions; this was not observed
with catalytically inactive Nsp15 H235A (Figure 2D; Sup-
plementary Figure S10). We observed that the accumulation
of cleavage products is different suggesting that the cleav-
age specificity for ssRNA vs dsRNA varies. A similar ob-
servation of altered specificity was previously made with
SARS-CoV-1 and HCov-299E Nspl5 (14). We hypothesize
that this could be a result of the base flipping mechanism.
Uridines followed by strong base pairs may not be as acces-
sible to the EndoU active site. This is supported by RNA se-
quencing data from mouse hepatitis virus (MHV) infected
cells which showed a strong preference for adenines 3’ of
NsplS cleavage sites detected in the positive strand (16).
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Similarly, ADARs have a nearest neighbor preference for
specific base-pairs before and after the reactive adenine that
flips into the active site (36,42).

To further probe NsplS's ability to cleave dsSRNA we
measured cleavage of an alternative dsSRNA substrate. Our
structure suggests that dsSRNA of approximately 35-nts is
sufficient to interact across the Nspl5 hexamer, so we ex-
panded on the nucleocapsid protein transcriptional regula-
tory sequence (TRS-N) previously used to characterize ss-
RNA cleavage preferences (Supplementary Table S1, (17)).
TRS sequences are found upstream in many of the viral
subgenomic RNAs, are important for facilitating discon-
tinuous transcription and are known to form dsRNA in-
termediates (2,43). To compare nuclease activity, a 60 min
time course reaction with 35-nt ss- and dsRNA was per-
formed and the disappearance of the uncleaved RNA band
quantified (Figure 3). Similar to our results with the 52-
nt dsRNA substrate, Nspl5 can cleave both the ss- and
dsRNA TRS and we observe that the ssSRNA is cleaved
faster than the dSRNA under the same reaction conditions.
We hypothesize that ssSRNA is cleaved faster because it is
more accessible to the Nspl5 EndoU active site. We also
observe different cleavage patterns for the ss- and dsTRS

(Figure 3A) further suggesting that Nsp15's substrate speci-
ficity is altered for ss and dsRNA. Some of the promi-
nent dsRNA cleavage products occur near the termini of
the dsSRNA for the TRS-N substrate. We cannot rule out
the possibility that cleavage products near the termini do
not need to undergo base-flipping and rather are made
accessible to the EndoU active site through a breathing
mechanism.

W333 mediates dsRNA cleavage

To test the importance of dSRNA-interacting residues iden-
tified by our structure, we made point mutants for several
residues spanning the three domains of Nspl5 (Figure 4-5,
Supplementary Table S2, and Supplementary Figure S11-
S13). We compared the activity of these mutants on both
35-nt ss- and dsRNA using gel-based cleavage assays (Fig-
ure 5, Supplementary Figures S11, S12). Most of the single
point mutants exhibited little to no defects in ssRNA and
small defects in dsSRNA processing, likely because of the
large number of residues that support dSRNA engagement.
Given that the majority of the single point mutants did not
have a large impact on dsRNA cleavage, we reasoned multi-
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ple mutations to the interaction surface might be necessary.
We created an Nspl5 mutant with eight point mutations
across the interacting regions on P1, P3 and P6 (Figure 4A)
and showed that dsRNA cleavage was selectively impaired
(Figure 4B), demonstrating the importance of these regions
for engaging dsRNA. One single point mutant, E340A gave
rise to an increase in cleavage activity (Supplementary Fig-
ure S12). Given that RNA is negatively charged, the posi-
tioning of E340 in the active site may be important for reg-
ulating nuclease activity. We also identified a critical active
site mutation that is important for dSRNA cleavage. Our
structure suggests that W333 plays a crucial role in stabiliz-
ing the dsRNA, with a flipped-out base by interacting with
the base 3’ of the cleavage site. While W333A results in a
20% reduction of ssRNA cleavage at 60 min, the defect in

dsRNA is much more severe, resulting in 75% less cleav-
age at 60 min (Figure 5). This observation is further sup-
ported by our earlier structure of Nsp15 bound to ssRNA in
the pre-cleavage state, in which we could not observe strong
density for the base 3’ of the cleavage site (17). Collectively
this suggests that W333 is a critical regulator for stabilizing
the base 3’ of the cleavage site in dSRNA but is not essen-
tial for positioning the same base within a flexible ssSRNA
substrate (Figure 6).

DISCUSSION

Overall, our structures and biochemical assays provide
molecular insight into the mechanism of dsSRINA processing
by SARS-CoV-2 Nspl5. We observed that the Nspl5 hex-



8298 Nucleic Acids Research, 2022, Vol. 50, No. 14

SARS-CoV-2 ssRNA

ssRNA enters the active
site of one Nsp15
protomer.

Uridine engages with the
base binding pocket. W333
interacts with the 3' base.

SARS-CoV-2 dsRNA
replication intermediate

dsRNA interacts with 3
Nsp15 protomers to hold
the dsRNA in one EndoU
active site.

Uridine flips out and
engages with the base
binding pocket of one
protomer. W333 stabilizes
the dsRNA.

Figure 6. Model comparing ss- and dsRNA cleavage by Nsp15. Nsp15 cleaves ssRNA mainly through engagement of the U in the active site, with limited
binding by upstream or downstream nucleotides. ssRNA is readily accessible to the Nspl5 active site. Nsp15 cleaves dSRNA by multiple interaction sites,
spanning three protomers and both trimers that compose the hexamer. The U base must flip out of the base-paired helix to be cleaved; distortion in the

RNA is stabilized through m-stacking with W333. Figure made in Biorender.

amer forms a platform across multiple protomers to engage
dsRNA. Three of the six protomers of Nsp15 form an elec-
tropositive surface for dSSRNA of ~100 A in length. There
are numerous ways that ribonucleases and other RNA bind-
ing proteins interact with RNA but many of these interac-
tions are mediated by small RNA binding domains (44). For
example, the small structurally conserved dsRNA Binding
Domain (dsRBD) is utilized by many RNA processing en-
zymes either on its own or in combination with other do-
mains to mediate dsSRNA binding (45). This domain has
been well-studied in RNase III family members, such as
dicer and drosha, where it has been shown to specifically
recognize features within the minor groove of A-form RNA
(46). ADARSs also contain multiple dsRBDs, outside of the
catalytic deaminase domain, that contribute to RNA bind-
ing and are required for editing of some dsRNA substrates
(47). In contrast Nsp15 does not use a single domain or even
a single protomer to bind RNA, rather it uses all three of
its domains across multiple protomers to engage dsRNA.
This unique RNA interface provides the molecular basis for
Nspl5’s dependence on oligomerization. Our study reveals

that the oligomerization of Nspl5 is necessary to form the
platform for RNA binding with contributions from three of
the six protomers.

Studies with Nspl5 from other coronaviruses, as well
as Nspll, the EndoU containing Nsp in arteriviruses,
have demonstrated oligomerization is necessary for endori-
bonuclease activity although the type of oligomer (dimer,
hexamer) varies across viruses (27,48). We compared our
Nspl5/dsRNA structure with previous structural work
that assessed the role of oligomerization and activity of
nidovirus EndoU enzymes (Supplementary Figure S14).
Structures of MERS-CoV and SARS-CoV-1 Nspl5 super-
pose very well with SARS-CoV-2 Nspl5 (27), suggesting
that the dSRNA platform is conserved across CoVs. In con-
trast to Nspl5, Porcine Reproductive and Respiratory Syn-
drome Virus (PRRSV) Nspll forms a dimer, not a hex-
amer. We modeled dsRNA onto the PRRSV Nspl1 dimer
by superposition of the EndoU domains and observed that
the dsRNA fits in the groove formed between Nspll pro-
tomers. The w-stacking tryptophan is conserved and posi-
tioned to stabilize the dSRNA when the uridine is flipped



out. This observation suggests that the base-flipping mech-
anism is conserved across nidovirus EndoU enzymes while
the dsRNA platform differs.

Beyond facilitating dsSRNA binding and cleavage, the
Nspl5 RNA platform may further support the viral
RTC complex to coordinate replication and transcription.
Molecular modeling suggests that Nsp15 could be the cen-
tral scaffold for the entire RTC complex (5). Nsp15 has been
proposed to be the central platform that coordinates the
formation of an RTC superstructure including 6 copies of
Nspl1, Nspl2, Nsp13, Nspl4, Nspl5 and Nspl6. This su-
perstructure provides a putative mechanism for the move-
ment of the newly transcribed RNA into the capping and
nuclease active sites within the RTC (5). While experimen-
tal work is needed to confirm the formation of the RTC su-
perstructure our structures reveal that the extensive dSSRNA
binding interface within the Nsp15 hexamer could support
the RTC. However, we hypothesize that the RTC super-
structure forms very transiently otherwise the Nspl5 En-
doU active sites would likely degrade a significant portion
of the viral RNA.

Our work further establishes how Nspl5 cleaves dSRNA,
broadening the repertoire of Nsp15 cleavage activity against
a variety of RNA substrates (Figure 6). From earlier RNA
bound structures of Nspl5 it was unclear how dsRNA
would be able to access the EndoU active site. Flexible ss-
RNA substrates are positioned into the active site through
uridine recognition in the uridine binding pocket. Our
structure and mutagenesis revealed that Nspl5 can sup-
port dsSRNA cleavage through a base flipping mechanism
that positions the engaged uridine within the uridine bind-
ing pocket (Figure 6). Nsp15 also utilizes a conserved tryp-
tophan residue to position the base 3’ of the uridine. The
combined action of flipping the uridine and stabilizing the
3’ base moves the phosphodiester bond following the en-
gaged uridine into the Nsp15 active site, where it undergoes
an RNase A-like transesterification reaction. Through this
unique mechanism Nspl5 can process both ss- and dSRNA
substrates. The ability to cleave structurally diverse RNA
substrates under the same conditions is rare in endoribonu-
cleases, and points towards the evolution of Nsp15's activity
to be able to process both ss- and ds-viral RNA to regulate
the overall level in infected cells. Bovine viral diarrhea virus,
a pestivirus, also encodes for an endoribonuclease that can
process ss- and ds-viral RNAs, further emphasizing the im-
portance of viral enzymes to be multi-functional given their
small genomes (49).

Finally, Nspl5 is a promising anti-viral target, and this
work reveals multiple RNA interfaces that could be tar-
geted for structural based drug design. Nspl5 antagonizes
the host immune system by limiting the accumulation of
dsRNA intermediates that form during viral replication
(12,13,15,50,51). Inactivating Nspl5 in porcine epidemic
diarrhea virus has been shown to elicit a strong immune
response in infected animals and reduced viral shedding
and mortality (52,53). Our work establishes that Nspl5
contains four previously unknown RNA binding interfaces
that support dsSRNA engagement, and further emphasizes
that blocking Nsp15 oligomerization could have therapeu-
tic benefit.
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