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NMR Studies of Genomic RNA in 3’ Untranslated Region Unveil
Pseudoknot Structure that Initiates Viral RNA Replication in SARS-
CoV-2
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In the 3’ untranslated region of the SARS-CoV-2 virus RNA genome, genomic RNA replication is initiated in the
highly conserved region called 3'PK, containing three stem structures (P1pk, P2, and PS). According to one proposed mechanism,
Plpk and distal P2 stems switch their structure to a pseudoknot through base-pairing, thereby initiating transcription by recruiting
RNA-dependent RNA polymerase complexed with nonstructural proteins (nsp)7 and nsp8. However, experimental evidence of
pseudoknot formation or structural switching is unavailable. Using SARS-CoV-2 3'PK fragments, we show that 3'PK adopted stem-
loop and pseudoknot forms in a mutually exclusive manner. When Plpk and P2 formed a pseudoknot, the PS stem, which includes a
sequence at the 3" end, exited from the stem-loop structure and opened up. Interaction with the nsp7/nsp8 complex destabilized the
stem-loop form but did not alter the pseudoknot form. These results suggest that the interaction between the pseudoknot and nsp7/
nsp8 complex transformed the 3’ end of viral genomic RNA into single-stranded RNA ready for synthesis, presenting the unique
pseudoknot structure as a potential pharmacological target.
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The genome of the severe acute respiratory syndrome (SARS)- in coronavirus that is presumed to form pseudoknot structures.
coronavirus 2 (CoV-2) virus, which is about 30,000 It was reported that deletions® of the putative pseudoknot
nucleotides in length, contains approximately 250 and 340 region or mutations that disrupt putative pseudoknot
nucleotides of the untranslated region (UTR) located at the §' structure™”® were lethal for virus replication. This region is

and 3’ ends of the genome, respectively’ (Figure 1A). Several

widely believed to play a pivotal role in controlling
hypotheses have been proposed for the mechanism that

bes the vi d sub i RNA>? j b replication®”'? and is highly conserved among coronaviruses,
transcribes t. € VIruS genome and subgenomic FNA; - 1n eac including SARS-related coronaviruses (SARSr-CoV)'"'* and
case, genomic and subgenomic RNAs are transcribed from the
3’ end of positive-sense genomic RNAs of the SARS-CoV-2
virus. The 3" UTR, which is noncoding RNA that plays an
. . . s 45

integral role in translation and transcription, ”” includes a stem-

loop region called the bulged stem-loop (BSL), a large

other beta-coronaviruses, including bovine coronavirus
(BCoV) and mouse hepatitis virus (MHV).® A pseudoknot
structure is a structure motif of nucleic acids that has two (or

branched stem-loop that contains the hypervariable region October 20, 2023
(HVR), the octanucleotide motif (ONM), and the stem-loop February 20, 2024
II-like motif (S2M; Figure 1B). An additional region known as March 8, 2024

3'PK contains part of the bulged stem-loop and includes a March 20, 2024

stem structure located between the bulged stem-loop and the
hypervariable region (Figure 1B). The 3’ PK is a region found
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Figure 1. (A) Schematic drawing of genomic RNA and secondary
structures of SARS-CoV-2. The 3'UTR shown in (B) is highlighted
by light pink. (B) Schematic drawing of secondary structure in the 3’
UTR region, with the names of different motifs color-coded: yellow-
green, bulged stem-loop; orange, 3'PK; gray, hypervariable region;
green, octanucleotide motif; and blue, stem-loop II like motif. The
region described in Figure 2 is highlighted by yellow in (B).

more) stem-loops; in a basic pseudoknot structure, one stem is
nested into the loop region of the other stem-loop. Pseudoknot
structures were found in structured RNAs involved in
important biological processes, such as the frameshlft element
of viruses,"*'* the telomerase RNA component 5 and tRNA-
like structures.'®

Nonstructural proteins (nsp)7—16, which are coded in the
ORFlab gene at the 5’ terminus of the genome, play primary
roles in replicating the virus genome. Genomic RNA is
transcribed by a replication—transcription complex composed
of RNA-dependent RNA polymerase (RdRp), also called
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nspl2, and the cofactor proteins nsp7 and nsp8.”” >’ In

addition, nsp8 exhibits RNA polymerase activity,”' and a
nsp7—nsp8 complex acts as a primase.22 Furthermore, RdRp is
associated with other accessory proteins such as nsp9 and
nsp13.”>** nsp9 forms a dimer and binds to nsp8 to interact
with single-stranded RNA by nonspecific binding.”*~*’
Recently, it was revealed that nsp9 in complex with nspl2
mediates the capping of RNA.”” Nisp13 forms a dimer and acts
as a helicase when binding to nsp8 and nsp12.** The widely
adopted model of how negative-sense genomic RNA tran-
scription is initiated in coronaviruses was proposed by Ziist et
al.’ based on extensive studies of mutations and reverting
mutations on 3'PK, nsp8, and nsp9 that modulated virus
growth for closely related MHV; the model is illustrated in
Figure 2. First, a primase complex composed of nsp7, nsp8,
and nsp9 binds to the 3'PK stem-loop structure, causing the
transcription of a small RNA primer. Next, the 3'PK structure
switches to form a pseudoknot. It is also proposed that once
the pseudoknot structure is formed, nsp12 binds to the RNA in
the pseudoknot form through the primase complex with 3'PK
and starts to transcribe genomic RNA. Mutations of
nucleotides that disrupt the putative pseudoknot structure of
the 3'PK region were lethal for viral replication.”” In vivo and
in virion whole or partial genome RNA analysis by SHAPE-
MaPseq and DMS-MaPseq showed the secondary structure of
3’ UTR and suggested that the secondary structure of the 3'PK
region is a stem-loop,'”**™** but evidence supporting the
formation of a pseudoknot structure is scarce. Thermal
unfolding profiles and a simplified sequencing of psoralen
cross-linked, ligated, and selected hybrids (SPLASH) assay
indirectly suggested that the formation of a pseudoknot
structure in 3'PK is only marginally stable in mouse hepatitis
> and SARS-CoV-2.*° Furthermore, a recent NMR-based
study of the secondary structure reported the presence of a
stem-loop rather than a pseudoknot in the 3'PK region.””
However, it is unsurprising that the pseudoknot structure has
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Figure 2. A hypothetical model of how genomic RNA replication is initiated in coronaviruses, based on a proposal by Ziist et al.’ with minor
modifications. The region highlighted by yellow in Figure 1B is shown. (A) Stem-loop structure formed at 3'PK. (B) Primase, consisting of
nonstructural proteins (nsp)7, 8, and 9, binds to the PS stem. (C) Primase transcribes a primer for negative-sense genomic RNA (shown in blue)
and (D) after the primer forms at the 3’ end of genomic RNA, the PS stem is left unpaired, thus causing a pseudoknot structure. (E) Nsp12, acting
as RNA-dependent RNA polymerase (RdRp), binds to the pseudoknot structure and an nsp7/nsp8/nsp9 complex and then elongates negative-

sense genomic RNA.

1324

https://doi.org/10.1021/jacsau.3c00641
JACS Au 2024, 4, 1323—-1333


https://pubs.acs.org/doi/10.1021/jacsau.3c00641?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00641?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00641?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00641?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00641?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00641?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00641?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00641?fig=fig2&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00641?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

been difficult to detect, especially if it is formed only when
RNA transcription is initiated, as the model by Ziist et al.
proposed. Our experiments, undertaken through NMR spec-
troscopy of SARS-CoV-2 3'PK fragments that were identified
to stabilize one of the secondary structure forms, demonstrate
that 3'PK can form a secondary structure that contains either a
pseudoknot or a stem-loop. A comparison of the two forms of
the secondary structure showed that the PS stem, which
includes the last 10 nucleotides at the 3’ end, was formed only
in the stem-loop structure and not in the pseudoknot structure.
In contrast, the P2 stem existed in both structures and
exhibited only minor structural differences between the two
forms. Thus, our results indicate that the conformation switch
from the stem-loop structure to the pseudoknot structure
allows the putative primase to transcribe the 3’ end of a
positive, single-stranded sequence. We also examined inter-
actions of the stem-loop and pseudoknot forms with the
primase complexes of nsp7 and nsp8. Imino proton signal
NMR analysis of the stem-loop structure showed that after the
binding of nsp7/nsp8, the PS stem was destabilized, whereas
the pseudoknot RNA largely retained its secondary structure in
the complex. Our results suggest that the binding mode of the
nsp7/nsp8 complex to RNA is modulated by the RNA
structure.

Our findings provide strong experimental evidence for the
current hypothetical model by Ziist et al.” of the initial events
of genomic replication of the SARS-CoV-2 virus, which is
widely accepted but has lacked structural evidence. In addition,
our experimental data support the new possibility that the
pseudoknot structure could be formed even when the primase
complex does not synthesize an RNA primer, which may
change some aspects of the existing mechanistic model of the
initial events of RNA replication.

First, to define the structured region and plausible structures of
3'PK, we prepared a series of RNA fragments that were excised
from 3'PK (Table 1 and Supporting Information, and
Materials and Methods). For the frame of these fragments,
the secondary structure model determined by Rangan et al. was
used as a ref 11. Note that the fragments excised from the
original sequence do not involve any artificial modifications to
stabilize particular structures. 2D 'H—"H NOESY spectra of
the four designed RNA fragments (ie, PK, SL, PKP4, and
SLP4) are shown in Figure 3 as (A—C), (E-G), (LK),
respectively, together with their secondary structures eluci-
dated from the NMR data (M—P). It should be noted that PK
and SL formed pseudoknot and stem-loop structures,
respectively, and these fragments were named after the
structures. In addition, 2D '"H-""N HMQC spectra were
collected for *C and '*N-labeled samples of (D) PK, (H) SL,
(J) PKP4, and (L) SLP4. To generate PKP4, we added the
sequence for the loop between P4 and PS$ to the PK fragment;
in the SLP4 fragment, the sequence for the P4 stem was added
to the SL; to generate PKP4, we added the sequence for the
loop between P4 and PS to the PK fragment.

The secondary structure of the entire SARS-CoV-2 genomic
RNA has been reported by several groups,”*>****” and their
analyses sug%est that the 3'PK region forms a stem-loop
structure.’°~***” In contrast, our NMR-based analysis
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Table 1. RNA Sequences of Fragments

Region,

Name Length(nt) Sequence
29,622 - 29,657
and GGAUUCUCGUAACUACAU
SL o8 - 086, AGCACAAGUAGAUGUAGU
9,857 = 29,907 UACUUAGGAGAAU
49
20,607 - 20,657, GGGUCUU "AGAAUGA
PK AUUCUCGUAACUACAUA
54 AAGUAGAUGUAGUUA
29,622-29,657  GGAUUCUCGUAACUACAU
SLL and AGCACAAGUAGAUGUAGU
29,850 - 29,867, UAUAGCUUCUUAGGAGAA
55 u
20,622 - 29,671 GGGAUUCUCGUAACUACA
and UAGCACAAGUAGAUGUAG
SLP4 o o een UUAACUUU AG
9,040 729,007 caaU AAUAGC
85 UUCUUAGGAGAAU
GGGCUU AGAAUGAA
29,608 - 29,671 UUCUCGUAACUACAUA
PKP and AAGUAGAUGUAGUUAA
4 29,840-20,8672, CUUU AGCAAU
99 AAUAGCUUCU
UAGGAGAAU

“Connected by a GCAA linker. Structured regions were indicated in
color, as shown in Figure 3. For clarity, the last three digits of the
residue numbers are displayed in Figures 3, S, and 6.

demonstrated that, in the PK and PKP4 fragments, the 3'PK
region is capable of folding into a pseudoknot structure, which
became apparent from the imino proton resonances. In
general, imino proton resonances are not observed for RNA
that does not form a base pair. In contrast, their resonances
become detectable when imino protons form base pairs. This is
because the rate of exchange of the imino proton with the
solvent water proton, which is generally too fast for NMR
detection, becomes sufficiently low when an imino proton is
involved in hydrogen bonding. Assignments for imino proton
signals of PK, SL, PKP4, and SLP4 were achieved from '"H-'H
NOESY spectra using unlabeled RNA fragments and 'H—""N
HMQC spectra using '*C and '*N-labeled RNA fragments
(see Figure 3 and Table S1). Some NOEs between imino
protons of the PS5 stem were weak; thus, the PS stem was
assigned using imino—imino and A H2-imino NOEs (Figures
3E and 6A). The detailed assignments of PK, SL, PKP4, and
SLP4 are shown in Figures S1—S4. The chemical shifts for
each stem were mostly identical between RNA fragments
containing the stem in both the HMQC and NOESY spectra.

PK and PKP4 fragments exhibited imino proton signals in
both the P1pk and P2 regions. In Figure 3B,I, the signals for
three base pairs (U29,612—G29,611, U29,612—G29,613, and
G29,639—G29,613; shown in purple) were attributed to the
Plpk stem of PK and PKP4 on the basis of the NMR spectra of
an RNA sequence that contains only the P1 single-stem
structure (Figure SSA). U29,609 and U29,610 were observed
only in the P1 single-stem structure and not in the PK or PKP4
fragments. Even when minor chemical shift changes were
observed, the chemical shifts for the P1 single stem were
consistent with those for Plpk being accommodated in a
pseudoknot structure (PK and PKP4) (see Table S1 and
Figure SSA). The peak positions for the Plpk region are also
nearly identical in the HMQC spectra (see Figure 3D,]),
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Figure 3. 2D '"H—"H NOESY spectra of (A) adenosine (A) H2-imino region, (B) imino—imino region of PK, and (C) 12.0—13.3 ppm region of
(B) with (D) 2D 'H-""N HMQC spectrum of PK. 2D 'H—"H NOESY spectra of (E) H2-imino region, (F) imino—imino region of SL, and (G)
12.0—13.3 ppm region of (F) with (H) 2D "H—"*N HMQC spectrum of SL. 2D '"H—'H NOESY spectra of the imino region of (I) PKP4 and (K)
SLP4 with 2D "H—"*N HMQC spectra of (J) PKP4 and (L) SLP4. NMR-based secondary structure of (M) PK, (N) SL, (O) PKP4, and (P) SLP4.
(E,F) Were recorded at 298 K with a mixing time of 120 ms. The inset spectrum of (I) was recorded at 288 K with a mixing time of 120 ms. The
other NOESY spectra were recorded at 288 K with a mixing time of 60 ms. All of the 2D 'H—"*N HMQC spectra were recorded at 288 K. The
assignment of each signal was color-coded, as described in the secondary structure of each fragment. The first two digits of the base number were
omitted from the figures for simplicity. For example, U29,633 was indicated as U633. In (I-L), cross-peaks marked with asterisks are intrabase pair

NOE between U665 and U846 imino protons or the 'H—-N imino cross-peak of U665/U846; those marked with U845/U847—%* indicate
correlations from U845/U847 to U66S or U846.
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strongly suggesting the consistent stem structure. Signals for
the P2 stem in the PK and PKP4 fragments were identified
from a comparison with those for SL and SLP4. P2 stem
signals for the pseudoknot structure in PK and PKP4
fragments (shown in red in Figure 3B,I) were nearly identical
with those for SL (Figure 3F). On the whole, the base-pairing
patterns for PK and PKP4 were all consistent with the
formation of the pseudoknot structure.

Interestingly, in the SLP4 fragment, imino proton signals of
U29,655, U29,656, and U29,629 were not observed for P2
(Figure 3K,L). These three U—A pairs were also not observed
in the 3 SL3base investigated by Wacker et al,”” which
contains regions identical to those in SLP4. In contrast, we
observed those signals for a fragment containing the P2 single
stem (Figure SSB) and in SL (Figure 3F,H). SL contained a
short bulge region (C29,857—G29,861) between P2 and PS
(Figure 3N) that corresponded to half of the full-length bulge-
loop region between P4 and PS (A29,850—G29,861) found in
SLP4 (Figure 3P), whereas the P2 single stem had no bulge-
loop region. Another designed fragment, called SLL, which has
the P2 region and the P5S stem with a full-length bulge-loop,
also showed very weak U29,655 and U29,656 signals, similar to
those seen in SLP4 (see Figure S6). These data suggest that
the bottom of the P2 region in SLP4 and SLL fragments
adopts a noticeably different structure from that in other
fragments (SL and P2 single stem) that lack the upstream
section of the bulge-loop (A29,850—U29,856), possibly due to
interaction between the bottom of P2 and this bulge-loop
region. Indeed, the region between A29,850 and C29,854 is
highly conserved among SARSr-CoV.'' These results
suggested that the upstream section of the bulge-loop region
is likely to modulate the stem-loop structure and may be
essential for recognition by primase or holo RdRp.

The PS stem was formed only in fragments with a stem-loop
structure (SL and SLP4; Figure 3E,HKL). Although PKP4
also contained this region, the PS5 stem was not formed.
Previous analysis of the whole genome RNA suggested the
formation of both Plpk and PS stems, and the data were
presumed to be consistent with a mixture of two conformers,
the pseudoknot, and the stem-loop;*® our current study
confirms, for the first time, that the pseudoknot structure can
be formed by the 3'PK region.

Next, by the use of an electrophoretic mobility shift assay, we
examined the interactions of the four fragments that form
either a stem-loop (SL and SLP4) or a pseudoknot (PK and
PKP4) structure with nsp7 and/or nsp8. The RNA fragments
mixed with nsp7 did not show any bands for the RNA/nsp7
complex. The fragments mixed with nsp8 or a mixture of nsp7
and nsp8 showed new shifted bands for RNA/protein
complexes (Figure 4). These results were consistent with
previous reports that nsp7 does not bind directly to duplex”® or
single-stranded”™ RNA. Our results also showed comparably
high apparent affinities to the nsp7/nsp8 complex for PKP4
(K4 = 2.6 uM; Figure S7) and SLP4 (K = 2.4 uM; Figure S7).
The results are consistent with a current hypothesis that the
stem-loop RNA structure in 3'PK recruits the nsp7/nsp8
complex and changes its conformation to the pseudoknot
structure while being bound to nsp7/nsp8.> The results also
indicate a new possibility that the nsp7/nsp8 complex can bind

1327

& &

RS RS
AL AL

SLP4 PKP4

Figure 4. Gel image of the four RNA fragments (SL, PK, SLP4, and
PKP4) tested for binding to nonstructural proteins (nsp)7 and nsp8.
Bands indicated by blue and pale blue arrows correspond to folded
and single-stranded RNA, respectively; those indicated by orange and
yellow arrows correspond to protein-bound RNA and another
conformer of protein-bound RNA, respectively. Bands in each RNA
fragment shifted when nsp8 or the nsp7/nsp8 mixture was added.
Reaction buffer solutions of 0 or 4.95 uM nsp7 and 0 or 4.95 uM
nsp8 were mixed with 0.33 yuM RNA.

directly to the pseudoknot form of 3'PK in equilibrium with
the stem-loop form. The apparent affinities to nsp7/nsp8 were
notably lower for PK (Ky = 5.3 uM) and SL(Ky = 5.7 uM;
Figure S7). The results suggest that the P4 stem or the loop
between P4 and PS may be involved in protein binding. The
apparent affinity of random sequence RNA rd85 (Ky = 3.7 uM;
Figure S7) was comparable to the previously reported Ky for
SARS-CoV nsp8 to dsRNA binding (~3.3 uM).* Rd85 has
the same length as SLP4, but its K to nsp7/nsp8 was higher
than those to SLP4 and PKP4, suggesting that the stem-loop or
pseudoknot structure in 3'PK was mildly more favorable for
nsp7/nsp8 binding than the normal duplex RNA structure.
Our NMR analysis also demonstrated that PKP4 can stably
form a complex when the RNA/nsp7/nsp8 ratio was 1:2:2,
while SLP4 did not form a stable complex under the same
condition. Considering that two nsp8s and one nsp7 are
incorporated into the structure of the RNA-bound RdRp of
SARS-CoV2*" and nsp7 and nsp8 are reported to form a 2:2
complex,”” it is possible that binding of the second nsp8s to
the PKP4 site initiates the primase activity. As this work is
mainly focused on the two major RNA structures for the 3'PK
region, further studies are needed to evaluate this hypothesis.
In each RNA fragment, the addition of nsp8 or a mixture of
nsp7 and nsp8 gave slower mobility bands due to protein
binding (orange and yellow arrows in Figure 4). The Hill
coefficient derived from the Hill-Langmuir equation for each
RNA fragment was greater than 1 (see Figure S7B). In
particular, the Hill coeflicient values for the PKP4 and SLP4
fragments were ~2.7; this means that multiple nsp7/nsp8
complexes were likely to interact with these RNA fragments. It
has been reported that a mixture of nsp7 and nsp8 shows
several multimer conformers with binding ratios such as nsp7/
nsp8 = 2:2 and nsp7/nsp8 = 8:8;***>*’ therefore, these bands
can be considered to reflect differences in protein multimeric
conformation bound to the RNA fragments.
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Because the gel-shift assay showed that PKP4 and SLP4 RNA
fragments have a higher affinity than PK and SL to the nsp7/
nsp8 mixture, we decided to use PKP4 and SLP4 to obtain
more detailed information on the interaction between RNA
and the proteins. NMR signals of the nsp7 and nsp8 mixture
without any RNA fragments showed notable line-broadening,
suggesting nonuniform and/or a faster complexation rate than
the NMR time scale (Figure SC). Indeed, it was previously
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Figure S. Structural changes caused by complexation in RNA with an
nsp7/nsp8 mixture. The imino proton region of 1D 1H NMR spectra
of (A) 1:2:2 mixture of PKP4/nsp7/nsp8, (B) 1:1:1 mixture of SLP4/
nsp7/nsp8, (C) 1:1 mixture of nsp7/nsp8, (D) PKP4, and (E) SLP4.
Asterisks mark signals that were observed only from the PKP4/nsp7/
nsp8 mixture. Assignments for the free RNA signal are shown in color,
as shown in Figure 3. The region exhibiting protein amide proton
signals was highlighted in light green.

reported that a mixture of nsp7 and nsp8 exhibits a wide
variety of multimer formation patterns, with the major
component being the nsp7/nsp8 = 2:2 complex.”** Adding
PKP4 to the nsp7 and nsp8 proteins in a 1:2:2 ratio
dramatically altered NMR spectral features for the proteins
(Figure SA), compared with those for an nsp7/nsp8 mixture
without RNA (Figure SC). In particular, several new sharp
signals were observed at 9—10 ppm by adding RNA (Figure
SA). These new signals, which were attributed to amide proton
signals of the proteins (see Figure S8), indicated that structural
changes of the nsp7/nsp8 complex were induced upon the
RNA binding. When SLP4 was added to the nsp7 and nsp8
proteins in a 1:1:1 ratio, similar prominent changes and signal
sharpening occurred (Figure SB) compared to the spectrum of
the nsp7 and nsp8 proteins without RNA (Figure SC). Note
that we reduced the compositions of nsp7 and nsp8 because
the 1:2:2 mixture of the samples yielded substantial line-
broadening in the imino proton NMR signals for SLP4 (Figure
S6), making it difficult to observe NOE signals. This may be
due to the increase in molecular weight resulting from complex
formation and/or due to exchange broadening for unstable
complex formation. In contrast, the PKP4/nsp7/nsp8 = 1:1:1
mixture showed almost identical chemical shifts with broader
spectral features compared with the 1:2:2 mixture (see Figure
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S9). The broadening may be attributed to the exchange
between two different RNA-protein binding modes (or
between proteins with and without RNA). The appearance
of the sharp NMR signals shown in Figure 5A,B suggested the
stabilization of a particular multimer of nsp7/nsp8 that was
bound to the RNA fragments. Also, NOEs observed for the
nsp7/nsp8 mixture were not observed for the SLP4/nsp7/nsp8
or PKP4/nsp7/nsp8 mixtures (see Figure S8). This finding
suggests that most nsp7 and nsp8 proteins would form
complexes in the mixtures with the RNA fragments PKP4 and
SLP4. Figure SA shows some signals due to protein (marked
with asterisks) that were observed only for the PKP4/nsp7/
nsp8 mixture. Thus, the modes of interaction of the proteins
with the RNA fragments are likely different between PKP4 and
SLP4.

Regarding NMR signals of RNA fragments, the RNA/
protein mixture samples showed line-broadening at 10.5—14.5
ppm (Figure SA,B) upon binding. It is unsurprising because
the molar masses of the RNA/protein complexes are greater
than those of the RNA fragments alone for both PKP4 and
SLP4. Some imino proton signals for PKP4 and SLP4 mixed
with the nsp7/nsp8 mixture (Figure SA,B) exhibited chemical
shift changes from those for the RNA fragments alone (Figure
SD,E). Figure 6 shows 2D 'H/'H NOESY spectra of (A)
SLP4, (B) PKP4, (C) SLP4/nsp7/nsp8 mixture (1:1:1), and
(D) PKP4/nsp7/nsp8 mixture (1:2:2). Both SLP4 and PKP4
showed few imino—imino NOEs when the nsp7/nsp8 mixture
was added (see Figure S10). Therefore, intra-base pair NOEs
between imino protons G H1 and U H3 at 11.5—14.5 ppm and
C H41 and A H2 at 5.5—8.5 ppm, which were observed only
for hydrogen-bonded base pairs, were used for further analysis.
The spectral patterns for PKP4 bound to nsp7/nsp8 complexes
(Figure 6D) are largely unchanged from those of free PKP4
(Figure 6B). After nsp7/nsp8 binding, PKP4 retained most of
the cross-peaks due to inter-residue NOE (Figure 6D) for
Plpk (purple arrows), P2 stem (red arrows), and P4 stem
(orange arrows). The observed chemical shift changes were
within 0.06 ppm for Plpk and P2 (Figure 6F). The results
suggested that PKP4 binds to nsp7/nsp8 complexes while
maintaining its pseudoknot structure (Figure 6B,D,F). In
contrast, the spectral patterns are drastically different between
free SLP4 (Figure 6A) and SLP4 bound to the nsp7/nsp8
complex (Figure 6C). The cross-peaks due to inter-residue
NOE for the P2 stem (arrowed in red) and P4 (arrowed in
orange) were observed in both spectra. Although line-
broadening meant that some weak NOE signals between
neighboring bases in the P2 stem were missing for SLP4 bound
to nsp7/nsp8, all the strong intra-base pair NOE signals were
retained. Interestingly, intra-base pair NOEs in the PS region
were not observed for SLP4 complexed with nsp7/nsp8
(Figure 6C), whereas unbound SLP4 showed clear NOEs for
the PS region (Figure 6A, yellow lines and arrows). Thus, the
results suggested that binding by nsp7/nsp8 complexes
destabilized the PS stem. However, note that PKP4 has no
PS stem; thus, these results suggested that the transition from
SLP4 to PKP4 may start from the destabilization of PS upon
nsp7/nsp8 binding. While there is some possibility that the
signals for the PS stem are subject to exchange broadening, the
selective disappearance of these signals indicates that the
transient binding of the nsp7/nsp8 complexes is likely to alter
or destabilize the hydrogen-binding structure of the PS stem
substantially.
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Figure 6. Structural changes in SLP4 and PKP4 were caused by binding with the nsp7/nsp8 mixture. Imino-base proton region of '"H—'H NOESY
spectra of (A) SLP4, (B) PKP4, (C) a 1:1:1 mixture of SLP4/nsp7/nsp8, and (D) a 1:2:2 mixture of PKP4/nsp7/nsp8. (E) Schematic
representation of the secondary structure for SLP4 bound to the nsp7/nsp8 complex. Destabilization of the PS stem region (yellow) that existed in
SLP4 was confirmed by the lack of intra-base pair NOE signals. (F) Schematic representation of the secondary structure for PKP4 bound to nsp7/
nsp8 complexes, with the chemical shift, changes AS shown by color (see key). 'H positions (A H2, C H41 or H42, U H3, and G H1) were
omitted in figures (A—D). Schematic representation of (G) SLP4/nsp7/nsp8 and (H) PKP4/nsp7/nsp8 complexes. By binding of nsp7/nsp8, the

PS5 stem was single-stranded in both cases.

Both the PKP4 and SLP4 RNA fragments exhibited small
but noticeable chemical shift changes in the P4 stem when a
nsp7/nsp8 mixture was added, indicating that the P4 stem is
likely to be involved in protein interaction (Figure 6F and
Table S2). This is consistent with the fact that PKP4 and SLP4
have a higher apparent binding affinity than PK and SL, which
lack the P4 region. Our NMR results supported the view that
the interaction between P4 and the nsp7/nsp8 complex
increased the affinity for PKP4 and SLP4.

Despite recent intensive studies on SARSr-CoV, including
SARS-CoV-2, understanding the mechanism by which RNA
transcription is initiated has remained elusive. Transcription of
negative-strand RNA from the positive strand is the first and
essential step in transcribing positive RNA and subgenomic

1329

RNA for the betacoronaviruses, including SARSr-CoV.>?
Genomic RNA is transcribed by virus-derived RdRp that
consists of nspl2, nsp7, and nsp8.'”"" Cryo-EM analysis
showed the RdRp consisted of nsp12/nsp7/nsp8 = 1:1:2, with
the template RNA lying in a hole at the interface between
nspl2 and two nsp8.18 In contrast, the binding ratio of the
putative primase complexes, nsp7 and nsp8, was 2:2 (or
8:8).**>* Interestingly, the ratios of nsp7 to nsp8 of RdRp
and putative primase were different. According to the
hypothetical model by Ziist et al,” the transcription is initiated
by nsp7/nsp8 complex binding to the stem-loop structure in
3’PK. Then, this binding prompts primer extension at the 3’
end of RNA and subsequently induces a structural change of
3'PK to a pseudoknot. However, the existence of a pseudoknot
structure in 3'PK had not been experimentally determined.
Here, we demonstrated that the 3'PK of SARS-CoV-2 could
fold into not only a stem-loop but also a pseudoknot structure.
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Previous studies using a computational 3D structure prediction
program® predicted that the pseudoknot structure included
P1pk, P2, and PS stems; however, our NMR analysis (Figure
31) clearly suggested that the PS stem was not included in the
pseudoknot structure.

Previous chemical probing analyses for the whole
genome‘w_34 reported base pairings of A29,636—U29,650,
U29,637—-A29,649, G29,639-U29,646, and C29,640—
G29,64S in 3'PK. In contrast, in our NMR study, these base
pairs were not observed in SL and SLP4 fragments (Figure
3E,K). Except for A29,636—U29,650, these base pairs were
also not observed in the 3 SL3base RNA construct that was
previously reported.”” These bases formed the Plpk stem or
were placed at the junction of the P1pk and P2 regions when
the pseudoknot structure was formed. Having experimentally
determined the stem-loop and pseudoknot secondary
structures for 3'PK, we can deduce that the unreactive bases
located in the loop of the P2 stem in the chemical probing
analysis may be attributed to the small amount of RNA
forming the pseudoknot structure.

The gel-shift assay and NMR analysis of the RNA fragments
with the nsp7/nsp8 mixture showed that the protein mixture
can interact with not only a single stem-loop with a dangling
end but also a branched stem-loop (SLP4) and a pseudoknot
(PKP4). Both PKP4 and SLP4 fragments exhibited mild
chemical shift changes in the '"H NMR signals for the P4 stem
when a nsp7/nsp8 mixture was added (Table S2) and had
slightly higher apparent affinity than SL and PK. These results
suggested that P4 is likely to be involved in nsp7/nsp8 binding.
Our 2D NMR data also demonstrated that the PS stem in
SLP4 was destabilized upon nsp7/nsp8 binding. We also found
that the PS5 region of PKP4 did not form base pairs either when
bound by nsp7/nsp8 complexes or when unbound. The results
provide the first experimental support that the 3’ end of
genomic RNA can be single-stranded after genomic RNA
binds to nsp7/nsp8 in the 3'PK region (Figures 6G,H and S8).

Interestingly, NMR signals for the nsp7/nsp8 mixture
showed significant chemical shift changes upon the addition
of PKP4 or SLPK (highlighted in light green in Figure SA,B).
These signals with sharp spectral features were different from
those of free nsp7,* free nsp8 (BMRB ID 51325) or the nsp7/
nsp8 mixture without the RNA fragments. In addition, broad
signals due to multimerization or fast exchange of proteins in
the nsp7/nsp8 mixture were diminished by adding PKP4 or
SLP4. Previously reported X-ray crystallography structures
suggested that the binding ratio of the nsp7/nsp8 complex
without RNA is a mixture of multiple conformers such as 2:2
and 8:8.°**%"* Our results suggested that binding to the RNA
fragments was likely to induce a conformational change of
nsp7/nsp8 complexes in varied multimerized states into a
unique complex with a specific nsp7/nsp8 multimerized state.
"H NMR signals at 9—10 ppm, which were attributed to the
nsp7/nsp8 mixture, exhibited different chemical shifts in
protein complexes with SLP4 from those in protein complexes
with PKP4 (Figure SAB, asterisked signals). The results
suggested that nsp7/nsp8 complexes bound with SLP4 or
PKP4 have some structural differences, depending on the RNA
structure. We do not yet know why the nsp7/nsp8 complex for
the SLP4/nsp7/nsp8 mixture showed sharp signals for the
1:1:1 mixture but exhibited line-broadening for the 1:2:2
mixture. The difference might imply that the SLP4/nsp7/nsp8
complex was destabilized by loading more nsp7/nsp8, as
suggested in Figure 2. Further studies are needed to examine
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the structural changes in the nsp7/nsp8 complex that are
formed with SLP4 and PKP4, but this task lies outside the
scope of this study, which focuses on structural changes in the
3'PK region upon nsp7/nsp8 binding.

In summary, our results provide the first experimental
evidence of the pseudoknot structure, which is a key concept in
a hypothetical model of the initiation of genomic RNA
replication for SARS-CoV-2 and other SARSr-CoV complexes
(Figure 2). Because this structure is rather rare and is critical
for genomic RNA replication, our results indicate that PKP4
and related fragments can be a therapeutic target for
developing an anticoronavirus drug, including against SARSr-
CoV. The 3'PK regions are highly conserved among
betacoronaviruses.”” In addition, mutation analysis of SARS-
CoV-2 and related viruses showed that rarely occurrin§
mutations at the 3'PK region kept the stem-loop structure.”
These results suggest that the binding agents specifically
involved in forming the structure may potentially suppress
virus proliferation. In addition, our results provide, for the first
time, site-specific details of the RNA structures for the
pseudoknot and stem-loop structures of 3'PK upon interaction
with the nsp7/nsp8 complex. Furthermore, our findings show
that the PS stem of 3'PK is likely to change its structure to
single-stranded (Figure S11B,C) once the primase complex is
bound to 3’'PK in its stem-loop form. Atomic details of how
the primase interacts with 3’PK will be presented in a
forthcoming work.

All RNA fragments were synthesized by T7 RNA polymerase and
purified by electrophoresis. Further details of the RNA preparation
and sequences of template DNA were described in the Supporting
Information.

The SARS-CoV-2 nsp7 and nsp8 genes were cloned into the pCR2..1-
TOPO vector (Invitrogen, Waltham, Massachusetts, USA). Each gene
has an N-terminal Ni-binding tag, followed by a cleavage site for the
HRV 3C protease. Escherichia coli KRX cells (Promega, Madison,
Wisconsin, USA) were transformed by the resultant plasmid and were
cultured for protein expression, which was induced by adding 0.1%
rhamnose. The harvested cells were resuspended with buffer A [20
mM Tris—HCI pH 7.9 or pH 8.0, 500 mM NaCl, 20 mM imidazole, 1
mM PMSF, and cOmplete protease inhibitors (Hoffmann-La Roche,
Basel, Switzerland)] and were disrupted by sonication. After
centrifugation of the cell lysates, the supernatants were mixed with
Ni Sepharose 6 Fast Flow resin (Cytiva, Marlborough, Massachusetts,
USA) and then were incubated at 4 °C for 1—1.5 h. The resin was
transferred to a column and washed. To remove the N-terminal tag,
the eluate from the resin was mixed with the HRV 3C protease
solution and was dialyzed against buffer A without PMSF or
cOmplete protease inhibitors. The dialyzed protein solution was
further purified using Ni Sepharose 6 Fast Flow resin and a HiTrap Q_
HP column (Cytiva). Finally, the protein solution was subjected to gel
filtration on Superdex 200 Increase 10/300 (Cytiva) equilibrated with
buffer B (20 mM HEPES at pH 8.0, 150 mM NaCl, and 1 mM DTT).
Fractions containing the protein of interest were combined and
concentrated.

Storage and reaction buffer components for RNA fragments and
proteins were 20 mM HEPES (pH 7.4, adjusted by NaOH), 140 mM
KClI, and 0.8 mM MgCl,. Reaction-buffer solutions of 0 or 4.95 uM
nsp7 and 0 or 4.95 uM nsp8 were mixed with 0.33 yM RNA. The
mixed solutions were incubated at 20 °C for 10 min and then loaded
onto a 6% polyacrylamide (19:1 = acrylamide/bis) gel containing 35
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mM HEPES, 43 mM imidazole, and 10 mM KCI buffer and run at
100 V for 60 min at 4 °C. Buffer components for electrophoresis were
selected to obtain pH 7.4.%

Bands were stained with GelStar Nucleic Acid Gel Stain (Lonza,
Basel, Switzerland) and visualized with a 470 nm blue LED light. An
apparent dissociation constant (K;) was obtained from the Hill—
Langmuir equation below

_ (L]
Ky + [L]"

0 was obtained from {1 — (free RNA/total RNA)}, [L] was [nsp8].
Free RNA/total RNA was determined from the ratio of RNA not
mixed with protein to free RNA in each RNA—protein mixture.

All the RNA samples were dissolved in 20 mM MES (pH 6.0 adjusted
by NaOH), 140 mM KCl, and 0.8 mM MgCl,, containing 8 or 100%
D,O, with the solution then adjusted to 56—334 yM. RNA and
protein mixture samples were dissolved in 20 mM MES (pH 6.0,
adjusted by NaOH), 140 mM KCl, 0.8 mM MgCl,, 1 mM DTT, and
40 units RiboGuard RNase inhibitor (LGC Biosearch Technologies),
containing 8% D,O with the solution then adjusted to S0 uM SLP4,
50 uM nsp7, and S0 uM nsp8 for the SLP4/nsp7/nsp8 mixture and
50 uM SLP4, 100 uM nsp7, and 100 uM nsp8 for the PKP4/nsp7/
nsp8 mixture. 4 mm diameter Shigemi tubes (Shigemi, Tokyo, Japan)
were used for all the NMR samples. Monovalent and divalent cation
concentrations of NMR buffer were selected based on the ionic
strength of the cytosol.*

The NMR spectra were recorded on Bruker Avance 700, 800, and
900 MHz spectrometers with cryogenic probes (Bruker Biospin,
Billerica, Massachusetts, USA). 1D 'H NMR spectra were collected
with data points of 8k and a spectral width of 25 ppm at 288 K. The
spectral widths (the number of total data points) of each "H—'H 2D
NOESY spectra were 25 ppm (2048 or 4096) for the direct
dimension and 25 ppm (512 or 600) for the indirect dimension, with
a mixing time of 60 or 120 ms and a recycle delay of 1.5 s at 288 or
298 K. The spectral widths (number of total data points) of each
'"H-N HMQC spectrum was 25 ppm (4096) for the direct
dimension and 32 ppm (512 or 600) for the indirect dimension with a
Jun = 120 Hz at 288 or 298 K. Water suppression was achieved with a
Watergate 3—9—19 pulse sequence. Spectra were analyzed by usin,
NMRFAM-SPARKY NMR assignment and integration software’
(https://nmrfam.wisc.edu/nmrfam-sparky-distribution/) and Top-
Spin 3.6.2 NMR processing software (Bruker Biospin).
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