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STRUCTURAL BIOLOGY

Structure of coxsackievirus cloverleaf RNA and 3CP™
dimer establishes the RNA-binding mechanism of

enterovirus protease 3CP"™

Dimagi Dias-Solange, My Tra Le, Keerthi Gottipati*, Kyung H. Choi*

In positive-strand RNA viruses, the genome serves as a template for both protein translation and negative-strand
RNA synthesis. Enteroviruses use the cloverleaf RNA structure at the 5’ end of the genome to balance these two
processes. Cloverleaf acts as a promoter for RNA synthesis and forms a complex with viral 3CD protein, the precur-
sor to 3CP™ protease, and 3DP® polymerase. The interaction between cloverleaf and 3CD is mediated by the 3CP™
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domain, yet how 3CP™ promotes specific RNA-binding is not clear. We report the structure of coxsackievirus clo-
verleaf RNA-3CP" complex, wherein two 3CP™ molecules interact with cloverleaf stem-loop D. 3C”" dimer mainly

recognizes the shape of the dsRNA helix through symmetric interactions, suggesting that 3C

P'® is a previously

undiscovered type of RNA binding protein. We show that 3CD protein also dimerizes on cloverleaf RNA and binds
the RNA with higher affinity than 3CP™, The structure provides insight into the RNA-binding mechanism of 3CP™

or 3CD with other cis-acting replication elements.

INTRODUCTION
RNA viruses have evolved several strategies to maximally use their
small genomes for efficient replication. The viral RNA genomes are
not simply protein-coding transcripts but often serve as functional
macromolecules in their own right, playing central roles in diverse
processes of viral pathogenesis. RNA structures within the genomes
are involved in regulating genome replication, polyprotein transla-
tion, immune response, and even genome packaging and matura-
tion (I1-6). For instance, RNA structures present at the 5" end of the
genomes of enteroviruses and flaviviruses function as a switch to
transition from host ribosome-mediated polyprotein translation of
the genome to viral polymerase-mediated RNA synthesis (1-3).
Enteroviruses are small positive-sense RNA viruses in Picornaviridae
that are associated with many human and animal diseases. Coxsacki-
evirus B3 (CVB3), poliovirus (PV), and human rhinoviruses (HRV)
are the causative agents of acute myocarditis, poliomyelitis, and
respiratory infections, among others (7-10). No treatments are yet
available to combat these viruses and vaccines are available only for
PV. Enteroviruses encapsidate a ~7.5-kb, positive-sense RNA ge-
nome covalently linked to a peptide primer, VPg (virion protein ge-
nome linked), on the 5’ end. The genome consists of a 5" untranslated
region (5'UTR), a single open reading frame (ORF) and a 3'UTR ter-
minating in a poly-A tail. The 5UTR is ~750-nucleotide (nt) long
and contains six conserved RNA domains (I to VI) that are critical
for viral genome replication and polyprotein translation (11). Do-
main I, also called cloverleaf RNA, has a stem-loop structure with a
four-way junction that functions as a promoter for negative-strand
RNA synthesis (12-14). The cloverleaf structure also acts as a switch
to direct the transition from viral translation to genome replication
and serves as the assembly site for the viral replication complex
(15, 16). Domains II to VI constitute the internal ribosome entry
site that recruits the ribosome for initiation of viral polyprotein
translation. The single ORF is translated into a large polyprotein
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(VP4-VP2-VP3-VP1-2A-2B-2C-3A-3B-3C-3D), which is processed
further into three smaller polyproteins: P1, P2, and P3 (17-19). P1
contains capsid proteins (VP1-4). P2 contains 2A protease, 2B ion
channel protein, and 2C nucleoside-triphosphatase (NTPase), all of
which are involved in host interaction functions required for robust
virus replication (20). P3 proteins (3A-D), in both the mature and
precursor (uncleaved) forms, are involved in viral replication. 3A
and its precursor 3AB are small, membrane-binding proteins re-
quired for establishment of the viral replication complex. 3B is VPg,
a peptide primer needed for initiating RNA s¥nthesis (21).3CP and
its precursor 3CD (uncleaved 3CF™ and 3DP?) function as a cysteine
protease, responsible for polyprotein processing to generate mature
viral proteins. 3DP is the RNA-dependent RNA polymerase that
uses the peptide primer VPg to initiate RNA synthesis (22).

Picornaviruses use a primer-dependent initiation mechanism to
synthesize both negative- and positive-strand RNAs (23, 24). The
viral polymerase 3DP! first uses the cis-acting replication element
(CRE) in the internal region of the RNA genome as a template and
synthesizes a VPg-linked primer, VPg-pUpU (13, 25). 3DP is re-
cruited to CRE by a direct interaction with 3CD dimer bound to
CRE (26). Following VPg-pUpU synthesis, the viral replication
complex, composed of the viral 3CD and the host poly-rC binding
protein 2 (PCBP2), assembles on the cloverleaf RNA at the 5" end
(12, 13, 27, 28). The viral genome is then likely circularized via
protein-protein interactions between the cloverleaf-3CD-PCBP2
complex at the 5" end and the poly(A)-binding protein bound at the
3’ end of the genome (29, 30). 3D then uses the VPg-pUpU prim-
er to initiate synthesis of negative-strand RNA at the 3’-end of the
genome to produce a double-stranded RNA (dsRNA) intermediate
(23). Genomic positive-strand RNA is next synthesized from the
negative strand using the VPg-pUpU primer complementary to the
3’ end of the negative strand (13, 30).

During viral replication, 3CD provides an essential RNA-binding
activity, first, by interacting with the CRE RNA to recruit 3DP*' for
initial VPg uridylylation and, subsequently, by binding the clover-
leaf RNA to assemble a replication complex for negative-strand syn-
thesis. The RNA binding domain of 3CD is 3CP™ protease, which
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specifically recognizes CRE and cloverleaf, although a common
RNA-binding motif has not been found in the protease domain.
Thus, the molecular mechanism by which 3CD recognizes two dis-
tinct RNA elements, i.e., cloverleaf and CRE, is not known. Recently
determined crystal structures show that enterovirus cloverleaf RNAs
fold into “H”-shaped structures, stabilized by a unique adenosine-
cytidine-uridine (A+C-U) base triple between stem-loops C and D
(3, 31, 32). We previously determined the structures of the CVB3
and PV cloverleaf RNAs (3). Here, we report the structure of the
CVB3 cloverleaf-3CP™ ribonucleoprotein complex. Unexpectedly,
two 3CP™ proteins assemble on stem-loop D of cloverleaf via sym-
metric interactions with the dsRNA stem. 3CP™ primarily interacts
with the phosphodiester backbones and sugar moieties, implying
that the protein recognizes the shape of base-paired RNA stem as a
dimer. Using mass photometry (MP) and biochemical binding as-
says, we show that two 3CD monomers assemble on RNA, rather
than a preassembled 3CD dimer binding to the RNA, indicating that
RNA structure directs 3CP" dimer formation. We propose that
3CP™ dimer recognizes the shape of the dsRNA helix through sym-
metric interactions, and this mechanism is conserved in cloverleaf
and CRE interaction.

RESULTS

Structure determination of the CVB3 cloverleaf-3CP"

dimer complex

We previously used the tRNA-scaffold approach to determine the
structure of CVB3 cloverleaf RNA (CL-tRNA) (3). Crystals of the
cloverleaf RNA-3CP™ complex were generated by co-crystallizing a
CL-tRNA construct with a protease-inactive mutant of 3CP* made
by substituting Cys'*” with Ala. Additionally, Gly>, Asp®®, and Val®®
of 3CP™ (corresponding to Glu®, Asp®®, and Glu® in PV 3CP™)
were mutated to Ala to prevent potential dimerization as described
in the crystal structure determination of PV 3CD (33). The RNA-
protein complex crystallized in space group P2,2,2, and diffraction
data were collected to 2.87-A resolution. Molecular replacement
with the CL-tRNA [Protein Data Bank (PDB) code 8SP9] and 3CP™
crystal structures (PDB code 3ZYD) indicated that the asymmetric
unit contained one molecule of cloverleaf RNA and two molecules
of 3CP™. Electron density was observed for the entirety of 3CP™
monomers except for the first amino acid at the N terminus and
Arg143 for one molecule (M2) and three amino acids at the C termi-
nus (residues 181 to 183) for both molecules. Electron density for
the entire cloverleaf RNA was observed except for the disordered
apical loop of stem-loop B (14-25), but density for the tRNA scaf-
fold was missing except for C89 in the linker between the cloverleaf
and tRNA scaffold (Fig. 1). In the crystal, each 3CP™ monomer in-
teracts similarly with two copies of the other 3CP"® monomer related
by crystallographic symmetry, i.e., M1 monomer interacts with two
neighboring M2 molecules and vice versa (fig. S1). The tRNA por-
tion of the CL-tRNA was not observed in the structure, and there is
no space in the lattice to accommodate the tRNA, as tRNA would
crash with the 3CP™ monomer (fig. S1). This indicates that the
tRNA scaffold was cleaved during crystallization and excluded from
the crystal. Urea-polyacrylamide gel analysis of the drop solution
that the crystals grew in showed that a smaller RNA fragment was
present in the solution, consistent with tRNA being cleaved before
crystallization. Data collection, scaling, and refinement statistics are
listed in Table 1.
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Coxsackievirus 3CP" binds the entire lateral surface of
stem-loop D as a dimer

Enterovirus cloverleaf RNA consists of stem A and stem-loops B, C,
and D and forms an H-type four-way junction where its four stems
are stacked into two coaxial dsRNA helices (3, 31). The stems A and
D form one contiguous coaxial dsRNA helix, and stems B and C
form the second coaxial dsRNA helix (Fig. 1). Stem-loops B and D
are on diagonally opposite ends of the H-like arrangement of RNA
helices and are antiparallel to each other. The structure of the clover-
leaf and 3CP™ dimer complex shows that 3CP™ dimer interacts ex-
clusively with stem-loop D, and, thus, the other stems of cloverleaf
RNA are not involved in the interaction between cloverleaf and
3CP™ (Fig. 1A). Two 3CP™ molecules occupy the entire lateral sur-
face of stem-loop D and wrap halfway around the dsRNA helix on
one side of cloverleaf, opposite from stem C. Stem-loop D contains
the noncanonical base pairs between >*UCU* and "'UUU” in the
central pyrimidine mismatch region, and the twofold symmetry axis
of 3CP™ dimer lies on the pyrimidine mismatch, roughly perpen-
dicular to the helical axis of the stem (Fig. 1B). However, the shape
of 3CP™ dimer is not complementary to the major groove of the
dsRNA near the twofold axis, and there is no interaction with bases
in the pyrimidine mismatch region (fig. S2). One monomer (M1)
binds the dsRNA stem proximal to the apical loop, and the other
(M2) binds toward the base of the stem and orients in the opposite
direction to M1. Together, the 3CP™ dimer buries a large, positively
charged surface area of ~1400 A” between the 3CP™ dimer and the
RNA (Fig. 24).

The 3CP™ protein folds into a double-p barrel structure with the
protease catalytic triad (Cys'"’, His*’, and Glu™") positioned at the
interface of the two p barrels. The RNA-binding surface in 3CP™ di-
mer lies on the side opposite the protease active site, indicating that
RNA binding should not interfere with the protease function of
3CP™ (Fig. 2A), consistent with previous reports (34-36). Three ma-
jor areas in 3CP™ interact with RNA: the N-terminal o-helix, con-
sisting of amino acids 2 to 13; the inter-domain interface region
82KFRDI®, also called the FG loop; and the hairpin loop **TGK'*
near the C terminus of the protein (Fig. 2, B and C). The 3CP* dimer
has two symmetric RNA-binding interfaces, each of which is formed
by residues from both monomers. Each interface is constituted by
the N-terminal helix and nearby TGK hairpin of one 3CP" molecule
and the FG loop of the other molecule. Specifically, the N-terminal
helix and TGK loop of M1 and the FG loop of M2 interact with the
upper half of stem-loop D, proximal to the apical loop, while the
opposite side of the 3CP™ dimer interacts with the bottom half of
the stem (Fig. 2B). Both the FG loop and the TGK hairpin were
previously identified as RNA binding regions, and single—amino
acid substitutions in the FG loop (Arg®, Asp®, and 11e*, CVB3
3CP™ numbering) and TGK hairpin (Thr'**, Gly'**, and Lys'*®) have
been shown to abolish RNA binding for PV, EV71, and HRV-14
3CP (14, 36-39).

Two 3CP™ proteins provide symmetric interaction sites for
stem-loop D

As noted above, the 3CP™ binding region on the cloverleaf RNA is
localized to stem-loop D, a 34-nt-long dsRNA stem containing the
pyrimidine mismatch (*UCU®® and 7'UUU") and dinucleotide
bulge (*UA*), capped by an apical tetraloop (Fig. 1B) (3). The 3CP™
dimer makes bipartite interactions with stem-loop D in five nucleotide
stretches of Y AGCAC™® and *GGUAC® (Fig. 3). The conformations
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Fig. 1. Structure of the CVB3 cloverleaf RNA and 3CP™ dimer complex. (A) Overall structure of the CVB3 cloverleaf and 3CP™ dimer complex. The structure shows that
two copies of 3CP" interact along the lateral surface of the dsRNA of stem-loop D across from the stem-loop C of cloverleaf. Two 3CP™ monomers are depicted in green
(M1) and violet (M2), and the cloverleaf RNA in gold. The 2Fo-Fc electron density map contoured at 16 is shown as gray cage. (B) Secondary structure of CVB3 cloverleaf
RNA. Four stems of cloverleaf RNA (A, B, C, and D) and the A-C-U base triple between stem-loops C and D are indicated. Pyrimidine mismatch region in stem-loop D is
boxed. The nucleotide numbering corresponds to the cloverleaf RNA sequence in the genome. (C) Comparison of native and bound cloverleaf RNA structures. The clover-
leaf RNA in the 3CP™ complex is colored as in (A), and the native cloverleaf (PDB code 8SP9) is colored in blue. The cloverleaf in the cloverleaf-3CP™ dimer complex can be
superposed on the native structure with a root mean square deviation (RMSD) of 2.24 A across all 70-nt pairs. Interaction with 3CP dimer increases the width of major
groove between U54 and U67 from 8.8 A in the native structure to 11 A in the complex. Positions of cloverleaf U54 and U67 in the native and the complex structures

are indicated.

of the two monomers within the 3CP™ dimer are similar and could
be superimposed with a root mean square deviation (RMSD) of 0.52 A
over 179 Ca atoms. 3CP™ primarily interacts with the phosphate
backbone and the hydroxyl groups of the sugar moieties in the dsR-
NA stem, indicating that 3CP™ recognizes the shape of the dsRNA,
rather than specific nucleotides (Fig. 3). Symmetric interactions
were observed across the major groove of stem-loop D near the two-
fold axis of 3CP™ dimer involving Argn, Arg84, and Asp85 from each
monomer (Fig. 3A). In M1, the side chain of Arg®* and backbone of
Asp® of FG loop interact with the phosphate backbone of U67 and
U54, while the same atoms of M2 interact with phosphate back-
bones of C51 and C70 across the major groove (Fig. 3A). As a result
of the symmetric interactions of 3CP™ dimer, the major groove edg-
es between U54 and U67 and between C51 and C70 are maintained
at a constant width of 11 A. Further, Arg" from the N-terminal he-
lix of M1 interacts with the phosphate backbone of A68, while Arg"’
of M2 interacts with phosphate backbone of A52 across the major
groove (Fig. 3A). Arg"® of both monomers additionally interacts
with the phosphate backbone of C53.
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Symmetric interactions with purine bases are also observed with
Glu® and Asn®. Glu’ and Asn® of M1 interact with G50 and G76,
while Glu® and Asn® of M2 interact with G66 and A60, respectively
(Fig. 3A). Radiating from the twofold axis of 3CP" dimer, additional
residues from the N-terminal helix, FG loop, and TGK hairpin in-
teract pseudo-symmetrically with the backbone phosphates and 3’
hydroxyl groups of dsRNA stem (Fig. 3, A and B). 3CP™ also inter-
acts with single-stranded regions of A63 and G65 in the tetra-loop
and A49 within the UA bulge. Details of RNA-protein interactions
are shown in Fig. 3B.

The structure of the cloverleaf-3CP™ dimer complex is consistent
with previous reports on the requirements of RNA structure for 3CP*
interactions. Mutations in the stem of stem-loop D of HRV 14 clover-
leaf were generally tolerated for 3CP™ interactions, suggesting that
the nucleotide sequence in the stem is not important, provided the
base pairing is maintained (37). Further, substitutions in the apical
loop or base-pairing substitutions in the pyrimidine mismatch re-
gion did not affect interactions of stem-loop D with 3CF® (37). Our
structure of the cloverleaf-3CP* dimer complex shows that 3CP™
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Table 1. X-ray crystallographic data collection and refinement
statistics. Data collection statistics were obtained using HKL2000 (66).
Model refinement statistics were obtained from Phenix (67). The final
refined model and reflection files were deposited to PDB with accession
number 9DCF. RMSDs, root mean square deviations.
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recognizes the overall structure of the dsRNA helix and that 3CP*
and cloverleaf binding does not involve many base-specific interac-
tions, consistent with previous reports. Additionally, nuclear mag-
netic resonance (NMR) chemical shift perturbations using CVB3
stem-loop D and 3CP indicated that 3CP* may interact with nucleo-
tides adjacent to the triple pyrimidine mismatch (C53 and C70) and
tetraloop including the closing UG base pair (*'UCACGG®®) (40, 41).
In the structure, 3CP™ dimer interacts with the face of stem-loop D
where C53 and C70 present their major groove edge and with the
tetraloop (A63, G65, and G66) (Fig. 3), consistent with the NMR
studies. Two CVB3 cloverleaf mutations that abolished 3CP* and
3CD interactions in a yeast three-hybrid system are individual dele-
tions of C64 and U71 (40). 3CP™ does not interact with C64 in the
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tetraloop, as the base faces away from the 3C*" dimer. However, de-
letion of C64 would render the tetra-loop a tri-loop, and, thus, the
deletion likely affects the conformation of the loop, preventing opti-
mal interactions with 3CP™ dimer. U71 is part of the pyrimidine mis-
match, and 3CP™ dimer does not directly interact with this region.
However, the twofold symmetry axis of the 3CP* dimer is located in
the pyrimidine mismatch, where four arginine residues (Arg" and
Arg™ from each 3CP™ monomer) bind in the major groove. Conse-
quently, deletion of U71 in the pyrimidine mismatch would distort
the dsRNA helix, and prevent symmetric 3CP* dimer binding.

Cloverleaf RNA and 3CP"™ dimer interaction does not require
a large conformational change

We next determined whether cloverleaf and 3CP™ interactions in-
duced any structural changes in the RNA and/or protein components
by comparing the individual cloverleaf and 3CP™ structures with
those in the complex (3). The cloverleaf RNA structures could be su-
perposed with an RMSD of 2.24 A over all 70-nt pairs (Fig. 1C). The
largest differences are found in stem-loop D, including the apical loop,
upper stem, and UA bulge, the areas that interact with 3C™°. In the
complex, because of the symmetric interaction with Arg" and Arg®
with stem-loop D, the major groove between U54 and U67 was en-
larged to 11.0 from 8.8 A in the native structure (Figs. 1C and 2A). As
a result, the apical loop is tilted toward stem-loop C in the complex
compared to the native cloverleaf structure. The apical loop “CACG®
of stem-loop D forms the UNCG motif, wherein the sugar edge of
U62 interacts with the Watson-and-Crick face of syn-G65. The UNCG
tetraloop conformation is largely maintained in the complex with
only a small adjustment in the positions of A63 and C64 bases (Fig.
1C). There was no gross structural change in 3CP™ upon cloverleaf
interaction. Each of the two monomers in the 3CP™ dimer in the com-
plex could be superposed with the native 3CP*° (PDB code 3ZYD)
with an RMSD of 0.56 A over 179 Ca atoms.

3CD dimerization is induced by RNA interaction

Although two 3CP* molecules bind cloverleaf, the two 3CP** mono-
mers do not have extensive interactions with each other, with only
185 A? of buried surface area. The 3CP™ dimer interface seen in our
structure is distinct from those previously observed in the crystal
structures of enterovirus 3CP" dimers, which bury between 750 and
880 A2 of surface area (fig. S3) (42-46). The lack of extensive dimer
interface in 3CP™ suggests that 3CD (or 3CP*®) dimerizes on RNA,
rather than a preassembled 3CD (or 3CP™) dimer binding RNA. Thus,
we tested the oligomerization state of CVB3 3CP" and 3CD in
the absence and presence of cloverleaf RNA using MP. MP measures
the interference between the light scattered by the molecule and the
light reflected by a measurement surface, which is directly correlat-
ed with molecular mass (47). In vitro—transcribed cloverleaf RNA
without the tRNA scaffold was used for MP. We tested protein and
cloverleaf RNA interaction at two different salt concentrations, 40
and 100 mM KCl. When 3CP™ (50 nM) was incubated in the ab-
sence of RNA, a single peak at 39 + 7 kDa was apparent at both salt
concentrations, which corresponds to 3CP™ dimer (21.4 X 2 = 42.8 kDa)
(Fig. 4A). Note that the size of 3CP" monomer (21 kDa) is below the
detection limit of MP and, thus, would not be detected. To deter-
mine whether 3CP™ exists in monomer and dimer equilibrium in
solution, 3CP™ was analyzed by size exclusion chromatography.
3CP™ elutes as a single peak corresponding to the dimer size (fig.
S4B). Thus, CVB3 3CP™ exists predominantly as a dimer in solution.
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Fig. 2. Two 3CP™ proteins provide symmetric interaction sites for stem-loop D. (A) Arrangement of 3C°"° dimer on stem-loop D. Two 3CP™ monomers bind stem-loop
D in opposite orientations. The 3C°" residues are colored in green (M1) and violet (M2). The twofold axis of the dimer is indicated. 3C°" folds into a double-p barrel struc-
ture, and the active site (His*®, Glu”', and Cys'¥, pink) is located between the two j barrels on the surface opposite the RNA-binding site. Electrostatic potential of the same
surface of the dimer is shown below with positive charge shown in blue and negative charge in red. (B) Bipartite RNA-interaction surface formed by 3C*™ dimer. 3C°™

dimer forms two symmetric RNA-binding sites on stem-loop D. Each site is formed

by the N-terminal helix and TGK hairpin of one 3C"® monomer and FG loop of the

other. (C) Sequence alignment of enterovirus 3C°". The 3C°™ sequences of CVB3 (AAC60718), PV (NP_740476), HRV14 (AAA45758), and HRV2 (WLV75740) were used for

the alignment. The cloverleaf RNA-binding site, protease active site, and predicted 3

When 3CP™ (50 nM) was incubated with cloverleaf RNA (250 nM),
an additional peak at 73 & 12 kDa appeared, which corresponds to
the molecular mass for 3CP™ dimer and one cloverleaf RNA (21.4 X
2 + 31.8 = 74.6 kDa). The amount of the 3CP™ dimer and cloverleaf
RNA complex accounted for 17% of the total counts in 100 mM KCI
and increased to 76% in 40 mM KCl (Fig. 4A). Thus, 3CP™ binds
cloverleaf as a dimer, consistent with the structure.

When 3CD (50 nM) was incubated in the absence of RNA, a
major peak appeared at 68 + 12 kDa (40 mM KCl) or 73 + 24 kDa
(100 mM KCl), corresponding to a 3CD monomer (calculated mass
of 73.8 kDa) (Fig. 4B). Additionally, a small peak at 147 + 30 kDa
(9% of the total counts), corresponding to the 3CD dimer, was ob-
served at 40 mM KCl but not at 100 mM KClI (Fig. 4B). Thus, CVB3
3CD exists largely as a monomer with a small population of dimer.
A ~45-kDa peak was also observed at 40 mM KCI, which was great-
ly reduced in 100 mM KCL. The identity of the peak is not clear, but
it might be degradation products of 3CD, which aggregate at low-salt
conditions but became soluble at high salt. Next, when 3CD (50 nM)
was incubated with cloverleaf RNA (250 nM), one additional peak
appeared at 174 + 14 (40 mM KCl) or 170 + 27 kDa (100 mM KCI),
accounting for 19 to 23% of total counts. The mass corresponds to a
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Dp°'—binding site are indicated. Conserved amino acids are shown in bold.

3CD dimer and one cloverleaf RNA (73.8 X 2 + 31.8 = 179.4 kDa).
Thus, monomeric 3CD dimerizes on cloverleaf RNA, rather than
binding as a preassembled dimer.

3DP°' domain of 3CD provides additional binding surface for
interaction with cloverleaf RNA

The 3CP™ domain of 3CD is the major RNA binding domain, yet
3CD binds cloverleaf with ~10-fold higher affinity than the 3CP™
domain alone, suggesting that 3D domain contributes to RNA in-
teractions (48, 49). Thus, we compared binding of CVB3 3CF™ and
3CD with stem-loop D (34 nt) and cloverleaf RNA using electropho-
retic mobility shift assays (EMSAs). When stem-loop D was incu-
bated with 3CP™ or 3CD, both proteins bind similarly (Fig. 5A). This
confirms that the 3CP* domain of 3CD is the major determinant for
stem-loop D interaction, and the 3DP°! domain does not contribute
to stem-loop D binding. This is also consistent with the structure, as
3CP™ interaction with cloverleaf RNA is localized on stem-loop
D. In contrast, when full-length cloverleaf RNA was used for 3CP*°
and 3CD interaction, 3CD binds to the cloverleaf with higher affinity
than 3CP™, indicating that the 3D domain of 3CD provides an ad-
ditional RNA-binding site to the cloverleaf RNA (Fig. 5B).
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To better understand how the 3DP°' domain enhances RNA bind-
ing affinity of 3CD, we modeled 3CD and cloverleaf interaction (Fig.
5C). The structure of PV 3CD protein shows that 3CP™ and 3DP"!
domains, connected with a flexible seven-residue linker, do not in-
teract with each other (PDB code 2IJD) (33). Two 3CD molecules
were modeled onto the cloverleaf RNA by superposing the 3CP™ do-
main of 3CD with that of the complex. In the resulting model, the
two 3DP! domains of 3CD flank stem-loop C of cloverleaf in oppo-
site orientations (Fig. 5C). The fingers subdomains of both 3DP*!
monomers are located adjacent to stem-loop C, suggesting that the
3D domains likely increase the binding affinity by providing po-
tential surface of RNA interaction. Previously, Lys>'° to Ala substitu-
tion in PV 3CD (corresponding to Lys'?’ in 3DP sequence) was
shown to severely impair its ability to form the ternary complex with
cloverleaf RNA and PCBP2 (50). In addition, transfections with PV
cDNA constructs coding for 3DP° mutations, Lys'?/Lys"**/Lys'” or
Lys'?’/Arg'®/Asp'® to Ala did not yield virus, suggesting that this
area is important for viral replication (51). Lys'*’ is in the conserved
basic region, "*’KKRDI'*" of all enterovirus and rhinovirus 3pP!
proteins. In the cloverleaf-3CD model, the KKRDI region of 3DP*!
(M1) is positioned near stem-loop C, suggesting that this region
could play a role in RNA-protein interactions (fig. S5).

In the 3CD dimer-cloverleaf complex model, the cleavage site be-
tween 3CP™ (GIn'**) and 3DP* (Gly'®) is positioned far away from
the active site, indicating that the two monomers in the cloverleaf
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bound 3CD dimer would not cleave each other. The viral genome is
likely circularized during replication, allowing the 3’ end of the ge-
nome to be positioned near the cloverleaf-3CD-PCBP2 complex at
the 5 end (29, 30). Because 3CD also interacts with the 3’ end of the
genome near the 3’ polyA tail (49), the 3CD in complex with clover-
leaf RNA could cleave the 3CD bound at the 3" end of the genome to
generate 3DP ol Alternatively, the 3CD dimer on cloverleaf RNA
could provide an interaction site for 3D and recruit 3D to initi-
ate RNA synthesis at the 3’ end of the genome.

DISCUSSION

What is the consensus RNA motif recognized by 3CP?

3CP™ specifically binds cloverleaf RNA, yet the cloverleaf-3CF™ di-
mer structure shows that 3CP™ primarily binds to the phosphate
backbone of the dsRNA rather than interacting with specific bases.
This suggests that 3CP™ recognizes the RNA sequence indirectly via
directly interacting with the sugar-phosphate backbone. Thus, 3CP™
is a previously undiscovered type of RNA binding protein that rec-
ognizes the sequence-specific shape of base-paired dsRNA as a di-
mer. In this case, what provides the specificity of the 3CP™ dimer to
bind cloverleaf or CRE RNAs? Crystal structures of enterovirus
3CP™ show an identical chymotrypsin fold. Thus, specific interac-
tions between enteroviral 3CP™ proteins and their cognate cloverleaf
RNAs may be required for virus-specific protein-RNA interactions.
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The N-terminal helix in the RNA-binding site of 3CP* shows large
sequence variation among enteroviruses (Fig. 2C). Thus, this area
may play a role in distinguishing the cognate viral RNA from other
RNAs. Additionally, although 3CF™ does not recognize specific bas-
es, a characteristic recognition motif could be deduced from com-
paring the primary and secondary RNA structures of cloverleaf
RNAs that bind CVB3 3CF™ (52). They include cloverleaf from PV,
CVB3, HRV14, and bovine enterovirus (BEV), and cloverleaf mu-
tants of CVB3 and HRV2 (Fig. 6A). To a first approximation, the
3CP™ recognition site is a stem-loop structure composed of an apical
loop and a continuous dsRNA stem of at least 12 base pairs (BP 1-
12), where 3CP™ interacts with BP 1-4 and BP 9-12. Second, similar
base types are observed in symmetrically equivalent positions with-
in the 3CP"-binding site (BP 1-4 and BP 9-12), allowing 3CP" to
bind as a dimer. The two 3CP™ monomers of the dimer interact with
PGCAC>/GUAC® in CVB3 cloverleaf RNA, which corresponds
to GUAC/GUAC in PV and GUAC/GUAA in HRV2 cloverleaf
RNAs. Third, the central four base pairs (BP 5-8) are U rich and may
prefer to form noncanonical base pair interactions. The 3CP™ dimer
interacts with the major groove of this central region and increases
the width of the major groove to 11 A (Fig. 1C). The width of the
major groove in dsRNA is determined by base pair sequences and
can vary by as much as 6 A, ranging from 5 to 11 A (53). Thus, 3CP*
may prefer binding to dsRNA sequences that form “breathable” stems
that could easily expand upon binding. Last, a tetra-loop sequence
at the apical stem-loop is preferred over tri-loop or penta-loop, which
is seen in HRV 14 and BEV cloverleaf 2, respectively (Fig. 6A) (52).
A purine (G or A) nucleotide is preferred at the 3’ terminal position
within the tetra-loop (Fig. 6A).
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Implications for 3CD dimer interaction with CRE
Picornaviruses use CRE, an internal stem-loop structure, to generate
the uridylylated VPg primer. CRE has a large 14-nt loop, wherein the
AAA sequence is present at 5- to 7-nt position of the loop (54). Viral
3CD and 3D proteins assemble on CRE (Fig. 6B), and 3DP! uses
the AAA sequence within the apical loop of CRE as the template for
the VPg uridylylation reaction (55, 56). 3CD was proposed to bind
CRE as a dimer, which then recruits 3D to CRE (26, 57-60). The
discovery that 3CD (and 3CP™) binds cloverleaf RNA as a dimer
suggests that 3CD interaction with CRE is likely analogous to that
observed with cloverleaf RNA. For 3CD and CRE interaction, it was
shown that the 3CP"™ domain of 3CD specifically recognizes the stem
proximal to the apical loop of CRE and that its interaction with the
stem is not sequence specific but does require a stabilized dsRNA
helix (25, 57, 61). The same RNA-binding residues in 3CP* (FG loop
and TGK hairpin) were implicated for both cloverleaf and CRE in-
teraction (38, 52). In addition, the N-terminal residue Asp® was sug-
gested to be involved in CRE interaction, because a substitution of
Asp’ to Ala in PV 3CP™ reduced CRE binding by twofold (62). Al-
though the N-terminal region of 3CP™ has not been implicated in
cloverleaf interaction, our structure shows that the N-terminal a-
helix containing Glu® is part of the RNA-binding site (Fig. 3A). Thus,
the 3CP™ dimer likely binds to the CRE stem-loop along the phos-
phate backbone, with a similar mode of interaction as observed in
our structure of the cloverleaf-3CP™ dimer complex.

To provide further insight into the assembly of the VPg uridylylation
complex, we modeled the CRE, 3CP™ dimer, and 3D complex. CRE
RNA from HRV14 (PDB code 1T28) was superimposed with stem-loop
D of cloverleaf in the cloverleaf-3CP™ complex (Fig. 6C). In the resulting
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Fig. 5. 3CD increases the binding affinity to full-length cloverleaf RNA but not stem-loop D. (A) Gel shift assays of 3C"™ and 3CD with cloverleaf stem-loop D. Stem-
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finity than 3C°™. (C) Model of 3CD and cloverleaf RNA interaction. The 3CD and cloverleaf complex was modeled by superposition of 3C" domain of 3CD (PDB code 21JD)
onto each of the 3CP° domains in the cloverleaf-3CP dimer complex. 3DP°' domains (lighter colors) of both 3CD proteins extend toward and flank stem-loop C, likely

providing additional interaction with cloverleaf RNA.

CRE-3CP™ dimer model, the stem of CRE can interact with 3CP* dimer
similar to the way cloverleaf RNA and the 3CF™ dimer interact in their
complex. We mapped the PV 3CP™ residues implicated in interaction
with 3DP?, Glu**, Glu®, and Asp” (corresponding to Pro*’, Glu*®, and
Glu” in CVB3 3CP™) on the CRE-3CP™ dimer complex (Figs. 2C and
6C) (62). All three residues are surface exposed. In particular, Glu®®
and Glu® of M1 monomer lie on the surface facing the apical loop of
CRE, ideal for 3DP* interaction (Fig. 6C). To model the 3CF* dimer and
3DP interaction, we next used a structure of 3DP° complexed with tem-
plate and primer (PDB code 3KOA) and overlaid the RNA template on
the AAA region of CRE (63). 3D could be placed on 3C™™ without
steric clashes (Fig. 6D). In the resulting model of the CRE-3CP™ dimer-
3D complex, the apical loop of CRE is inserted into 3DP* from the
front of the pol?fmerase into the template-binding channel, and the ac-
tive site of 3DP* is placed near the AAA sequence in the CRE loop, ide-
ally positioned for VPg uridylylation (Fig. 6D). It seems that the size of
the CRE loop ensures that 3DP* is within the proper distance from the
3CP™ surface. A longer or shorter CRE loop would not support stable
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engagement on the 3C*" dimer, consistent with previous reports (37, 48).
Stabilizing interactions between 3CP™ and 3D would also likely re-
strict the movement of 3DP* on the CRE template, limiting the number
of uridine 5'-monophosphates linked to VPg during the uridylylation
reaction. In the current model of VPg uridylylation, the first uridine
5'-triphosphate (UTP) base pairs with the first A of the AAA sequence
within the CRE loop. After addition of a single uridine to VPg, the na-
scent VPg-pU then slides back and the second UTP base pairs with the
first A of the AAA sequence (64). It seems likely that catalysis in the
confined space of the CRE-3CD dimer-3DP* complex may be a mecha-
nism to restrict VPg uridylylation to VPg-pUpU.

METHODS

Construction, expression, and purification of CVB3 CL-tRNA
The CL-tRNA fusion construct for CVB3 was previously described
(3). Briefly, the CVB3 cloverleaf RNA sequence (nucleotides 1 to 87 of
AY752944.2) was inserted into the anticodon loop of human tRNA™
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(B) The secondary structure of CVB3 and HRV14 CRE. CRE contains a 14-nt apical loop, wherein the AAA sequence positioned at 5 to 7 nt (bold) is used for VPg uridylylation.
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with additional C88 to base pair with G1 to generate CL-tRNA (153 nt).
DNA encoding the designed CL-tRNA was synthesized at Epoch Bio-
sciences (Houston, TX) and inserted into pBluescript II SK(+) vector
under the control of Escherichia coli (E. coli) Ipp promoter and rrnC
terminator. The plasmid containing CL-tRNA was transformed into
E. coli BL21(DE3) cells, and the cells were grown overnight in 2X YT
(yeast extract tryptone) medium at 37°C. The cells from 2 liters of
culture were harvested and resuspended in 9 ml of 10 mM tris-HCl
buffer (pH 7.4) containing 10 mM magnesium acetate. Saturated
phenol (12 ml) was added to the cell suspension to extract RNA, and
the solution was centrifuged at 20,000g for 30 min at 20°C to remove
cell debris. The resulting aqueous phase was mixed with 0.1 volumes
of 5 M NaCl and 2 volumes of absolute ethanol, and the RNA pelleted
by centrifugation at 20,000g for 30 min at 4°C. The RNA pellet was
dissolved in buffer A [40 mM sodium phosphate or tris-Cl (pH 7.0)]
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and loaded on HiLoad 16/20 Q HP anion-exchange column (Cytiva,
formerly GE Life Sciences) equilibrated with buffer A. The CL-tRNA
was eluted with 0.5 to 0.6 M NaCl gradient in buffer A. The RNA frac-
tions were analyzed by electrophoresis on 8% urea-polyacrylamide
gel. The pooled sample was buffer exchanged to water and concen-
trated to 15 to 20 mg/ml.

In vitro transcription of cloverleaf and stem-loop D RNA

CVBS3 cloverleaf and stem-loop D RNAs were generated by in vitro
transcription using T7 RNA polymerase. The DNA templates for
CVB3 cloverleaf and stem-loop D RNAs were individually generated
using polymerase chain reaction from the CL-tRNA plasmid. RNA
was in vitro transcribed using standard T7 RNA polymerase tran-
scription methods (65). The transcription reaction was prepared by
combining 10 mM ribonucleoside triphosphates (rNTPs), 200 nM
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DNA template, and T7 RNA polymerase (200 pg/ml) in buffer con-
taining 40 mM tris-HCI (pH 8.3), 15 mM MgCl,, 2.5 mM spermi-
dine, 10 mM dithiothreitol (DTT), and 0.01% Triton X-100. After
15 min of incubation of the reaction mixture at 37°C, 2 pl of thermo-
stable inorganic pyrophosphatase (2000 U/ml, New England Biolabs)
was added and the reaction continued for 4 hours. At the end of the
reaction, deoxyribonuclease (DNase) was added to the transcription
product in 1:100 ratio and incubated for 30 min at 37°C. Last, 50 mM
EDTA was added, and the sample was spun down. The supernatant
was diluted in buffer A [40 mM sodium phosphate (pH 7.0)] and
loaded onto a Mono Q 5/50 GL ion-exchange column (Cytiva).
The desired RNA eluted between 520 and 570 mM NaCl in buffer
A. Fractions were analyzed on a urea-polyacrylamide gel, and RNA-
containing fractions were pooled and buffer exchanged into water.
Typical yield is ~28 pg of RNA from 1 ml of T7 RNA transcription
reaction for stem-loop D and ~250 pg for cloverleaf RNA.

Expression and purification of 3CP" and 3CD proteins
The full-length CVB3 3CD protein (AAC60718) was designed with
the catalytic Cys'*’ to Ala substitution and a C-terminal hexa-
histidine tag to aid purification of the recombinant protein. In addi-
tion, based on (33), Gly™, Asp™®, and Val®® (corresponding to Glu™,
Asp™®, and Glu® in PV 3CP™) were mutated to Ala to reduce aggre-
gation. The full-length 3CD DNA construct was synthesized at
Azenta (previously Genewiz) and subcloned into a pET28b(+) ex-
pression vector for recombinant expression. DNA plasmid encoding
CVB3 3CP™ was generated by subcloning the 3CP™ sequence from
the plasmid containing the 3CD protein.

3CD and 3CP™ proteins were expressed in E. coli BL21(DE3) cells
and purified as previously described with some modifications (33).
Cells were grown in Luria broth (LB) supplemented with kanamycin
(30 mg/ml) at 37°C to an optical density at 600 nm of ~0.9, and protein
expression was induced by the addition of 0.5 mM isopropyl-p-p-
thiogalactopyranoside with growth continued overnight at 18°C. For
protein purification, the cell pellet from a 2-liter culture was resuspend-
ed in 30 ml of lysis buffer [50 mM tris (pH 8.0), 1 M NaCl, 10% (v/v)
glycerol, 60 pM ZnCl,, 10 mM imidazole, 5 mM p-mercaptoethanol,
0.1% NP-40, DNase (100 pg/ml), and cOmplete EDTA-free protease
inhibitor cocktail (Roche)] and lysed by sonication. Protein in the sol-
uble fraction of the lysate was loaded onto His-Pur Ni-nitrilotriacetic
acid (Thermo Fisher Scientific) metal-affinity chromatography resin
pre-equilibrated in lysis buffer (without the protease inhibitor cocktail
and NP-40). Bound proteins were eluted using a gradient of 25 to
500 mM imidazole in elution buffer [50 mM tris (pH 8.0), 300 M NaCl,
10% (v/v) glycerol, 60 uM ZnCl,, and 5 mM f-mercaptoethanol]. Frac-
tions containing 3CP™ or 3CD were pooled and further purified using
size exclusion chromatography on HiLoad Superdex 16/600 S200 prep-
grade column (Cytiva) equilibrated with buffer containing 50 mM tris
(pH 8.0), 250 M NaCl, 10% (v/v) glycerol, 60 pM ZnCl,, and 1 mM
Tris(2-carboxyethyl)phosphine (TCEP). Purity was assessed using SDS-
polyacrylamide gel electrophoresis (PAGE).

Crystallization, x-ray data collection, and

structure determination

Purified 3CP™ was mixed with CL-tRNA in a 1:1 molar ratio, and
crystallization trials were performed in sitting-drop format using
commercial sparse matrix crystallization screens. A drop volume of
0.3 pl and well solution of 50 pl were used for the trials. Successful
hits were further optimized by sitting-drop vapor diffusion method
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at 20°C. Diffraction quality crystals were obtained after 12 to 15 days
in 8% (v/v) Tacsimate (pH 6.0) and 25% (w/v) of polyethylene glycol
3350. For data collection, crystals were passed through mother li-
quor with 20% (v/v) glycerol and flash frozen in liquid nitrogen.
Diffraction data to 2.87-A resolution were collected at the Advanced
Light Source beamline 8.2.2 (Lawrence Berkley National Laborato-
ry, CA) and processed using HKL 2000 (66). The crystal belonged to
space group P2,2;2 with unit cell dimensions of a = 91.02 A,
b =200.82 A, and ¢ = 71.12 A. The initial solutions were found by
molecular replacement with CVB3 cloverleaf (PDB code 8SP9) and
3CP™ (PDB code 3ZYD) as search models using the Phaser program
within the Phenix application suite (67). Reflections with I/cI > 0.6
were included during refinement. The final model contained one
molecule of CVB3 cloverleaf and two molecules of 3CP™ in the
asymmetric unit with a solvent content of 66% and was refined to an
R and Rge. of 0.24 and 0.27, respectively. The tRNA scaffold was
cleaved from the CL-tRNA as was later verified using TBE/urea-PAGE
of crystals. The final CVB3 cloverleaf and 3CP™ complex structure
contains the entire cloverleaf RNA, except nucleotides 14 to 25, and
two 3CP™ monomers, except Gly' and Arg'** in molecule M2 and
three amino acids at the C terminus (residues 181 to 183) in both
M1 and M2 molecules. For structural analysis, Coot and ChimeraX
were used to determine atomic distances, angles, and surface areas
(68, 69). Atomic coordinates for the CVB3 CL and 3CP™ complex
are deposited to PDB with accession number 9DCE

MP analysis

MP measurements of cloverleaf RNAs (full-length cloverleaf and
stem-loop D) and proteins (3CP™ and 3CD) were performed on
TwoMP mass photometer (Refeyn Ltd.). Cloverleaf RNA without the
tRNA scaffold was used in the measurement. Before each measure-
ment, RNA samples were premixed in an EMSA binding buffer [5 mM
Hepes (pH 7.4), 40 or 100 mM KCl, 2.5 mM MgCl,, 2 mM DTT, and
5% glycerol]. For mass measurement, silicone gaskets with six wells
were placed on microscope coverslips (sample kit from Refeyn Ltd.),
and 16 pl of the buffer was placed in the well. The microscope was
focused on the coverslip surface. To obtain the mass of proteins, 4 pl
of CVB3 3CP™ or 3CD protein was mixed with 16 pl of the buffer
(final concentration of 50 nM). To obtain the mass of the protein and
RNA complexes, the protein samples were incubated with fivefold ex-
cess of cloverleaf RNA (250 nM). Sample binding to the coverslip sur-
face was monitored for 60 s using the AcquireMP software (Refeyn
Ltd.). Data analysis was performed using DiscoverMP (Refeyn Ltd.).
To convert the measured optical-reflection contrast into molecular
mass, a standard curve was created on the basis of dengue virus NS3
and NS5 proteins on the same day (fig. S6).

RNA-protein binding gel shift assays

EMSASs were used to measure the interaction between CVB3 clover-
leaf RNAs (full-length cloverleaf and stem-loop D) and proteins (3CP™
and 3CD). For EMSA, RNA (1 pM) was incubated with increasing
molar amounts of protein (1 to 10 pM) in binding buffer [5 mM
Hepes (pH 7.4), 25 mM KCl, and 2.5 mM MgCl,, 2 mM DTT, and
5% glycerol] for 15 min at room temperature and loaded on a 6 to
12% native polyacrylamide gel. The gel was stained with ethidium
bromide to visualize RNA. EMSA was also used to test whether CL-
tRNA forms a similar complex with 3CP* as the unmodified clover-
leaf RNA (fig. S7). CL-tRNA, in vitro-transcribed cloverleaf RNA
and tRNA alone (negative control) were incubated with increasing
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amount of 3CP™. 3CP* binds CL-tRNA and in vitro-transcribed clo-
verleaf RNA similarly, while it does not bind tRNA. Thus, the tRNA
scaffold does not contribute to nucleoprotein complex formation.
All EMSA experiments were repeated at least twice.
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