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ABSTRACT 

The genomes of positive-strand RNA viruses serve
as a template for both protein translation and genome
replication. In enter o viruses, a c lo verleaf RNA struc-
ture at the 5 

′ end of the genome functions as a
switch to transition from viral translation to repli-
cation by interacting with host poly(C)-binding pro-
tein 2 (PCBP2) and the viral 3CD 

pro protein. We
determined the structures of c lo verleaf RNA fr om
coxsackievirus and poliovirus. Cloverleaf RNA folds
into an H-type f our -wa y junction and is stabilized
by a unique adenosine-cytidine-uridine (A •C-U) base
triple involving the conserved pyrimidine mismatch
region. The two PCBP2 binding sites are spatially
proximal and are located on the opposite end from
the 3CD 

pro binding site on c lo verleaf. We determined
that the A •C-U base triple restricts the flexibility of
the c lo verleaf stem–loops resulting in partial occ lu-
sion of the PCBP2 binding site, and elimination of
the A •C-U base triple increases the binding affinity
of PCBP2 to the c lo verleaf RNA. Based on the c lo ver -
leaf structures and bioph ysical assa ys, we pr opose
a new mechanistic model by which enter o viruses
use the c lo verleaf structure as a molecular switch
to transition from viral protein translation to genome
replication. 
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GRAPHICAL ABSTRACT 

INTRODUCTION 

In positi v e-str and RNA viruses, the vir al genome is the tem-
plate for both viral protein translation and genome repli-
cation. Vir al polymer ases are unable to synthesize RNA
from a positi v e-sense RNA genome that is acti v ely being
translated ( 1 ). Thus, viruses r equir e a mechanism to switch
from genome translation to replication. Enteroviruses and
flaviviruses, two of the most studied positi v e-strand RNA
viruses, use a structur ed r egion of their RNA genome as
an RNA promoter to modulate the transition between
translation and replication ( 2 , 3 ). Enteroviruses, small non-
enveloped RNA viruses of the family Picornaviridae , cause
a wide array of diseases in humans. Well known enterovirus
pathogens include poliovirus (PV) that causes poliomyeli-
tis, and coxsackieviruses and echoviruses that cause dis-
eases with symptoms ranging from respiratory illness and
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septic meningitis to acute myocarditis or myelitis ( 4 ). 
nteroviruses encapsidate a ∼7.5 kb, positi v e-sense RNA 

enome covalently linked to a peptide primer VPg (virion 

rotein genome linked). The genome consists of a 5 

′ un- 
ranslated region (UTR), a single open reading frame 
ORF) and a 3 

′ -UTR terminating in a poly(A) tail. The 5 

′ 
TR is a pproximatel y 750 nt long and contains six con- 

erved RNA domains, I–VI that are involved in the reg- 
lation of genome replication and polyprotein translation 

Figure 1 A). Domain I forms a f our-wa y junction struc- 
ure, called cloverleaf, which functions as the promoter 
or negati v e-str and RNA synthesis by the vir al polymer ase 
D 

pol ( 2 , 5 ). The cloverleaf structure also acts as a switch to
irect the transition from viral translation to genome repli- 
ation and serves as the assembly site of the viral replication 

omplex ( 6–9 ). The other domains, II–VI, form an internal 
ibosome entry site (IRES) that recruits the ribosome for 
nitiation of viral polyprotein translation ( 10 ). 

Enter oviruses contr ol the relati v e le v els of viral protein
ranslation and genome replication by modulating interac- 
ions of cellular and viral proteins with the 5 

′ UTR of the 
enome. At the early stages of viral infection, the cellular 
N A-binding protein, pol y(C)-binding protein 2 (PCBP2) 
inds the cloverleaf RNA and IRES, and increases rate and 

uantity of viral protein translation ( 11 ). Upon translation, 
irally encoded 3CD 

pro , the precursor protein for 3C pro- 
ease (3C 

pro ) and 3D polymerase (3D 

pol ) forms a ternary 

omplex with cloverleaf RNA and PCBP2, which then re- 
resses viral translation and promotes genomic RNA syn- 
hesis ( 6 , 12 , 13 ). Interestingly, the affinity of PCBP2 for
loverleaf increases ∼100-fold in the presence of 3CD 

pro 

 12 ), suggesting that 3CD 

pro stabilizes the interaction be- 
ween PCBP2 and cloverleaf. This differential interaction 

f PCBP2 with cloverleaf RNA in the presence of 3CD 

pro 

irects the switch from viral genome translation to RNA 

eplica tion (nega ti v e strand RNA synthesis). Howe v er, the
olecular mechanism by which the cloverleaf mediates the 

witch is not well understood. Here, we report the crys- 
al structures of cloverleaf RNA from coxsackievirus B3 

CVB3) and PV. The ‘H’-shaped structure of cloverleaf 
NA is stabilized by a unique adenosine-cytidine-uridine 

A •C-U) base triple between stem–loops C and D. Disrup- 
ion of the A •C-U base triple enhances PCBP2 binding to 

lov erleaf, suggesting a ne w model for the translation-to- 
eplication switch. 

ATERIALS AND METHODS 

onstruction, expression and purification of CVB3 and PV 

RN A-cloverleaf (tRN A-CL) 

he tRNA-CL fusion constructs for CVB3 and PV were 
esigned based on the tRN A scaffold a pproach ( 14 , 15 ).
he CVB3 cloverleaf sequence (nt 2–87 of AY752944.2) or 
V cloverleaf sequence (nt 2–88 of V01149.1) was inserted 

nto the anticodon loop of human tRN A 

L ys to generate 
RNA-CL 

CVB3 (153 nt) and tRNA-CL 

PV (156 nt), respec- 
i v ely (Figures 1 B and 1D). Secondary structur e pr ediction
sing the RNAfold program ( 16 ) indicated that the tRNA- 
L RNA maintains the same predicted folds for the indi- 

idual tRNA and cloverleaf. i
DNA encoding the designed tRNA-CL 

CVB3 was synthe- 
ized at Epoch Biosciences (Houston, TX), and inserted 

nto pBluescript II SK + vector under the control of E. coli 
pp promoter and rrnC terminator. The tRNA-CL 

PV was 
enerated from tRNA-CL 

CVB3 by sequential site-directed 

utagenesis replacing the sequence of CVB3 cloverleaf 
N A with PV cloverleaf. Additionall y, a G-C base pair 
as inserted between the tRNA scaffold and the PV clover- 

eaf sequence to facilitate crystallization (Figure 1 D). The 
RN A-CL 

PV containing the A39U m uta tion was genera ted 

y site-directed mutagenesis of tRNA-CL 

PV . 
The plasmids containing either tRNA-CL 

CVB3 or tRNA- 
L 

PV wer e fr eshly transformed into E. coli BL21 cells, and 

he cells were grown overnight in 2x YT medium at 37 

◦C. 
he cells were harvested and resuspended in 15 ml of 10 

M Tris-HCl buffer (pH 7.4) containing 10 mM magne- 
ium aceta te. Sa tura ted phenol (10–15 ml) was added to 

he cell suspension to extract RNA, and the solution was 
entrifuged at 20,000 g for 30 min at 20 

◦C to remove cell 
ebris. The resulting aqueous phase was mixed with 0.1 

olumes of 5 M NaCl and 2 volumes of absolute ethanol, 
nd the RNA pelleted by centrifugation at 20,000 g for 30 

in at 4 

◦C. The RNA pellet was dissolved in buffer A (40 

M sodium phosphate or Tris–Cl, pH 7.0), and loaded on 

iLoad 16 / 60 Q-HP anion-exchange column (GE Health- 
ar e, Buckinghamshir e, UK) equilibra ted with buf fer A. 
he tRNA-CL constructs were eluted with 0.5–0.6 M NaCl 
radient in buffer A. The RNA fractions were analyzed 

y electrophoresis on 8% urea-polyacrylamide gel. The 
ooled samples were buffer-exchanged to 20 mM Tris–HCl, 
H 7.4, containing 100 mM NaCl, and concentrated to 4 

g / ml (tRNA-CL 

PV ) and 30 mg / ml (tRNA-CL 

CVB3 ) for 
rystallization. 

xpression and purification of PCBP2 proteins 

NA plasmid encoding human PCBP2 protein was pur- 
hased from Addgene (Watertown, MA). The full-length 

CBP2 clone was used to subclone KH1–KH2 domain 

KH1 / 2 constituting amino acids 1–168) and the KH3 

omain (amino acids 283-358) with an N-terminal hexa- 
istidine tag followed by a TEV protease cleavage site. Both 

H1 / 2 and KH3 proteins were expressed in Esc heric hia 

oli BL21(DE3) cells. Cells were grown in LB supplemented 

ith 30 �g / ml of kanamycin at 37 

◦C to an O .D . 600 of
0.8, and protein expression was induced by the addi- 

ion of 1 mM IPTG with growth continued overnight at 
8 

◦C. For protein purification, the cell pellet from a 2 L 

ulture was resuspended in 30 ml of lysis buffer (40 mM 

EPES, pH 7.4, 200 mM NaCl, 5% (v / v) glycerol, 5 mM 

-mercaptoethanol and cOmplete ™ EDTA-free protease 
nhibitor cocktail (Roche)) and lysed by sonication. Pro- 
ein in the soluble fraction of the lysate was loaded onto 

ALON ™ (Clontech) metal-af finity chroma tography resin 

re-equilibrated in lysis buffer (without the protease in- 
ibitor cocktail). Bound proteins were eluted using a gra- 
ient of 5–150 mM imidazole in elution buffer (40 mM 

EPES, pH 7.4, 200 mM NaCl, 5% (v / v) glycerol and 5 

M �-mercaptoethanol). KH1 / 2 was further purified us- 
ng size exclusion chromato gra phy on HiLoad Superdex 
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Figure 1. Enterovirus cloverleaf RNA forms an H-type four-way junction. ( A ) Schematic r epr esentation of an enterovirus genome. The genome contains 
one open reading frame (ORF), flanked by a highly structured 5 ′ untranslated region (UTR) and a 3 ′ UTR with a poly(A) tail. The 5 ′ UTR contains 
the cloverleaf and internal ribosome entry site (IRES) structures and is covalently linked to VPg (viral protein genome-link ed). The clo verleaf structure 
is loca ted a t the 5 ′ terminus of the 5 ′ UTR immediately followed by the 3 ′ poly-rC region (hatched box). ( B ) Design of tRNA-fused coxsackievirus B3 
(CVB3) cloverleaf. CVB3 cloverleaf (nucleotides 2–87) is inserted into the anticodon loop of human tRNA 

Lys scaffold sequence to create tRNA-CL 

CVB3 . 
The nucleotide numbers in cloverleaf are also shown on the secondary structure in parenthesis in b lue. Clov erleaf consists of stem A and stem–loops B, 
C and D. The PCBP2 binding site in stem–loop B is colored in yellow, and the 3CD 

pro binding site is colored in green. The pyrimidine mismatch region 
in stem–loop D is box ed. ( C ) Crystal structur e of CVB3 cloverleaf fused with a tRN A-scaffold. Cloverleaf RN A is colored by domain: stem A, orange; 
stem–loop B, blue; stem–loop C, cyan; and stem–loop D, green. The tRNA scaffold is colored purple. The missing nucleotides in stem–loop B are indicated 
by a dotted line. The secondary structure of CVB3 cloverleaf derived from the crystal structure is shown on the right. The PCBP2 binding site, the 3CD 

pro 

binding site and the pyrimidine mismatch region are highlighted as in (B). The nucleotides involved in the A •C-U base triple are indicated by an arrow. ( D ) 
Design of tRNA-fused poliovirus (PV) cloverleaf. The PV cloverleaf sequence (nucleotides 2–88) is inserted into the anticodon loop of human tRNA 

Lys . 
Additional G-C base pair was introduced between the tRNA scaffold and PV cloverleaf sequence to facilitate crystallization (colored in red). Functional 
regions in tRNA-CL 

PV are indicated as in (B). ( E ) Crystal structure of PV cloverleaf fused with a tRNA-scaffold. The tRNA-CL 

PV construct is colored by 
domain as in (C). The secondary structure deri v ed from the crystal structure is shown on the right. PV cloverleaf has two base triples A •C-U and G •G-C, 
and their locations are indicated with arrows. 
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Table 1. X-ray crystallo gra phic data collection and refinement statistics 

tRNA-CL 

CVB3 tRNA-CL 

PV 

Data collection 
Wavelength ( ̊A ) 0.9785 1.542 
No. of reflections 9250 8743 
Space group P 21 C 2 
Unit cell dimensions ( ̊A ) a = 76.4, b = 28.4, c = 113.1, β = 98 . 0 ◦ a = 150.0, b = 28.0, c = 111.3, β = 98 . 0 ◦
Resolution ( ̊A ) 44.7–2.9 (2.97–2.92) * 47.5–3.1 (3.15–3.1) * 

Completeness (%) 83.3 (76.3) 99.5 (99.8) 
Redundancy 2.5 (2.1) 5.4 (4.9) 
I / �I 5.74 (1.1) 6.5 (1.1) 
R p.i.m 

0.094 (0.401) 0.127 (0.635) 
Refinement 
No of reflections 7020 8743 
Resolution range ( ̊A ) 44.7–2.9 47.5–3.1 
R work / R free 29.0 / 30.8 27.5 / 28.9 
No. of atoms 
Nucleotide 2896 3109 
r.m.s deviations 
Bond angles ( ◦) 0.69 0.56 
Bond length ( ̊A ) 0.002 0.007 
B -factors ( ̊A 

2 ) 
Nucleotide 105 114 

* Values in parentheses are for the highest resolution shell. 
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6 / 60 S200 prep-grade column (Cytiva) equilibrated with 

lution buffer. Purity was assessed using SDS-PAGE. 

rystallization, X-ray data collection and structure determi- 
ation 

he tRNA-CL 

CVB3 was crystallized by the hanging-drop 

apor diffusion method at 20 

◦C by mixing the RNA with 

n equal volume of reservoir solution containing 100 mM 

is-Tris, pH 6.5 and 48% pol ypropylene gl ycol (PPG)-P400. 
rystals grew to full size within a week. For data col- 

ection, crystals from the drop were directly flash-frozen 

n liquid nitrogen. PPG-P400 served as a cryoprotectant. 
if fraction da ta to 2.9 Å resolution were collected at 100 

 with a wavelength of 0.9785 Å at the Advanced Pho- 
on Source beamline 21-ID-D (Argonne National Labora- 
ory, Chicago). The data set was processed using HKL2000 

 17 ). The crystal belonged to space group P 2 1 with unit 
ell dimensions of a = 76 . 4 ̊A , b = 28 . 4 ̊A , c = 113 . 1 ̊A and 

= 92 . 0 

◦, and contained one molecule in the asymmetric 
nit with solvent content of 66%. The initial solutions were 

ound by molecular replacement with tRN A 

L ys (PDB code 
LYF) and short dsRNA helix (PDB code 6HU6) as search 

odels using the program PHASER in the PHENIX suite 
 18 ). Manual model building was carried out with Coot 
nd iterati v e refinement was performed with phenix.refine 
 18 , 19 ). Reflections with I / �(I) > 0.7 were included during
 efinement. The final tRNA-CL 

CVB3 structur e contains en- 
ire tRNA-CL except nt 44 to 58 (corresponding to nt 15 to 

9 of cloverleaf) and nt 152–153 (two nucleotides at the 3 

′ 
nd of tRNA). The R and R free factors of the final model 
re 29.0 and 30.8%, respecti v ely (Tab le 1 ). 

The tRNA-CL 

PV was crystallized by the hanging-drop 

apor diffusion method at 20 

◦C by mixing the RNA with 

n equal volume of reservoir solution containing 47% 

PG-P400 and 100 mM Imidazole, pH 7.4. Before seal- 
ng the well, 10% (v / v) methanol was added to the reser- 
oir solution, but not the drop. The crystals grew to full 
ize in ∼2 weeks. For X-ray data collection, the crys- 
als were flash-frozen in nitrogen stream. X-ray diffrac- 
ion data to 3.1 Å r esolution wer e collected at 100 K 

t a wavelength of 1.542 Å using the in-house Rigaku 

RE++DW superbright X-ray source, which is coupled 

o a Rigaku R-AXIS IV 

++ image-plate detector. The data 

et was processed with HKL3000 ( 17 ) and the crystal 
elonged to space group C 2 with unit cell dimensions 
f a = 150 . 0 ̊A , b = 28 . 0 ̊A , c = 111 . 3 ̊A and ß = 98 . 0 

◦. The 
symmetric unit contained one molecule with a solvent 
ontent of 66%. The structure was determined by molec- 
lar replacement with the individual tRNA and clover- 

eaf of tRNA-CL 

CVB3 as search models using the program 

HASER in the PHENIX suite ( 18 ). Manual model build- 
ng and iterati v e r efinement wer e carried out with Coot and
henix.refine ( 18 , 19 ). The final model contained one tRNA- 
L 

PV molecule with the R and R free factors of 27.5 and 

8.9%, respecti v ely (Tab le 1 ). The tRNA-CL 

PV model con- 
ains the entire tRNA-CL 

PV sequence except nt 47–55 (cor- 
esponding to nt 17 to 25 of cloverleaf) and nt 156 (the 3 

′ 
nd of tRNA). 

ioinf ormatic and structur al analysis of entero virus clo ver - 
eaf RNA 

 total of 162 enterovirus sequences were downloaded from 

fam (RF00386) ( 20 ). The cloverleaf sequences contain- 
ng ambiguous nucleotides were removed, and porcine en- 
erovirus sequences that have shorter 5 

′ UTR were manu- 
lly adjusted. The final aligned sequences of 153 cloverleaf 
NAs were used for R-scape analysis to determine con- 

erv ation and co-v ariance ( 21 ). The r.m.s.d. of the CVB3 

nd PV cloverleaf structures were calculated using Chimera 

 22 ). 
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Small-angle X-ray scattering (SAXS) 

SAXS experiments were performed using a Rigaku FR-
E++ X-ray source ( � = 1.542 Å ) and BioSAXS-1000 cam-
era (Woodlands, TX, USA). Samples for SAXS analysis
wer e fr eshly pr epar ed from purified tRNA-CL 

PV wild-type
and A39U mutant in a buffer of 10 mM Tris pH 7.4 and
100 mM NaCl. Scattering intensities, I(q) for the RNA
samples and buffer were recorded as a function of scatter-
ing vector q ( q = 4 �sin �/ �, where 2 � is the scattering an-
gle and � is the X-ray wavelength). SAXS data were col-
lected for se v er al concentr ations of wild-type (0.39, 0.95,
1.85 and 3.3 mg / ml) and A39U mutant (0.33, 0.85, 1.6 and
3.1 mg / ml) to evaluate the effects of concentration on the
scattering curves. For each sample and buffer measurement,
SAXS data were collected in 1-h X-ray exposures to assess
radiation damage, and the 1-h frames with no significant
changes from the first frame were averaged using SAXSLab
(Rigaku) to produce 1D curves. The buffer scattering con-
tributions were subtracted from the sample scattering curve
using the SAXNS w e b server ( https://xray.utmb.edu/saxns-
es.html ). Data analysis was performed using PRIMUS from
the program ATSAS suite 2.7.1, as previously reported
( 23 , 24 ). Experimental SAXS data from different RNA con-
centrations were first analyzed for sample aggregation us-
ing the Guinier plot, where the forward scattering intensity
I (0) and the radius of gyration R G 

were plotted using the
Guinier approximation: I ( q ) ≈ I(0) exp[( −q 

2 R G 

2 ) / 3], with
the limit qR G 

< 1.3. The RNAs with high concentrations
( > 1.6 mg / ml) displayed a mild effect of inter-particle re-
pulsion and thus wer e r emoved from further analyses. The
pairwise-distance distribution function P(r) was calculated
from the entire scattering patterns from WT (0.95 mg / ml)
and A39U (0.85 mg / ml) via indirect Fourier inversion of
the scattering intensity I ( q ). The R G 

and maximum particle
diameter ( D max ) were also determined from P(r) function
for each RNA sample. The SAXS data extrapolated to zero
concentration also have similar R G 

and D max values ( 25 ).
The R G 

and D max values of tRNA-CL 

PV were calculated
from the crystal structure using the program CRYSOL ( 23 )
for comparison to the experimentally determined values. 

Isothermal titration calorimetry binding studies 

For IT C measur ements, PCBP2 proteins and RNA sam-
ples were dialyzed overnight at 4 

◦C in ITC buffer con-
taining 20 mM HEPES, pH 7.4, 200 mM NaCl, 2 mM
MgCl 2 and 5% (v / v) glycerol. PCBP2 protein (KH1 / 2
and KH3 domains) concentrations were measured using
Bradf ord assa ys. RNA controls, stem–loop B (5 

′ GCU-
CUGGGGUUGUA CCCA CCCCA GA GC 3 

′ ) and 3 

′ poly-
rC (5 

′ ACUCCCUUCCCGUA 3 

′ ) were synthesized (IDT,
Cor alville, IA). RNA concentr ations wer e measur ed us-
ing NanoDrop ™ 1000 spectrophotometer (ThermoFisher).
IT C experiments wer e performed using MicroCal PEAQ-
ITC (Malvern, UK). PCBP2 protein (300 �l) was loaded
in the cell in concentrations ranging from 37–70 �M, and
RNA (45 �l) was loaded in the syringe in concentrations
ranging from 320–570 �M. Each run was performed at 4 

◦C
and consisted of 25–30 injections of 1.25 or 1.75 �l each.
IT C measur ements for each combination of PCBP2 pro-
teins (KH1 / 2 and KH3) and RNAs (stem–loop B, 3 

′ poly-
rC, tRN A-CL 

PV and tRN A-CL 

PV (A39U)) wer e r epea ted a t
least twice. Data was analyzed using MicroCal PEAQ ITC
analysis software. 

Modeling of cloverleaf RNA with PCBP2 and 3CD 

pro 

The cloverleaf RNA and PCBP2 complex was modeled us-
ing the Nova-2 KH3 domain structure in complex with
a 20 nt RNA hairpin (PDB accession code 1EC6) ( 26 ).
The nova-2 RNA sequence that interacts with the KH3
domain ( 11 AUCAC 

15 ) corresponds to 

22 UCCCA 

26 and
22 ACCCA 

26 in CVB3 and PV clov erleaf, respecti v ely (see
Figure 5 B). The cloverleaf stem–loop B and Nova-2 RNA
hairpin were overlaid by the stem to generate the clover-
leaf and PCBP2 KH3 domain complex model. The clover-
leaf and 3CD 

pro interaction was investigated using the PV
3CD 

pro structure (PDB accession code 2IJD) ( 27 ). Interact-
ing residues in 3C 

pro and stem–loop D of cloverleaf have
previously been identified ( 28 , 29 ). NMR studies of stem–
loop D in the presence of 3C 

pro suggest that the apical
tetraloop and 

53 C, 61 U, 66 G and 

69 C nucleotides contribute
to 3C 

pro interaction ( 28 ). Further, mutational studies in
3C 

pro identified that R84, D85, I86, T154, G155, K156 and
R176 are involved in the stem–loop D binding ( 29 ). Thus,
3CD 

pro could be manually modelled by placing these 3C 

pro

residues near the apical loop of stem–loop D and the 3D 

pol

domain oriented along the dsRNA helix of stem–loop D in
cloverleaf (see Figure 5 D), since 3D 

pol was also reported to
contribute to cloverleaf RNA interaction ( 30 , 31 ). 

RESULTS 

Entero virus clo verleaf RNA f orms an H-type f our -w ay RNA
junction 

Cloverleaf RNAs from different enteroviruses share a high
degree of sequence identity and show similar predicted sec-
ondary structures, comprising of a stem A and three stem–
loops B, C and D (Figures 1 B, D and S1). The structures of
CVB3 and PV cloverleaf RNAs were determined using the
tRN A-scaffold a pproach as previousl y described ( 14 , 15 ).
Briefly, the anticodon loop of human tRN A 

L ys was replaced
with the CVB3 (nt 2–87) or PV cloverleaf sequence (nt 2–
88) to generate the chimeric tRNA-cloverleaf constructs,
tRNA-CL 

CVB3 (153 nt) and tRNA-CL 

PV (156 nt) (Figures
1 B and D). In these chimeras, stem A of cloverleaf is con-
tinuous with the anticodon stem of tRN A 

L ys . The tRN A-
CL constructs enabled large-scale recombinant expression
and purification of stab le clov erleaf RNA from E. coli . The
tRNA-scaffold was also necessary to obtain crystals, since
the tRNA moiety was involved in crystal contacts in both
RNA structur es. The structur es of CVB3 and PV tRNA-
CL were determined to 2.9 and 3.1 Å resolution, respec-
ti v ely (Tab le 1 ). Entire clov erleaf could be modeled except
the apical loop in stem–loop B, 15 nt in CVB3 and 8 nt in
PV cloverleaf (Figures 1 C, E and S2). 

The cloverleaf RNAs of both CVB3 and PV form an ‘H’
shaped molecule ∼70 Å long and ∼45 Å wide with its four
arms stacked into two coaxial dsRNA helices (Figures 1 C
and E). The stem A and stem–loop D form a contiguous,
coaxial dsRNA helix (one arm of the H) and the stem–
loops B and C form the second coaxial dsRNA helix (the

https://xray.utmb.edu/saxns-es.html
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ther arm of the H). The two larger stem–loops B and D are 
n diagonally opposite ends of the H junction, antiparallel 
o each other. The structures belong to the H-family of 4- 
ay RNA junctions, one of the nine known 4-way junction 

amilies ( 32 ). In CVB3 cloverleaf, both sets of stacked he- 
ices are flush, with no mismatched bases, resulting in a sta- 
le contiguous double helical RNA structure (Figure 1 C). 
n PV cloverleaf, stem–loops B and C are stacked similar 
o CVB3 cloverleaf, whereas the stem A and stem–loop D 

tack is misma tch-media ted by a single base G 

46 insertion at 
he junction (Figure 1 E). G 

46 in PV cloverleaf interacts with 

he 51 G-C 

78 base pair and form a G •G-C base triple, pro- 
iding additional stability (see Figure 2 D and G). The sec- 
ndary structures of CVB3 and PV clov erleaf deri v ed from 

he crystal structures are identical to the prediction except 
 nucleotide at the f our-wa y junction in the PV cloverleaf, 
here C 

81 base pairs with G 

9 , instead of the predicted G 

46 

see Figure 1 D, E). 

loverleaf RNA is stabilized by a conserved A •C-U base 
riple 

ntero virus clo v erleaf is highly conserv ed, and CVB3 and 

V cloverleaf RNAs share a 57% sequence identity (Fig- 
re 2 A). The overall structures of CVB3 and PV clover- 

eaf RNAs are thus similar, and the two structur es ar e su- 
erimposable with an r.m.s.d. of 1.99 Å over 64 C3’ atom 

airs (Figure 2 B). The biggest difference between the two 

tructures lies in the proximal portion of stem–loop D, due 
o an additional nucleotide G 

46 in PV cloverleaf. Sequence 
lignment of 153 entero virus clo verleaf RNAs were further 
sed to identify conserved nucleotides and base pair covari- 
nce by R-scape (Figure 2 C) ( 21 ). The highly conserved nu- 
leotides ( > 97% conservation) were found in the poly-rC 

equence in stem–loop B as well as stem–loops C and D. 
In the crystal structures, stem–loop C forms a conserved 

C-rich dsRNA stem with the apical loop containing a 

ighly conserved adenosine A 

39 (Figure 2 C). Stem-loop D 

lso forms a GC-rich stem containing a thr ee-p yrimidine 
ismatch ( 54 UCU 

56 and 

71 UUU 

73 in CVB3 cloverleaf and 

5 UCC 

57 and 

72 UUC 

74 in PV cloverleaf). In both struc- 
ur es, the p yrimidine mismatch forms three non-Watson- 
rick base pairs, U-U, C-U and U-U (or C-C) with two 

ydrogen bonds per base pair (Figures 2 D-F). Further, the 
tructures show a new tertiary interaction between stem– 

oops C and D, where the conserved A 

39 of stem–loop C is 
nserted into the minor groove of the pyrimidine mismatch, 
nteracting with the central C-U base pair. The A 

39 base 
orms two hydrogen bonds with each nucleotide of the C-U 

ase pair via its Watson-Crick and Hoogsteen edges (Fig- 
res 2 E and F). This novel A •C-U base triple, observed in 

oth CVB3 (A 

39 •C 

55 -U 

71 ) and PV (A 

39 •C 

56 -U 

72 ) cloverleaf 
tructures, differs from the more common A-minor motif, 
herein the sugar edge (N1-C2-N3 edge) of A is inserted 

nto the minor groove of a dsRNA helix ( 33 , 34 ). Formation
f the A •C-U base triple r equir es narrowing the width of 
he minor groove from a typical ∼11 Å (C1’-C1’ distance) 
o ∼8.5 Å at the central C-U base pair in the pyrimidine 
isma tch, indica ting tha t the pyrimidine mismatch func- 
ions as a structural funnel to reduce the width of the mi- F
or groove (Figures 2 E and F). The existence of the A •C-U 

ase triple is also consistent with SHAPE analysis, in which 

 

39 and pyrimidine mismatch nucleotides ( 54 UCU 

56 and 

1 UUU 

73 in CVB3) show low reactivity (Figure S3) ( 35 ). 
hese e xtensi v e interactions in the base triple are unique to 

he cloverleaf RNA structure and have not been reported 

 or an y RNA structures in the RNA base triple database 
 http://rna.bgsu.edu/triples/triples.php ) ( 36 ). 

The A •C-U base triple would stabilize the overall ‘H’ 
onformation of cloverleaf, and likely restrict hinge-like 
otions between the two arms, i.e. the stacked helix of 

tem–loops B and C, relati v e to the stacked helix of stem 

 and stem–loop D. To test the effect of the A •C-U base 
riple on cloverleaf RNA dynamics, we used small-angle X- 
ay scattering (SAXS) and measured the scattering profiles 
f wild-type and A39U mutant PV cloverleaf RNAs in solu- 
ion (Figure 3 A). The A39U mutant cannot form the A •C- 
 base triple, and thus stem–loop C would move in relation 

o stem–loop D, broadening the spatial distribution of the 
nsemb le of clov erleaf structures. Such a change would be 
isible in the pairwise distance distribution function P ( r ), 
hich r epr esents the distribution of distances between pairs 
f atoms within the RNA sample. The P ( r ) function for the
ild-type PV cloverleaf displays a skewed distribution with 

 peak in the 30–40 Å range, corresponding to the atomic 
istances between two parallel helices, and the maximum 

istance of 128 Å , consistent with the elongated shape of 
RNA-CL 

PV . In comparison, the P ( r ) function of the A39U 

utant shows a reduced maximum in the 30–40 Å inter- 
tomic range and an increased shoulder peak in the 50–80 

˚
 range, suggesting that the loss of the restricting tertiary 

nteraction (i.e. A •C-U base triple) leads to subsequent in- 
rease in the relati v e motion between the two helices (Figure 
 B). The results thus indicate that the two stacked helices in 

he ‘H’ shaped cloverleaf are stabilized by the A •C-U base 
riple. 

inding interaction of PCBP2 domains to cloverleaf RNA is 
odulated by the A •C-U base triple 

ntero virus clo verleaf RNA has two poly-rC sites, one 
ithin stem–loop B (PCBP2-binding site I) and the second 

n the C-rich region adjacent to the 3 

′ end of the cloverleaf 
tructure (3 

′ poly-rC, PCBP2-binding site II) (Figures 1 A, 
 A and S1). Mutations in either stem–loop B (C 

24 to A) or 
 

′ poly-rC (C 

91 / 93 / 97 / 99 to A) of the PV cloverleaf resulted in 

oss of PCBP2 binding, indica ting tha t both sites are criti- 
al for PCBP2 interaction and viral replication ( 8 , 31 , 37 , 38 ).
CBP2, a member of the hetero nuclear ribonucleoprotein 

hn-RNP) family of proteins, consists of three K-homology 

KH) RNA-binding domains, KH1-3, with a 120 aa-long 

inker between the KH2 and KH3 domains (see Figure 5 C). 
ach KH domain recognizes ∼4 nt long single stranded 

-rich sequence, and the individual KH1 and KH3 do- 
ains have been shown to interact with cloverleaf RNA 

 39 ). Howe v er, the binding affinities of individual KH do- 
ains are lower than that of full-length PCBP2 ( 39 ). For ex- 

mple, the binding affinity of KH1 domain to PV cloverleaf 
s ∼10 fold lower than that of full-length PCBP2 ( 40 , 41 ).
urther, mutations in KH2 and KH3 domains significantly 

http://rna.bgsu.edu/triples/triples.php
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Figure 2. Cloverleaf RNA is stabilized by the A •C-U base triple. ( A ) Sequence alignment of entero virus clo verleaf RNA. The cloverleaf sequences from 

coxsackievirus B3 and A2 (CVB3, AY752944.2; CVA, NC 038306.1), poliovirus (PV, V01149.1), human enterovirus (HEV-B, NC 001472.1), echovirus 
(EV-E3, AB647326.1) and human rhinovirus 2 and 14 (HR V2, AB647326.1; HR V14, K02121.1) are aligned. Conserved nucleotides are shown in bold. The 
overall sequence identity among the seven RNAs is 55%. Structural assignment of the cloverleaf domains (stem A and stem–loops B, C and D) is shown 
at the top of the alignment. The positions of the PCBP2 binding sites (I and II), 3CD 

pro binding site, pyrimidine mismatch and the A •C-U base triple are 
indicated. ( B ) Superposition of CVB3 and PV cloverleaf structures. The CVB3 (blue) and PV (green) cloverleafs can be superimposed with an r.m.s.d. of 
1.99 Å over 64 atom pairs (C3’). The 5 ′ and 3 ′ ends of nucleotides are numbered for PV cloverleaf. ( C ) Conservation of enterovirus cloverleaf. Nucleotide 
conservation was calculated by R-scape from a total of 153 enterovirus sequences and nucleotides are colored based on the conservation score, red, > 97% 

conserv ation; black, > 90% conserv ation; and grey, > 75% conserv ation. Closed cir cles r epr esent the occupancy of nucleotide positions in the sequences. 
The pyrimidine mismatch region (boxed) and the location of the A •C-U base triple are indicated. ( D ) Tertiary interactions in cloverleaf. The positions of 
the A •C-U and G •G-C base triples in the structure of PV cloverleaf are shown in red. A close-up view is shown on the right. e . f . The A •C-U base triple in 
CVB3 ( E ) and PV ( F ) cloverleaf RNAs. The three base pairs in the pyrimidine mismatch are shown with the chemical structures. A39 base (stem–loop C) 
is inserted into the central C-U base pair within the pyrimidine mismatch region (stem–loop D) to form the A •C-U base triple. Hydrogen bonds are shown 
with dotted lines. ( G ) The G •G-C base triple in PV cloverleaf. The unpaired nucleotide G 

46 located at the base of stem–loop D interacts with G 

51 -C 

78 base 
pair in stem–loop D. The chemical structures with hydrogen bonds are shown below. 
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Figure 3. Small-angle X-ray sca ttering (SAXS) da ta analysis. ( A ) Sca ttering curves of PV wild-type and A39U mutant cloverleaf. Experimental scattering 
patterns for PV wild-type cloverleaf (0.95 mg / ml, blue) and A39U mutant cloverleaf (0.89 mg / ml, red) are shown. In the Guinier plot (inset), the Guinier 
region ( qR G < 1.3) is delimited by the gray vertical lines. The red solid lines are the linear regression fit in the Guinier region, and the residuals are colored 
green. The radius of gyration ( R G ) determined from the Guinier plot is 36.2 and 36.9 Å for wild-type and A39U clov erleaf, respecti v ely. ( B ) Pairwise 
distance distribution function P(r) analysis of PV wild-type and A39U mutant cloverleaf. The pairwise distance distribution function P ( r ) calculated from 

the SAXS curves shows that the A39U mutant displays an increased population in the 50–80 Å interatomic distance range compared to the wild-type, 
consistent with a conformational change within clover leaf. The r adius of gyration ( R G ) and maximal distance ( D max ) determined from the pairwise distance 
distribution function are 38.0 and 128 Å for wild-type and 38.2 and 124 Å for A39U mutant. In comparison, the R G and D max values calculated from the 
crystal structure are 38 and 130 Å , respecti v ely. 
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ecrease PV clover leaf inter action, suggesting that the en- 
ire PCBP2 likely contributes to binding ( 40 , 41 ). 

The two PCBP2 binding sites in cloverleaf are structurally 

istinct. The poly-rC site in stem–loop B is restricted in a 

tem–loop and tucked against stem A, while the 3 

′ poly-rC 

ite is single stranded and fle xib le. Thus, the KH domains 
f PCBP2 may recognize the two poly-rC sites differently. 
ince cloverleaf has been shown to interact with KH1 and 

H3 domains, we generated KH1–KH2 domain (KH1 / 2) 
nd KH3 domain of PCBP2 separately and measured their 
nteractions with PV cloverleaf RNAs. The KH1 / 2 domain 

as chosen because the KH1 and KH2 domains likely func- 
ion as a single RNA binding unit in the context of the full-
ength PCBP2 protein. The KH1–KH2 domains of PCBP2 

orm a stable heterodimer in solution that buries a large 
ydrophobic surface ( 42 ). The RNA interaction sites are 
n the opposite side of the dimer interface, and binding of 
ucleic acid does not disrupt the KH1–KH2 domain in- 
er actions ( 42 ). In contr ast, the KH3 domain exists as a
onomer in solution and does not form a homo or het- 

rodimer with itself or other KH domains ( 42 ). The KH1 / 2
nd KH3 domain were then used to measure their interac- 
ions with synthetic PV stem–loop B (5 

′ GCUCUGGGGU- 
GUA CCCA CCCCA GA GC 3 

′ ) and the 3 

′ poly-rC site 
5 

′ ACUCCCUUCCCGUA 3 

′ ) using isothermal titration 

alorimetry (ITC). The KH1 / 2 domain binds stem–loop B 

nd 3 

′ poly-rC site with binding affinity ( K d ) of 22.9 ± 6.3 

nd 1.7 ± 0.23 �M, respecti v ely (Figure 4 A and C). Thus, 
he KH1 / 2 domain pr efer entially binds the linear 3 

′ poly- 
C site with ∼14-fold higher affinity than stem–loop B. The 
H1 / 2 domain binds both stem–loop B and 3 

′ poly-rC site 
n a 1:1 molar ra tio, indica ting tha t a single KH1 / 2 interacts
ith either PCBP2-binding site (Figures 4 A and B). In con- 
rast, the KH3 domain binds stem–loop B and 3 

′ poly-rC 

ite with similar K d values of 2.4 ± 0.30 and 1.1 ± 0.09 �M, 
especti v ely (Figure 4 B and C). The KH3 domain binds 
tem–loop B with 1:1 stoichiometry, while it binds 3 

′ poly- 
C with 2:1 (protein / RNA) stoichiometry (Figure 4 C). This 
s consistent with the previous observations based on ITC 

nd structural data that multiple KH3 domains (but not the 
H1 / 2 domain) can interact with tandem poly C regions in 

sRNA ( 43 , 44 ). 
We next asked whether the PCBP2 domains can recog- 

ize stem–loop B in the context of the full-length PV clover- 
eaf. The KH1 / 2 domain binds the wild-type cloverleaf with 

 d of 30.7 ± 12.3 �M, similar to that of isolated stem– 

oop B (Figure 4 A). Surprisingly, the KH3 domain binds 
ild-type cloverleaf with K d of 14.8 ± 3.3 �M, 5-fold lower 
ffinity than that of isolated stem–loop B (2.9 �M) (Figure 
 B). The result suggests that the KH3 domain cannot access 
he binding site of stem–loop B in the full-length cloverleaf. 
ince the cloverleaf structure is conformationally restricted 

y the A •C-U base triple between stem–loops C and D, we 
easured PCBP2 domain interactions with A39U mutant 

loverleaf, which increases the flexibility between the stem– 

oops. The KH1 / 2 domain binds A39U cloverleaf with K d 
f 20.8 ± 6.1 �M, a small increase from 31 �M for wild- 
ype clov erleaf. Howe v er, the KH3 domain binds the A39U 

loverleaf with 5.0 ± 0.45 �M affinity, a 3-fold increase from 

he wild-type cloverleaf. The K d value is similar to that of 
he stem–loop B control, suggesting that the poly-rC site in 

tem–loop B is again accessible in the A39U mutant clover- 
eaf. Hence, the A •C-U base triple of cloverleaf restricts 
he binding of PCBP2 domains and consequently, relaxing 

he A •C-U base triple increases the PCBP2 binding affinity. 
aken together, these data lead to a model where KH3 binds 
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A

B

C

Figure 4. Isothermal calorimetry of PCBP2 domains with poly-rC containing RNAs. ( A ) Interaction of PCBP2 KH1 / 2 domain with PV cloverleaf RNA. 
Isolated stem–loop B, WT cloverleaf (tRNA-CL 

PV ) and A39U mutant cloverleaf (tRNA-CL 

A39U ) were titrated into PCBP2 KH1 / 2 domain. Thermograms 
and fitted binding curves are shown. Data were fit with single binding-site model. Titrations wer e r epea ted a t least twice. ( B ) Interaction of PCBP2 KH3 
domain with PV cloverleaf RNA. Isolated stem–loop B, WT cloverleaf and A39U mutant cloverleaf were titrated into PCBP2 KH3 domain. The data were 
fit with single binding-site model. Note KH3 domain binds A39U mutant cloverleaf with higher affinity than WT cloverleaf, suggesting that stem–loop B 

site is not accessible in WT clover leaf. ( C ) Inter action of PCBP2 domains with PV 3 ′ poly-rC site. The linear ssRNA containing the 3 ′ poly-rC sequence was 
titrated into either KH1 / 2 or KH3 domains. The binding affinities to the linear ssRNA are similar for both PCBP2 domains. Note that the KH3 domain 
binds 3 ′ poly-rC with 2:1 (protein / RNA) stoichiometry. Summary of parameters are listed in Table S1. 
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A B

C D

Figure 5. Model of the ternary complex containing cloverleaf RNA, PCBP2, and 3CD 

pro . ( A ) Locations of PCBP2 and 3CD 

pro binding sites in cloverleaf 
RNA. Cloverleaf RNA is shown as ribbon diagram in a transparent surface and colored as in Figure 1 . The nucleotides indicated in PCBP2 binding 
in stem–loop B (blue surface) and 3CD 

pro binding in stem–loop D (green surface) are depicted with darker colors in PV cloverleaf. The 3 ′ poly-rC site 
adjacent to stem A (PCBP2 binding site II) is also indicated. ( B, C ) Model of the clov erleaf-PCBP2 comple x. The clov erleaf-PCBP2 (KH3 domain) model 
was generated using the Nova-2 KH3 domain structur e complex ed with a 20 nt RNA hairpin (PDB code 1EC6). The nova-2 RNA sequence that interacts 
with the KH3 domain ( 11 AUCAC 

15 , blue) corresponds to 22 UCCCA 

26 and 22 ACCCA 

26 in CVB3 and PV clov erleaf, respecti v ely (B). The cloverleaf stem– 
loop B and nova-2 RNA hairpins were overlaid by the stem (green box) to generate a complete cloverleaf structure. Superposed cloverleaf and Nova-2 
nucleotides are shown in blue and pink, respecti v ely. For clarity, the PCBP2 KH3 domain is omitted. The cloverleaf-PCBP2 (KH3 domain) complex (C). 
The KH3 domain residues that directly interact with RNA is shown in pink spheres and labeled. The schematic of the PCBP2 domains is shown on top. 
( D ) Cloverleaf and 3CD 

pro interaction. Stem-loop D nucleotides and the 3C 

pro residues implicated in the cloverleaf and 3C 

pro interaction are labeled and 
shown as green surface on the cloverleaf and blue spheres on the 3CD 

pro structure (PDB code 2IJD), respecti v ely. 3D 

pol also contributes to cloverleaf 
interaction, but its interaction site on cloverleaf is not known. The schematic of the 3CD 

pro domains is shown on top. 
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he tip of stem–loop B and KH1 / 2 binds to the 3 

′ poly-rC
ite. The modulation of PCBP2 binding via the A •C-U base 
riple could be a mechanism for enhanced PCBP2 interac- 
ion with cloverleaf RNA in the presence of 3CD 

pro (see 
iscussion). 

wo poly-rC sites in cloverleaf RNA are spatially proximal, 
uggesting cooperative binding of PCBP2 domains 

he ‘H’ conformation of the cloverleaf RNA would place 
he two PCBP2 binding sites, stem–loop B and 3 

′ poly-rC 

ite spatially proximal to one another (Figure 5 A), suggest- 
ng that the two poly-rC sites may function together to in- 
eract with KH domains within a single PCBP2 molecule. 
he poly-rC site in stem–loop B consists of two con- 

ecuti v e CCC sequences, i.e. 23 CCCACCC 

29 in CVB3 or 
3 CCCACCCC 

30 in PV (Figure 2 A). The first half of the 
equence ( 23 CCC 

25 ) is in the a pical loop, w hile the second
alf ( 28 CCC 

30 ) is in the stem portion of stem–loop B that 
tacks against stem A (Figure 5 A). Since KH domains bind 

sRNA, PCBP2 w ould lik ely interact with the poly-rC site 
n the apical loop ( 23 CCC 

25 ) of stem–loop B. Further, it has 
een shown that when 

28 CCC 

30 in PV was replaced with 

UU (maintaining the U-G base pairs), the mutant virus 
as still able to replicate ( 45 ). Thus, the second half of poly-

C site in the stem may be r equir ed to maintain the struc-
ural integrity of stem–loop B. 

PCBP2 KH domains show a common binding mode 
or a C-rich RN A / DN A, w hich allows for modeling of
he cloverleaf RNA and PCBP2 KH3 domain interaction. 
ingle-stranded RN A / DN A binds in an extended confor- 
ation across one side of the KH domain in a cleft formed 
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by two helices and a strand ( 46 ). To visualize PCBP2 and
clover leaf inter action, we modeled the KH3 domain of
PCBP2 on the apical loop of stem–loop B using the struc-
ture of a homologous Nova-2 KH3 domain complexed with
a 20 nt hairpin (PDB accession code 1EC6) ( 26 ). The 20
nt hairpin in the Nova-2 KH3 domain complex has a sim-
ilar stem sequence and loop size to stem–loop B of clover-
leaf (Figure 5 B). The cloverleaf and KH3 complex was thus
modeled by superposition of the Nova-2 RNA and stem–
loop B of cloverleaf (Figure 5 C). In the superposed struc-
ture, the KH3 domain of PCBP2 is positioned towards stem
A of the cloverleaf with minor clashes (Figure 5 C). Fac-
tors contributing to the relaxation of the H conformation
of the cloverleaf would relie v e the steric clashes between the
PCBP2 KH3 domain and stem A, facilitating increased ac-
cess to the site. Thus, the superposition is in agreement with
the lower binding affinity of KH3 domain with full-length
cloverleaf than the isolated stem–loop B (Figure 4 B). Fur-
thermore, this arrangement of KH3 minimally affects the
3 

′ poly-rC site, and there is sufficient space for a second KH
domain (KH1 / 2) to bind the 3 

′ poly-rC site (Figure 5 C).
Thus, it is possible that one PCBP2 molecule binds across
the two poly-rC sites simultaneously facilitated by the long
linker between KH2 and KH3 domains, rather than two
distinct PCBP2 proteins individually interacting with each
of the two sites. This cooperati v e binding of the KH do-
mains across both poly-rC sites would increase both speci-
ficity and affinity of the protein–RNA interaction com-
pared to individual KH domain interactions of multiple
PCBP2 molecules (see Figure 6 ). 

Viral protein 3CD 

pro binding site on the cloverleaf is distal to
the PCBP2 binding sites 

The enter oviral 3CD 

pro pr otein binds cloverleaf RNA pri-
marily via the apical loop of stem–loop D ( 30 , 31 , 47 ). In
the cloverleaf RNA structures, stem–loops B and D are
antiparallel to each other, and their apical loops (i.e. the
PCBP2 and 3CD 

pro binding sites) are separated by > 80
Å (Figure 5 A). Thus, 3CD 

pro does not likely interact with
PCBP2 directly, consistent with a previous report ( 41 ). Both
size and sequence of the apical loop are critical for virus-
specific 3CD 

pro interaction. For example, CVB3 3CD 

pro 

binds stem–loop D of CVB3, PV or HRV-2 (with CA CG ,
UGCG or UACG in the apical loop, respecti v ely), but is
unable to bind that of HRV-14 (with UAU in the apical
loop) (Figures 1 B, D and S1) ( 47–49 ). Deletion of C 

64 in
the apical loop of stem–loop D ( 62 CA C G 

65 ) in CVB3 leads
to significant decrease in negati v e strand RNA synthesis,
suggesting that 3CD 

pro may specifically recognize C 

64 ( 37 ).
The apical loops of stem–loop D in CVB3 (CACG) and PV
(UGCG) are structurally similar to the UNCG tetraloop
motif (N = any base) that is commonly found in RNA-
protein interaction sites ( 50 ). The two terminal bases, 62 C
and 

65 G in the CVB3 tetraloop or 63 U and 

66 G in the PV
tetraloop, form hydrogen bonds stabilizing the loop, while
the critical C 

64 in CVB3 and the equivalent C 

65 in PV are
solv ent e xposed (Figures 5 D and S4c). 

3CD 

pro is a large molecule ( ∼100 ̊A in length), and the
major cloverleaf binding site is in 3C 

pro . NMR studies of
CVB3 stem–loop D in the presence of 3C 

pro suggest that
the apical tetraloop, C 

53 , 61 U-G 

66 base pair and C 

69 (cor-
responding to C 

54 , 62 U-G 

67 base pair and C 

70 in PV se-
quence) contribute to 3C 

pro interaction (Figures 1 C and
5 D) ( 28 ). In addition, mutational studies in 3C 

pro identified
82 KFRDI 86 and 

153 TGK 

155 residues (PV sequence) as the
major cloverleaf-binding site in 3CD 

pro (Figure 5 D) ( 29 ).
Thus, the 3C 

pro domain could be placed near the apical
loop of stem–loop D away from stem–loop C in the clover-
leaf and 3CD 

pro complex (see Figure 6 ). The 3D 

pol do-
main of 3CD 

pro also interacts with cloverleaf RNA, since
3CD 

pro binds cloverleaf with ∼10-fold higher affinity than
the 3C 

pro domain alone ( 30 , 31 ). Although it is not clear how
3CD 

pro is oriented on cloverleaf, 3CD 

pro could reach the
bottom of stem A that is coaxially stacked with stem–loop
D if it is oriented along the dsRNA helix of stem–loop D
(Figure 5 D). 

DISCUSSION 

Proposed model of 3CD 

pro -enhanced PCBP2 interaction with
cloverleaf 

Following protein translation, the viral 3CD 

pro and cellu-
lar PCBP2 proteins bind cloverleaf RNA to form a ternary
complex at the 5 

′ end of the viral genome, which then pro-
motes negati v e-strand RNA synthesis from the 3 

′ end. In
the ternary complex, the presence of 3CD 

pro increases the
binding affinity of PCBP2 for the cloverleaf structure by
∼100-fold (from 95 nM to 1 nM) ( 12 ). Howe v er, the mech-
anism by which 3CD 

pro stabilizes the interaction between
cloverleaf and PCBP2 is unknown. In one model, stem–
loops B and D are proposed to interact directly, such that
3CD 

pro binding to stem–loop D induces a conformational
change in stem–loop B, to which PCBP2 binds with higher
affinity ( 51 ). Howe v er, the crystal structures of CVB3 and
PV cloverleaf RNAs show that the stem–loops B and D are
spa tially distant, loca ted on the opposite ends of the H junc-
tion structur e (Figur es 1 and 5 A). Thus, dir ect interaction
between stem–loops B and D cannot explain the coopera-
tivity of 3CD 

pro and PCBP2 binding to cloverleaf. Consis-
tent with the structures, mutations in cloverleaf RNA that
disrupt PCBP2 binding do not have any effect on its in-
teraction with 3CD 

pro , further confirming that the PCBP2
and 3CD 

pro binding sites are spa tially separa ted ( 52 ). In an-
other model, PCBP2 interacts with 3CD 

pro directly when
3CD 

pro binds stem–loop D, and this direct interaction be-
tween 3CD 

pro and PCBP2 would lead to an increased affin-
ity to clov erleaf. Howe v er, it also seems unlikely that 3CD 

pro

binding to stem–loop D creates an additional binding site
for PCBP2, since the direct interaction between PCBP2 and
3CD 

pro has not been observed ( 41 ). 
Based on the arrangement of the two PCBP2 binding

sites in relation to the 3CD 

pro binding site on the clover-
leaf, and the increased binding affinity observed for PCBP2
KH3 domain to the A39U cloverleaf, we propose a new
model, in which 3CD 

pro interaction with stem–loop D in-
duces global conformational changes in cloverleaf (Fig-
ure 6 ). First, 3CD 

pro interaction with stem–loop D allows
hinge-like motions between the two arms of ‘H’ junction by
‘unlocking’ the A •C-U base triple between stem–loops C
and D. This in turn exposes stem–loop B to bind PCBP2
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Figure 6. Model of 3CD 

pro -enhanced PCBP2 interaction with clo verleaf. Entero virus genome contains the 5 ′ cloverleaf and the 3 ′ poly-A tail. In the 
absence of 3CD 

pro , multiple PCBP2 molecules can bind the two poly-rC sites of cloverleaf with lo w affinity. Follo wing viral protein translation, 3CD 

pro 

binds stem–loop D and ‘unlocks’ the A •C-U base triple. This allows a hinge-like motion between the two arms of the H configuration, and exposes the 
PCBP2-binding site on stem–loop B. Additionally, 3CD 

pro binding to stem–loop D may restrict the flexibility of the 3 ′ C-rich region (PCBP2-binding site 
II). This orients the 3 ′ C-rich region such that a single PCBP2 molecule can bind to both poly-rC sites simultaneously, increasing the binding affinity of 
PCBP2 to cloverleaf. The resulting cloverleaf-PCBP2-3CD 

pro ternary complex then facilitates genome circularization by recruiting the poly(A) binding 
protein associated with the 3 ′ poly(A) tail, and subsequent initiation of viral RNA synthesis. 
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ith increased affinity. Additionally, the large 3CD 

pro 

nteraction with stem–loop D and likely with stem A may 

estrict the conformational flexibility in the 3 

′ poly-rC site, 
rienting it towards stem–loop B (PCBP2-binding site I) 
Figure 6 ). This new arrangement of the two poly-rC sites 
ould be conduci v e to a single PCBP2 binding to both 

ites and explain the increased binding affinity for PCBP2 

n the presence of 3CD 

pro (Figure 6 ). The ternary com- 
le x of clov erleaf, PCBP2, and 3CD 

pro then interacts with 

oly(A)-binding protein bound at the 3 

′ poly-A tail, pro- 
oting the circularization of the viral genome ( 53 ). 3CD 

pro 

s then cleaved to 3C 

pro and 3D 

pol , and the viral polymerase 
D 

pol bound to the cloverleaf RNA is now positioned to ini- 
iate RNA synthesis from the 3 

′ terminus of the circularized 

enome. 

mplications for clinically isolated enterovirus replication 

nteroviruses with 5 

′ terminal deletions within cloverleaf 
15–50 nt) have been isolated in patients with myocarditis 
nd dila ted cardiomyopa thy along with small amount of 
ntact viral genome ( 54 , 55 ). These viruses replicate slowly 

nd establish persistent infection in the heart muscle, lead- 
ng to viral myocarditis. Perhaps the slow viral replication 

ate helps the virus avoid host immune surveillance ( 54 ). In 

eplication assays, viral RNAs with 15–36 nt deletions at 
he 5 

′ terminus replicate in vitro without any helper virus, 
 hile viral RN As with deletions of 37–50 nt at the 5 

′ ter-
inus do not replicate and require a small amount of in- 

act viral genome (as helper virus) ( 56 , 57 ). It is surprising
hat the 5 

′ terminally deleted viruses can replicate, consider- 
ng the essential role of cloverleaf RNA in viral replication. 
he 36 nt deletion in the cloverleaf RNA destroys double- 

tranded stem A and r emoves entir e stem–loop B but main- 
ains tertiary interaction of stem–loops C and D (Figure 
 ). Our structures suggest that stem–loop B and the 3 

′ C- 
ich r egion ar e individuall y ca pable of interacting with KH 

omains in a single PCBP2. Thus, e v en in the absence of 
tem–loop B, PCBP2 likely binds to the 3 

′ C-rich region of 
he truncated cloverleaf, thus maintaining a ternary com- 
lex with 3CD 

pro . Such a ternary complex would preserve a 

roducti v e arrangement of cloverleaf, PCBP2 and 3CD 

pro 

imilar to that of the full-length cloverleaf, supporting viral 
eplication. 

While our manuscript was under re vie w, a crystal struc- 
ure of CVB3 cloverleaf RNA was published ( 58 ). The 
tructure was determined using a Fab fragment as a pro- 
ein scaff old f or crystallization and thus the cloverleaf se- 
uence was modified to include the Fab-binding RNA se- 
uence (5 

′ -GAAA CA C-3 

′ ) in stem–loop B and a G 

65 to C
ubstitution in stem–loop D. Despite Fab-binding sequence 
eing in stem–loop B, the heavy and light chains of Fab 

olecules make e xtensi v e lattice contacts with all four RNA 

tems in the crystal. Ne v ertheless, the ov erall structure of 
he Fab-bound cloverleaf is similar to our WT CVB3 struc- 
ure including the conserved A •C-U base triple. The two 

loverleaf structures could be superposed with an r.m.s.d. 
f 3.4 Å over 71 common backbone atom pairs (Figure 
4a). The largest differences are found in Fab interaction 

ites or the G65C mutation site (Figure S4a). First, while 
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our cloverleaf shows coaxially stacked stem A and stem–
loop D, the helical axis of stem A in the Fab-bound struc-
ture is tilted by ∼15 

◦ relati v e to that of stem–loop D and
interacts with Fab. Second, the Fab-binding sequence in
stem–loop B is stabilized by the Fab interaction, while our
structure lacks density for the apical loop of stem–loop B,
indicating the highly dynamic nature of the loop. Third,
the unpaired dinucleotide bulge in stem–loop D ( 48 UA 

49 )
shows different conformations (Figure S4b). In our struc-
tur e, both nucleotides ar e flipped out of the helix, allowing
uninterrupted base stacking in the helix. In the Fab-bound
structure, A 

49 is flipped out of the helix and interacts with
Fab, w hile U 

48 forms hydro gen bonds with the G 

50 -C 

77 base
pair. This creates a kink that disrupts the continuous stack-
ing (Figure S4b). Finally, the apical tetraloop in stem–loop
D, the 3CD 

pro binding site, shows dif ferent orienta tions. In
our structure, the tetraloop ( 62 CACG 

65 ) forms an UNCG-
type configuration, where the two penultimate bases (C 

62

and G 

65 ) are involved in hydrogen bonding (Figure S4c).
The tetraloop is tilted away from the helical axis of stem
D and projects the apical loop for 3CD 

pro interaction. In
comparison, the Fab-bound structure contains a G65C mu-
tation in the 62 CAC C 

65 tetraloop and shows a GNRA-type
tetr aloop configur ation ( 58 ) (Figure S4c). The tetraloop is
roughly parallel to the helical axis of stem D and more
proximal to stem C (Figure S4a). Previous binding studies
with 3C 

pro suggested that the local RNA structure of the
loop, determined by the length and sequence, may be criti-
cal for its recognition by 3C 

pro or the 3CD 

pro protein ( 47 ).
Indeed, the G65C mutant cloverleaf binds 3C 

pro with 13-
fold lower affinity than WT cloverleaf ( 58 ). Thus, a single
nucleotide change in the tetraloop can perturb the nati v e
conformation and disfavor the biolo gicall y acti v e structure
for 3C 

pro interaction. 
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