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ABSTRACT

Subdomain 5BSL3.2 of hepatitis C virus RNA lies at
the core of a network of distal RNA–RNA contacts
that connect the 5′ and 3′ regions of the viral genome
and regulate the translation and replication stages
of the viral cycle. Using small-angle X-ray scatter-
ing and NMR spectroscopy experiments, we have
determined at low resolution the structural models
of this subdomain and its distal complex with do-
main 3′X, located at the 3′-terminus of the viral RNA
chain. 5BSL3.2 adopts a characteristic ‘L’ shape in
solution, whereas the 5BSL3.2–3′X distal complex
forms a highly unusual ‘Y’-shaped kissing junction
that blocks the dimer linkage sequence of domain 3′X
and promotes translation. The structure of this com-
plex may impede an effective association of the viral
polymerase with 5BSL3.2 and 3′X to start negative-
strand RNA synthesis, contributing to explain the
likely mechanism used by these sequences to reg-
ulate viral replication and translation. In addition, se-
quence and shape features of 5BSL3.2 are present
in functional RNA motifs of flaviviruses, suggesting
conserved regulatory processes within the Flaviviri-
dae family.

INTRODUCTION

RNA structures play essential functions in the replication
cycles of RNA viruses, compensating in this way the limited
protein-coding capacity of their relatively short genomes.
As several of these viruses are important human pathogens

with the potential of generating world-wide pandemics (1),
it is important to study these structures and the mechanism
by which they regulate viral activity.

A specific subset of these functional RNA motifs is rep-
resented by the complexes formed by RNA structures sep-
arated by hundreds or even thousands of bases in the vi-
ral genomes. These distal RNA–RNA complexes are rela-
tively common in positive-sense RNA viruses and are par-
ticularly interesting because they help determine the overall
spatial organization and long-range interactions of the viral
genomes and have often been linked to essential viral repli-
cation steps (2).

A network of these remote RNA–RNA contacts has
been detected in the genomic RNA of the hepatitis C virus
(HCV). This virus affects approximately 58 million peo-
ple worldwide and, despite current treatments, remains a
concern due to limited access to drugs, appearance of re-
sistances and lack of an effective vaccine (3). The RNA–
RNA interactions of HCV connect the 5′ and 3′ ends of
the viral genome and likely serve to coordinate the trans-
lation, replication and packaging processes along the HCV
cycle. At the core of this interaction network is subdomain
5BSL3.2 (also termed SL9266) (4), which binds the inter-
nal ribosome entry site (IRES) located at the 5′ untrans-
lated region (UTR) of the viral genome (5,6), domain 3′X at
the 3′ UTR (6–11) and an additional structure (SL9005) in
the open reading frame (ORF) (6,12). Subdomain 5BSL3.2
(designated cre46) is a conserved 46-nt hairpin formed by
the NS5B polymerase-coding region of the ORF and com-
prises an extended apical loop of 12 nucleotides (nt) and two
double-helical stems separated by a large 8-nt bulge (7,13)
(Figure 1). A 5-nt cytosine-rich GCCCG tract within this
bulge has been reported to base-pair with a UGGGU seg-
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Figure 1. Secondary structures of the hepatitis C virus RNA sequences analyzed in this study. (A) Secondary structure representation of the HCV genomic
RNA. Distal RNA–RNA interactions with functional significance are indicated with blue and green dotted arrows; the red dotted arrow represents an
intermolecular contact between palindromic DLS sequences that promotes 3′X RNA homo-dimerization. (B) Secondary structures of the 98-nt full-length
domain 3′X, 55-nt 3′X subdomain SL2′, 46-nt full-length subdomain 5BSL3.2 (cre46) and 26-nt apical 5BSL3.2 hairpin (cre26). 3′Xm and SL2′m are
dimerization-defective variants of the wild-type sequences 3′X and SL2′, respectively, containing a double C29G/A31U mutation in the apical palindromic
tetraloop of SL2′ (indicated with blue nt). In the SL2′m-I29 sequence, G29 is replaced with inosine (depicted in brown). The blue-colored nucleotides
in cre26 and cre46 indicate changes relative to the wild-type sequence, introduced to increase transcription yield. 3′X sequence k (indicated with green
circles) has been shown to establish a distal interaction involving Watson–Crick pairs with a complementary k′ sequence (green circles) in the apical loop
of 5BSL3.2. The 16-nt palindromic DLS sequence (depicted with red nt) overlaps with the k tract and is absolutely conserved among all HCV isolates.

ment contained in the apical loop of subdomain IIId of the
IRES (5,6) or alternatively with a CGGGC tract of SL9005
in the ORF (6,12). The latter contact has been reported
to be important for replication (12). The IRES interac-
tion likely functions as a translational repressor (14), since
the IIId GGG residues form Watson–Crick base pairs with
residues C1116CC1118 of the small ribosomal subunit (15)
and are essential for IRES activity (16). On the other hand,
the apical loop of 5BSL3.2 contains a 7-nt UCACAGC
sequence (identified as k′) that contacts a complementary
GCUGUGA (k) segment within domain 3′X (6–11). This
3′X k sequence is part of a self-complementary 16-nt seg-
ment termed dimer linkage sequence (DLS) that has been

shown to promote the dimerization of virus genomes in vitro
(17–21) (Figure 1). The 5SL3.2–3′X k′-k contact has been
reported to be essential for virus replication (7,8) and trans-
lation (11,14,22). Not surprisingly, all of the components of
this RNA–RNA interaction network, subdomain 5BSL3.2,
IRES subdomain IIId, SL9005 and domain 3′X, are evolu-
tionarily conserved within the extremely variable genome
of HCV. In fact, the overlapped DLS and k sequences are
absolutely conserved among HCV genotypes and isolates
(23).

We have previously studied the interaction between sub-
domain 5BSL3.2 and domain 3′X using NMR spectroscopy
(10). The vast majority of remote RNA–RNA interactions
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involve the unpaired nt of two distally located loops, which
form antiparallel base pairs in so-called kissing-loop com-
plexes. In contrast, the 5BSL3.2–3′X interaction was found
to involve unpaired nt in the 5BSL3.2 apical loop and base-
paired nt within a double-helical stem of domain 3′X. This
interaction mode was proposed to result in an unusual kiss-
ing junction that could have functional consequences (10).
Here we describe at low resolution the global structure
of this 5BSL3.2–3′X distal complex, together with the 3D
shape of the isolated 5BSL3.2 subdomain playing a pivotal
role in the RNA–RNA contact network of HCV.

MATERIALS AND METHODS

Sequences

The sequences analyzed in this study correspond to
HCV genotype 1b and were obtained from vector pFK-
I389FLUCNS3-3′ET (24).

Secondary structure predictions

These calculations were carried out with the MC-Fold
(25) web server using as restraints the base-pairs observed
by NMR spectroscopy. The structures were drawn using
VARNA (http://varna.lri.fr/) (26).

Preparation of RNA samples

The 46 nt-long full-length 5BSL3.2 subdomain sequence
(cre46), the 26 nt-long molecule comprising the upper
portion of 5BSL3.2 (cre26), the 55 nt-long dimerization-
defective C29G/A31U mutant SL2′ subdomain of 3′X
(SL2′m), and the specificity controls SL2′m-k’ and cre26-
k (Supplementary Figure S1) were prepared by T7-
polymerase in vitro transcription using synthetic oligonu-
cleotide DNA templates. Construct 3′Xm, comprising the
full-length dimerization-defective C29G/A31U mutant 3′X
domain (98 nt), was transcribed from a pUC19 plasmid
containing a ScaI restriction site for linearization and
run-off transcription (10). We also generated uniformly
13C/15N-labeled transcripts of cre46 using NTPs obtained
from CortecNet. All transcription products were separated
overnight on large-scale denaturing gels containing 20%
acrylamide and 8 M urea and using Tris-borate as run-
ning buffer. The RNA transcripts aimed for SAXS exper-
iments were eluted from the gel by passive diffusion into a
50 mM sodium acetate, pH 5.2, 2 mM EDTA solution, con-
centrated by diafiltration after washing with excess elution
buffer, and subsequently transferred by diafiltration into
aqueous solutions containing 10 mM Tris-HCl, pH 7.0, and
0.1 mM EDTA. The RNA products used in NMR experi-
ments were electroeluted from the gel, ethanol-precipitated
twice, desalted with Sephadex G-25 cartridges and trans-
ferred by diafiltration into aqueous solutions containing
10 mM sodium phosphate, pH 6.0, and 0.1 mM EDTA.
SL2′m-I29, the 55-nt dimerization-defective SL2′ subdo-
main containing inosine instead of guanine at position 29,
was obtained HPLC-purified from Integral DNA Tech-
nologies, and transferred by diafiltration into the same so-
lution. Before SAXS or NMR data acquisition, all samples

were heated at 95◦C for 5 min and immediately placed on
ice. When needed, 6 mM MgCl2 was added after this ther-
mal treatment, followed by diafiltration. The 3′Xm-cre46
and SL2′m-I29-cre26 complexes were obtained by incubat-
ing the two interacting species for 150 min at 25◦C in the
presence of 6 mM MgCl2, each previously subjected to ther-
mal treatment in the absence of the cation. To obtain a ho-
mogeneous sample for SAXS, the 3′Xm-cre46 complex was
subsequently purified by size exclusion chromatography us-
ing a HiLoad 16/60 Superdex 75 column (GE Healthcare)
with 10 mM Tris-HCl, pH 7.0, and 6 mM MgCl2 as running
buffer and a flow rate of 0.05 ml/min, and subsequently
concentrated by diafiltration. The purity of all samples was
assessed with denaturing electrophoresis experiments. Each
SAXS sample was prepared at three different RNA con-
centrations, ranging from 0.5 to 2 mg ml–1 (approximately
12.5–240 �M). The RNA concentration in the NMR sam-
ples ranged from 77 to 185 �M.

Gel electrophoresis experiments

Native gels were run at 4◦C for 12 h under constant volt-
age (80 V). We used 20% 19:1 acrylamide:bisacrylamide gels
and 89 mM Tris-borate, 6 mM MgCl2 (TBM) as running
buffer. These experiments involved 10–40 �M RNA sam-
ples, prepared as specified above. All gels were stained with
methylene blue and distained in water. These experiments
were used to measure the homodimerization and 5BSL3.2
(cre26 and cre46) binding capacities of 3′Xm, SL2′m and
SL2′m-I29 molecules (Supplementary Figures S2 and S3).
Further assays involving SL2′m-k’ and cre26-k sequences
were carried to evaluate the specificity of the 3′X–5BSL3.2
interaction in the ionic conditions used for the SAXS and
NMR analyses (Supplementary Figure S4).

SAXS data acquisition

SAXS experiments involved the isolated cre46 and 3′Xm
species, which were analyzed in the absence and presence
of magnesium, and the 3′Xm–cre46 complex, studied in
the presence of 6 mM MgCl2, X-ray scattering measure-
ments were carried out at room temperature using a Rigaku
BIOSAXS 2000 instrument at the SAXS Core Facility of
the National Cancer Institute at Frederick (MD, USA), and
beamline 12D-ID-B of the Advanced Photon Source (APS)
at the Argonne National Laboratory (IL, USA). The sam-
ples were initially screened and examined at the SAXS Core
Facility using a photon energy of 8 keV and total expo-
sure time of 2 h, refreshed each 15 min for an image frame.
Selected samples were measured at the 12-ID-B beamline
with a photon energy of 13.3 keV and an off-center Pila-
tus 2M detector. Simultaneous WAXS data were recorded,
and the q range examined was ∼0.005 < q < 0.84 Å−1.
To evaluate the magnitude of possible interparticle interac-
tions, each RNA was measured at three different concen-
trations. A total of 45 sequential data frames were recorded
for each RNA sample and matching buffer using a flow cell
and an exposure time of 1 s to minimize radiation damage
and obtain good signal-to-noise ratios. The 2D scattering
patterns were corrected and reduced to 1D scattering pro-
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files using Rigaku SAXSLab software, or Matlab scripts de-
veloped at the APS12-ID-B beamline. No radiation dam-
age was observed as evidenced by the absence of systematic
signal changes in sequential SAXS profiles; this was sub-
sequently confirmed by gel electrophoresis after the X-ray
measurements. The scattering profiles of RNAs were cal-
culated by subtracting the background buffer contribution
from the sample solution profile. The WAXS data were used
to guide accurate background subtraction for the SAXS
data using NCI IGOR Pro macros.

SAXS data analysis

For each RNA sequence and ionic strength condition, the
radius of gyration (Rg) was obtained across the three differ-
ent RNA concentrations with PRIMUS (27) by using the
Guinier approximation at the low scattering angle region
of the profiles (Figure 2 and Supplementary Table S1). We
checked the aggregation state of the samples by evaluating
the linearity of the Guinier plots. The concentration effects
were eliminated by extrapolating data to infinite dilution us-
ing PRIMUS (27) or an NCI SAXS Core in-house Matlab
script. The program GNOM (28) was then applied using
a maximum q value of 0.3 Å−1 to calculate the pair dis-
tance distribution function (PDDF) and the maximum in-
tramolecular distance (Dmax). Dmax was monitored in steps
of 2 Å until a good fit to the experimental data was obtained
and the PDDF curve fell smoothly to zero. The molecular
weight of the RNA molecules was estimated from the scat-
tering data using three different methods based on appar-
ent volume, correlation volume and Porod volume (29–31)
(Supplementary Table S2).

Ab initio 3D modeling of SAXS data

Twenty low-resolution envelope models were calculated for
each sequence and condition from the GNOM output us-
ing DAMMIM (32) in ‘slow’ mode. The resulting ab initio
shape models were superimposed with SUPCOMB (33), av-
eraged with DAMAVER (34) based on normalized spatial
discrepancy (NSD) criteria, and filtered with DAMFILT
(34). For each RNA sequence and condition, the resulting
DAMFILT envelope was compared with the most represen-
tative envelope (NSD = 0) and with a refined envelope gen-
erated with DAMSTART (34). The shapes were approxi-
mately similar for all systems (data not shown).

NMR spectroscopy

These experiments primarily involved exchangeable pro-
tons and nitrogens and were utilized to study the sec-
ondary structure of cre46 in the absence and presence of
6 mM magnesium chloride, as well as SL2′m-I29 in the
absence and presence of 6 mM MgCl2 and cre26. NMR
spectra were acquired on a cryoprobe-equipped, 600 MHz
Bruker Avance II spectrometer, and analyzed using Top-
spin 3.6 (Bruker Biospin) and NMRFARM-Sparky (35).
All systems were studied using unlabeled samples and
homonuclear watergate-NOESY (with 150 ms mixing time)
and watergate-TOCSY experiments (60 ms mixing time)

recorded in 90% H2O/10% D2O, typically at two temper-
atures (16 and 27◦C). The recycle delays were 1.6 and 2 s
for all homonuclear TOCSY and NOESY experiments, re-
spectively. A 13C/15N-labeled cre46 molecule was addition-
ally analyzed with heteronuclear 1H-15N HSQC and HNN-
COSY experiments recorded at 27 ◦C. For 1H-15N HSQC
experiments, we acquired 256 indirect experiments with 64
scans per experiment. For HNN-COSY experiments, the
delay for evolution of the 2JNN coupling was set to 15 ms,
and we collected 128 complex points in the t1 dimension
with 240 scans for each t1 increment. The recycle delays were
between 1.0 and 1.3 s for the HSQC and HNN-COSY ex-
periments.

Secondary structure restraints

(i) Isolated species. We determined the secondary struc-
ture of the full-length 5BSL3.2 subdomain cre46 sequence
through a combination of 1H-15N HSQC and HNN-COSY
together with homonuclear NOESY and TOCSY data.
These analyses, supported by previous cre26 assignments
(10), allowed detection and identification of the base pairs
contained in the lower and upper double-helical stems of
5BSL3.2. The secondary structure of the isolated SL2′m-
I29 subdomain was obtained from analyses of homonu-
clear NOESY and TOCSY data obtained in the absence
and presence of magnesium, supported by previous as-
signments of subdomain SL2′m obtained in similar so-
lution conditions (10). The secondary structures adopted
by the homodimerization-defective 3′Xm domain and the
5BSL3.2 cre26 apical hairpin were previously determined
by heteronuclear NMR spectroscopy experiments using the
same sequences and similar solution conditions and as-
signment strategies (10). (ii) 3′Xm-cre46 complex. Previous
NMR analyses of the wild-type SL2′-cre26 complex (20)
and homodimerization-defective 3′Xm-cre26 and SL2′m-
cre26 complexes (10) indicated that within the 3′X do-
main, subdomain SL1′ and the lower double-helical stem
of subdomain SL2′ remained undisturbed upon complex
formation. In contrast, a disruption of the upper region
of subdomain SL2′, where the k nt are base-paired, was
detected, together with the establishment of new Watson–
Crick pairs with the k′ nt of the cre26 apical loop (10).
On the other hand, chemical shift perturbations in cre26
were mostly restricted to the 12-nt apical loop (10). Fur-
ther secondary structure organization of the upper re-
gion of subdomain SL2′ in contact with 5BSL3.2 was
deduced from NMR analyses of the inosine-containing
SL2′m-I29 sequence, which detected the formation of a
diagnostic I:C pair in the presence of magnesium and
cre26.

Building and analysis of atomic models

The SimRNA web server (36) was used to generate all-
atom models of the 3′Xm and cre46 molecules and the
3′Xm–cre46 complex with secondary structure restrictions
obtained from NMR analyses. Specifically, we used as re-
straints the base-pairing interactions indicated in Figures
3C, 4C and 6D. 10 000 models were generated for each
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Figure 2. Small-angle X-ray scattering data of the 5BSL3.2 subdomain (top), dimerization-defective 3′Xm domain (middle) and complex between 3′Xm
and 5BSL3.2 (bottom) of HCV RNA. (A, D, G) Scattering intensities versus momentum transfer q, obtained in the absence (blue) and presence (red) of
magnesium. The insets show, for each ionic condition, the Guinier region of the scattering curve with a linear fit line. (B, E, H) Kratky plots in the absence
(blue) and presence (red) of magnesium. (C, F, I) Pair distance distribution functions (PDDF) in the absence (blue) and presence (red) of magnesium.
Experimental conditions: 0.5–2 mg ml–1; 10 mM Tris-HCl, pH 7.0, 0 mM MgCl2 (all sequences, low ionic strength) or 10 mM Tris-HCl, pH 7.0, and 6
mM MgCl2 (all sequences, higher ionic strength). 5BSL3.2 and 3′Xm were studied in both ionic conditions and the 3′Xm–5BSL3.2 complex in the latter
one, since magnesium is required for the interaction. The Guinier region of the scattering curves (insets in Figure 2A, D and G) was linear in all cases,
indicating that none of the samples was aggregated.

system, with 1000 simulation steps per model. Theoretical
scattering profiles were generated for each model and com-
pared with the experimental SAXS data at q < 0.5 Å–1 us-
ing the FoXS server (37). We selected the 20 best models
(with the lowest � 2 fit values) of each species. These models
were subsequently refined by progressively minimizing their
potential energy with the ff99-OL3 force field of AMBER
20 (38) and a generalized Born model for solvent simula-
tion. The refined models were evaluated with MolProbity
(39), and the best model was overlaid with the average ab

initio envelope with SUPCOMB (33). The selection of the
best model was based on dispersion fit � 2 values and Mol-
probity results (Supplementary Table S3). The NMR anal-
yses supplied restraints for G:C, A:U and G:U pairs within
double-helical stems but did not provide information about
other, non-canonical base pairs. This limited the accuracy of
the atomic models. Images of SAXS envelopes and atomic
models were generated with PyMOL (Schrödinger, LLC),
and RNA 3D models were analyzed with UCSF Chimera
(40) and RNApdbee (41).
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Figure 3. Low-resolution models of subdomain 5BSL3.2 of HCV determined by NMR spectroscopy and SAXS. (A) Molecular envelopes of cre46 calcu-
lated from the SAXS profiles in the absence (blue) and presence (red) of magnesium, superposed with the best energy-minimized atomic models, selected
by fitting the theoretical SAXS profiles to the experimental curve. The normalized spatial discrepancy (NSD) between scattering envelopes was 0.734
and 0.631 for low and higher ionic strength, respectively. (B) Theoretical dispersion profiles calculated from the best energy-minimized 5BSL3.2 atomic
models (red line) in the absence (top) and presence (bottom) of magnesium, overlaid with the experimental SAXS profiles (black dots). (C) Experimental
secondary structure of 5BSL3.2. The average angle between the two double helical stems in the absence and presence of magnesium is indicated in blue and
red, respectively. The small circles indicate base-pairing restraints derived from NMR spectroscopy and used for model building. The k′ nt are indicated
with green color.

NS5B complex modeling

We used the dispersion atomic models of cre46 and 3′Xm,
the X-ray structure of the HCV NS5B initiation complex
(PDB 4WTL (42)) and the MOE 2020 package (CCG Inc.)
to build a model of a putative 5BSL3.2–NS5B–3′X ternary
complex. The 5BSL3.2 apical loop was placed near a con-
served arginine-rich patch in the thumb domain based on
similarities with flaviviral 3′-SL and SLA hairpins interac-
tions with NS5 (43,44). The unpaired 3′-terminal nt of the
3′X domain, which acts as a template for negative-sense
RNA synthesis initiation, was superposed with the tem-
plate strand present in the active site of the polymerase (42).
The conservation of NS5B residues present at the NS5B–
5BSL3.2 model interface was assessed with ClustalW (45)
alignments.

RESULTS

Experimental strategy and sequence design

To obtain the low-resolution structural models of subdo-
main 5BSL3.2 and the complex formed between 5BSL3.2
and domain 3′X, we used a strategy based on NMR spec-
troscopy and SAXS analyses. Each of the isolated RNA
species was examined first in the absence and presence
of magnesium using these two techniques, before studying
the 3′X–5BSL3.2 interaction in the presence of the cation,
which is required for complex formation.

We have shown before that 3′X and 5BSL3.2 form
a stable complex in the presence of magnesium. How-
ever, in these conditions, domain 3′X also forms homod-
imers (10,20,21). In order to obtain homogeneous sam-
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Figure 4. Low-resolution models of the dimerization-defective 3′Xm domain of HCV determined by NMR and SAXS. (A) Molecular envelopes of 3′Xm
calculated from the dispersion profiles in the absence (blue) and presence (red) of magnesium, superposed with the best energy-minimized atomic models.
The normalized spatial discrepancy (NSD) between scattering envelopes was 0.769 and 0.642 for low and higher ionic strength, respectively. (B) Theoretical
dispersion profiles calculated from the best energy-minimized 3′Xm atomic models (red line) in the absence (top) and presence (bottom) of magnesium,
overlaid with the experimental SAXS profiles (black dots). (C) Experimental secondary structure of 3′Xm. The C29G and A31U mutations blocking ho-
modimerization are indicated in green. The average angle between the lower and upper stems of subdomain SL2′ in the absence and presence of magnesium
is indicated in blue and red, respectively. The small circles indicate base-pairing restraints derived from NMR spectroscopy and used for model building.
DLS nt are indicated in red and k nt are marked with green circles.

ples, we inserted a double C29G/A31U mutation in do-
main 3′X (Figure 1 and Supplementary Figure S1): this
mutation disrupts the DLS palindrome and blocks 3′X
homodimerization without affecting the structure of the
domain or its interaction with 5BSL3.2 ((10) and Sup-
plementary Figure S2). Thus, our analyses included a 98
nt-long molecule comprising the full-length C29G/A31U
dimerization-defective 3′X domain (hereafter identified as
3′Xm), and a 46 nt-long molecule comprising the full-length
5BSL3.2 subdomain (designated cre46) (Figure 1). Atomic
models of the isolated 3′Xm and cre46 molecules and
the 3′Xm–cre46 complex were generated using secondary
structure restraints based on NMR spectroscopy observa-
tions. The best models were then selected by comparing
the theoretical and experimental dispersion curves and su-
perposed on the envelopes generated from the dispersion
data.

Low-resolution model of subdomain 5BSL3.2

NMR analyses of the full-length 5BSL3.2 sequence (cre46)
in the absence and presence of magnesium (Supplemen-
tary Figure S5) confirmed that this RNA formed a hairpin
closed by a 12-nt apical loop and comprising two double-
helical stems separated by an 8-nt bulge (Figure 1). These re-
sults were in agreement with previous studies of the smaller
cre26 construct (10) and earlier homonuclear NMR analy-
ses of a similar full-length 5BSL3.2 sequence (7).

The experimental SAXS curves obtained for cre46 in the
absence and presence of magnesium are shown in Figure
2A. The shape of the Porod-Debye and Kratky plots indi-
cated that cre46 was folded in both conditions, with only
slightly more flexibility in the absence of the cation (Fig-
ure 2B and Supplementary Figure S6A). The pair distance
distribution functions (PDDF) exhibited in both cases one
main distance population at about 20 Å, coinciding with
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Figure 5. Secondary structure analysis of the dimerization-defective SL2′m subdomain of HCV in complex with 5BSL3.2. (A) MC-Fold-predicted sec-
ondary structures of SL2′m, isolated (left) and in complex with 5BSL3.2 (right). C29G and A31U mutations blocking homodimerization are indicated in
blue, DLS nt are depicted in red, the G29I mutation present in the SL2′m-I29 sequence is marked with a square, and k nt are circled in green. For predicting
the secondary structure of SL2′m bound to 5BSL3.2, the k nt pairing with 5BSL3.2 were impeded to form base pairs with SL2′m nt, whereas the base pairs
marked with black circles were imposed pairing restraints. The base-pairing restraints were derived from NMR analyses of the SL2′m-5BSL3.2 complex
(10). (B) Comparison of I:C and I:U pairs with G:C and G:U pairs, indicating the characteristic HN1 chemical shift and NOE pattern of inosine-containing
pairs allowing to use this base as a secondary structure probe. (C) NMR spectroscopy analysis of the interaction between SL2′m-I29 and 5BSL3.2 hairpin
cre26. (Left) 1D and watergate-NOESY spectra (150 ms mixing time) of unbound SL2′m-I29 (blue) superposed with those of a SL2′m-I29:cre26 mixture at
1:1 molar ratio (red). The spectra were acquired in the presence of 6 mM MgCl2. Sequential cross-peaks between imino protons are indicated with dotted
lines, sequential contacts between A H2 and G H1 protons are marked with dashed lines, and NOE interactions across base pairs or within the same nt
are labelled with colons. Assignments of C amino protons have been omitted for clarity. The green dotted line indicates the imino peak detected in the
presence of cre26, whose chemical shift and NOE pattern indicated the formation of a diagnostic I:C pair in the complex. (Right) Secondary structures of
bound SL2′m-I29 and cre26 consistent with the NMR data. Assigned nt are numbered. DLS nt are depicted in red, k and k′ nt are indicated with green
circles, SL2′ C29I and A31U mutations blocking dimerization and replacing guanine with inosine are identified in blue, and cre26 mutations introduced
to increase transcription yield are represented in light blue. Conditions: 77 �M SL2′m-I29, 0 �M (blue) or 77 �M (red) cre26, 6 mM MgCl2, 16◦C.
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Figure 6. Low-resolution model of the 3′Xm-5BSL3.2 complex of HCV determined by NMR and SAXS. (A) Molecular envelope of 3′Xm–5BSL3.2
calculated from the dispersion profile, superposed with the best energy-minimized atomic model. The normalized spatial discrepancy (NSD) between
scattering envelopes was 0.754. (B) Theoretical dispersion profile calculated from the best energy-minimized 3′Xm-cre46 atomic model (red line) overlaid
with the experimental SAXS profile (black dots). (C) Low-resolution model of the 3′Xm-5BSL3.2 complex shown in two different orientations. 3′Xm
DLS nt, 3′Xm k nt and other 3′Xm nt are, respectively, indicated in red, green and blue, whereas 5BSL3.2 k′ nt and other 5BSL3.2 nt are, respectively,
depicted in light green and orange. (D) Experimental secondary structure of the 3′Xm-5BSL3.2 complex. The C29G and A31U mutations blocking 3′Xm
homodimerization are indicated in green, DLS nt are depicted in red, and k and k′ nt are represented with green circles. Average angles between double-
helical stems are indicated, and the small circles denote NMR-derived base-pairing restraints utilized for model building.

the diameter of an A-form RNA helix, but the maximum
intramolecular distance (Dmax) was shorter in the presence
of magnesium (70 versus 76 Å in the absence of the cation),
in agreement with the smaller radius of gyration (Rg) reg-
istered in this ionic condition (Figure 2C and Supplemen-
tary Table S1). Concurring with these observations, the 3D
envelopes calculated from the dispersion data at each ionic
strength were different, with a more compact shape detected
in the presence of magnesium (Figure 3).

An ensemble of 10 000 cre46 atomic models was gener-
ated using as restraints the base pairs detected by NMR

spectroscopy (Supplementary Figure S5), and the models
giving rise to the best fit with the experimental scattering
curves in either the absence or presence of magnesium were
selected and energy-minimized. The best energy-minimized
atomic models are shown in Figure 3A, superposed with the
molecular envelopes determined from the SAXS data; Fig-
ure 3B shows the fit between the theoretical dispersion pro-
files of the best models and the experimental SAXS curves.
cre46 adopted a monomeric hairpin structure in both ionic
conditions, as confirmed by molecular weight calculations
based on the dispersion data (Supplementary Table S2).
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Both hairpins were closed by an extended 12-nt apical loop
and comprised two A-form double-helical segments sepa-
rated by the 8-nt bulge. The presence of this large bulge
induced a strong curvature between the two double-helical
stems, and the interhelical angle became more acute in the
presence of magnesium (87.5o versus 104o in the absence of
the cation); this likely contributed to the compaction of the
structure observed in this ionic condition (Figure 3).

Low-resolution model of homodimerization-defective 3′Xm
domain

The secondary structure of domain 3′Xm was previously
determined by NMR spectroscopy experiments using sim-
ilar solution conditions. As observed for the wild-type 3′X
domain (20), it was found to comprise two SL1′ and SL2′
double-helical subdomains. The DLS sequence was folded
in the upper hairpin of the SL2′ subdomain, with the k nt
base-paired in this double-helical stem (10) (Figure 1).

An analysis of the 3′Xm dispersion data indicated that
this sequence was folded in both ionic conditions but was
more flexible in the absence of magnesium (Figure 2E and
Supplementary Figure S6B). The Dmax values obtained in
the absence and presence of magnesium (147 and 142 Å,
respectively) were comparable and similar to the Dmax mea-
sured for the wild-type sequence at low ionic strength, 148
Å (21). However, the PDDF curves and Rg values in the
presence and absence of magnesium were different, indicat-
ing dissimilar overall conformations (Figure 2F and Sup-
plementary Table S1). Molecular weight calculations based
on the scattering profiles indicated that 3′Xm retained a
monomeric state under both conditions (Supplementary
Table S2), unlike the wild-type domain that homodimerized
at higher ionic strength (21). This confirmed our 3′Xm elec-
trophoretic observations (Supplementary Figure S2) and
previous findings (10). An inspection of the 3D envelopes
generated from the dispersion data indicated that 3′Xm
adopted the characteristic elongated shape observed for the
wild-type 3′X sequence (21) in both solution conditions, al-
though a more compact shape was again observed in the
presence of the cation (Figure 4A).

As with the 5BSL3.2 subdomain, 3′Xm atomic models
were generated using as restraints the base pairs previously
observed by NMR spectroscopy for this molecule (10), and
the best models were selected by comparing the theoretical
scattering profiles with the experimental dispersion curves
obtained in the absence and presence of magnesium. The
best energy-minimized atomic models fitted well into the
SAXS envelopes, and in both cases the atomic models giv-
ing rise to the best fits comprised two coaxially stacked SL1′
and SL2′ stems (Figure 4A). A similar structure was also ob-
served for the wild-type sequence at low ionic strength (21).
All 3′X models shared this overall structure, but in agree-
ment with the dispersion data the conformation of the 3′Xm
models was not the same in the absence and presence of
magnesium. Despite the differences, we detected a 115o av-
erage curvature between the lower and upper double-helical
stems of subdomain SL2′ shared by all selected models in
either solution condition (Figure 4C). This curvature was
also detected in the monomeric models of the wild-type 3′X
domain (21).

Secondary structure of 3′Xm bound to 5BSL3.2

Previous NMR analyses of wild-type and dimerization-
defective 3′X sequences in contact with the 5BSL3.2 cre26
hairpin indicated that within the 3′X domain, subdomain
SL1′ and the lower double-helical stem of subdomain SL2′
remained undisturbed upon complex formation (10,11,20).
The changes only affected the upper region of subdomain
SL2′ where the k nt are base-paired, and involved the estab-
lishment of new Watson-Crick pairs between these nt and
the k′ nt of the 5BSL3.2 apical loop (10,11). On the other
hand, chemical shift perturbations in cre26 were mostly re-
stricted to the apical loop (10).

In silico predictions indicated that a secondary struc-
ture reorganization of the upper region of subdomain SL2′
was likely after the formation of the intermolecular k-k′
duplex (Figure 5A). However, the exact base-pairing ar-
rangement was difficult to determine from heteronuclear
NMR analyses of complexes between 3′X and 5BSL3.2 se-
quences (data not shown). To solve this problem, we sub-
stituted guanine in position 29 of a dimerization-defective
SL2′m subdomain molecule with its analog inosine (Figure
1). The imino proton of inosine has the significant advan-
tages of exhibiting a characteristic NOE pattern together
with distinctive chemical shift values that depend on base-
pairing (46) (Figure 5B). Furthermore, the chemical envi-
ronment of I29 would be different in the isolated subdomain
and the two main secondary structures predicted for SL2′m
bound to 5BSL3.2 (Figure 5A). Gel electrophoresis exper-
iments indicated that the new SL2′m-I29 sequence main-
tained 5BSL3.2 binding while still blocking homodimeriza-
tion, as observed for the C29G/A31U 3′Xm and SL2′m mu-
tants (Supplementary Figure S3). NMR analyses of the iso-
lated SL2′m-I29 molecule confirmed the presence of the ex-
pected SL2′ subdomain hairpin structure (Supplementary
Figure S7). Upon addition of the 5BSL3.2 cre26 hairpin in
the presence of magnesium, a characteristic low-field imino
proton peak and HN1-H2 NOE pattern were detected, re-
vealing the formation of a diagnostic I:C pair (Figure 5C).
This indicated that the establishment of the k-k′ duplex in
the SL2′m-I29-cre26 complex implied the folding of the nt
forming the 5′-half of the DLS, which are released upon
5BSL3.2 binding, into a short hairpin (Figure 5A, top struc-
ture). This result allowed us to complete the list of base-
pair restrictions for generating atomic models of the 3′Xm–
5BSL3.2 complex for SAXS analyses.

Low-resolution model of the 3′Xm–5BSL3.2 complex

3′Xm–cre46 complexes were prepared in the presence of
magnesium and purified by size-exclusion chromatography
(Supplementary Figure S8). The Guinier dispersion plots
indicated that the samples were homogeneous (Figure 2G),
and the presence of a heterodimeric complex comprising
3′Xm and cre46 was confirmed by molecular weight calcu-
lations based on the dispersion data (Supplementary Table
S2). The Porod-Debye and Kratky representations revealed
that the complex adopted a well-defined structure with lim-
ited flexibility (Figure 2H and Supplementary Figure S6C).
Two main distance populations were detected in the PDDF
curve (Figure 2I): the first distance, 20 Å, is generated by the
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presence of A-form double-helices and was also detected in
the isolated species. However, the 40 Å distance was only
detected in the complex and pointed toward the presence of
a wider structure. The Dmax and Rg magnitudes were larger
than those of the individual components but below the sum
of the corresponding 3′Xm and cre46 values (Supplemen-
tary Table S1). This is likely due to a conformational change
in one or both species and is consistent with the second peak
detected in the PDDF graph. The 3D envelopes generated
from the dispersion were elongated, resembling those of the
isolated 3′X domain, but exhibited a 42 Å-wide lateral pro-
trusion that was not present in the unbound domain (Fig-
ures 6A and 4A).

Following the procedure used for the isolated species,
3′Xm-cre46 atomic models were generated using in-
tramolecular and intermolecular secondary structure re-
straints based on NMR observations. The best model was
selected by comparing the theoretical scattering profiles
with the experimental dispersion curves, energy-minimized
and superposed on the scattering envelope (Figure 6A and
B). Globally, the complex adopted a Y-shaped structure
comprising three double-helical domains and a three-way
junction formed by the 3′Xm k-5BSL3.2 k′ pairing region.
The first domain (designated I in Figure 6C) is formed by
3′Xm subdomain SL1′ and the lower stem of subdomain
SL2′, which are coaxially stacked; this domain forms the
lower branch of the ‘Y’ and is the larger one. The second
domain (II) comprises the new hairpin formed by the api-
cal region of SL2′, and the third one (III) corresponds to
the 5BSL3.2 subdomain (Figure 6C and D). The 3′Xm k
and 5BSL3.2 k′ nt form a 7-nt intermolecular double helix
stabilized by coaxial stacking with the upper double-helical
stem of 5BSL3.2 as well as a new middle stem formed by
subdomain SL2′ (Figure 6C and D). The new SL2′ hairpin
contains the first half of the DLS sequence, occupies the
protuberance detected in the dispersion envelope and is lo-
cated opposite the 5BSL3.2 subdomain, forming with it the
two upper branches of the ‘Y’.

Subdomain 5BSL3.2 maintained in the complex the
sharp bend at the 8-nt bulge observed in the unbound
species (Figures 3, 6 and Supplementary Figure S9). Subdo-
main SL1′ and the lower double-helical stem of SL2′ did not
undergo significant changes relative to the isolated 3′Xm
domain and remained coaxially stacked upon complex for-
mation (Figure 6 and Supplementary Figure S9). In con-
trast, the apical part of SL2′ underwent substantial changes
with 5BSL3.2 binding. First, as explained above a new 5-
base pair stem (A10-U14:A39-U43) spontaneously formed
in the middle region of the subdomain, which was coax-
ially stacked with the intermolecular k-k′ helix (Figure 6
and Supplementary Figure S9). Second, the SL2′ DLS nt
that did not pair with 5BSL3.2 generated a new 5-base pair
(A15-C19:G27-U31) hairpin closed by a 7-nt apical loop.
This hairpin was detected by NMR spectroscopy using the
SL2′m-I29 mutant sequence (Figure 5).

We also generated 3′Xm-5BSL3.2 complex models where
domain 3′Xm formed three SL1, SL2 and SL3 double-
helical subdomains. This secondary structure arrangement
was proposed by earlier chemical modification experiments
(18,47–50) and exposes the k sequence in the SL2 loop,
where it would be available for pairing with the 5BSL3.2

loop k′ nt. However, these models gave rise to poorer fit-
ting with the experimental SAXS curve (� 2 = 26.7 rela-
tive to 7.91), less overlap with the dispersion envelopes and
significantly poorer inter-domain stacking (Supplementary
Figure S10). This result confirmed previous studies based
on NMR spectroscopy, gel electrophoresis, thermal melt-
ing and functional experiments (10,11,20), indicating that
domain 3′X does not require a conformational transition
to a SL1, SL2 and SL3 hairpin structure to interact with
5BLS3.2 or regulate the virus replication cycle.

DISCUSSION

Subdomain 5BSL3.2 plays a pivotal role in the network
of distal RNA–RNA interactions detected in the HCV
genome: it binds domain 3′X in the 3′UTR through its api-
cal loop (6–11) and can also contact subdomain IIId in the
IRES (5,6), or alternatively subdomain SL9005 in the ORF
(6,12), with its bulge nt. Our combined NMR spectroscopy
and SAXS experiments indicate that subdomain 5BSL3.2
adopts a distinctive ‘L’ 3D shape due to the presence of
the large 8-nt bulge, which imposes an angle close to 90o

between the upper and lower double-helical stems (Figure
3). The scattering data also indicated remarkable stability in
the absence or presence of magnesium (Figure 2B and Sup-
plementary Figure S6A), pointing to a significant degree of
local structure within the 12-nt apical loop, as previously
observed by NMR spectroscopy (10). The ‘L’-shaped struc-
ture of 5BSL3.2 is reminiscent of that of stem-loop A (SLA)
of the dengue and Zika flaviviruses, which also contains a
large bulge comprising 9 or 11 nt, respectively (44).

The SAXS and NMR results indicate that domain 3′X
adopts an elongated two-stem conformation in the absence
and presence of magnesium, characterized by coaxial stack-
ing between the SL1′ and SL2′ helices, the exposure of the
central 4-nt DLS tract in the apical loop of subdomain SL2′,
and the presence of an unpaired 3′-tail that protrudes lat-
erally from the domain and contains the three terminal nt
of the viral genome (Figure 4). A slight increase in flexibil-
ity was detected in the absence of magnesium, but in agree-
ment with previous NMR observations (10) the SAXS data
were consistent with the presence of a stable structure, as
opposed to a mixture of conformations, under both ionic
conditions (Figure 2E and Supplementary Figure S6B). The
3′X domain sequence analyzed in this report contained two
DSL mutations abrogating homodimerization (Figure 1).
This did not change the structure of the domain (10) and
allowed us to study the monomeric form of the domain
and its complex with 5BSL3.2 in the presence of magne-
sium. We previously found that the wild-type 3′X sequence
adopted a similar two-stem structure in solution but ho-
modimerized at higher ionic strength due to the exposure of
the DLS palindrome in the SL2′ terminal loop (20,21). The
two-stem structure of domain 3′X is compatible with repli-
cation, since the presence of at least three nt after a stable
secondary structure has been reported to promote primer-
independent initiation of RNA synthesis by NS5B (51).

The NMR and dispersion data showed that the distal
complex formed by 5BSL3.2 and domain 3′X adopts a char-
acteristic ‘Y’ shape in solution. As previously predicted on
the basis of NMR evidence (10), the complex is an un-
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usual kissing junction; the lower branch of the ‘Y’ is formed
by the coaxially stacked 3′X subdomain SL1′ and lower
stem of subdomain SL2′. The two upper branches, on the
other hand, comprise subdomain 5BSL3.2 and a new hair-
pin formed by SL2′ DLS nt previously paired to the k nt
(Figure 6). The kissing junction is formed by an intermolec-
ular helix where the k′ nt of 5BSL3.2 and k nt of 3′X are
base-paired. This helix is coaxially stacked with the upper
stem of 5BSL3.2 and the lower stem of subdomain SL2′.
Although this structure was obtained with a dimerization-
defective 3′X domain (Figure 1), previous NMR evidence
indicated that the wild-type sequence is capable of forming a
similar structure ((11,20) and Supplementary Figure S9B).
As observed for 5BSL3.2 and 3′X, the SAXS data revealed
that the complex adopted a well-defined structure with lim-
ited flexibility (Figure 2H and Supplementary Figure S6C).
This means that the establishment of the interaction freezes
the spatial distance and relative orientation of the two RNA
species forming the complex.

In order to base-pair with the 5BSL3.2 loop, the up-
per stem of subdomain SL2′ must transiently adopt an
open conformation. In agreement with this fact, we de-
tected substantially increased flexibility for the isolated SL2′
subdomain relative to the full-length 3′X domain or sub-
domain SL1 in previous SAXS studies (21). In this re-
port we observed a small decrease in flexibility in the iso-
lated 5BSL3.2 and 3′Xm species when adding MgCl2 (Fig-
ure 2B, E, Supplementary Figure S6A and S6B). The Dmax
and Rg values also became smaller in the presence of the
cation (Figure 2C and F and Supplementary Table S1). The
3′X–5BSL3.2 complex formed a remarkably stable fold in
the presence of magnesium (Figure 2H and Supplementary
Figure S6C).

In addition to forming a distal complex with domain 3′X
as described in this report (Figure 6), 5BSL3.2 has been
shown to bind specifically to the HCV NS5B polymerase,
and this interaction requires the presence of the 8-nt bulge
(52,53) imposing the ‘L’-shape to the subdomain. On the
other hand, the CACAG segment of the UCACAGC k′ se-
quence located in the apical loop of 5BSL3.2 is conserved
within the Flaviviridae family (54), which comprises hep-
aciviruses like HCV as well as flaviviruses as dengue and
Zika. In flaviviruses, this segment is also located in the api-
cal loop of a 3′UTR stem-loop (called 3′-SL) and contacts
the flaviviral NS5 polymerase via an arginine-rich patch in
the thumb domain (43), playing a role in replication (43,55).
On the other hand, the SLAs of the dengue and Zika fla-
viviruses, situated at the 5′UTR of the viral genomes, act
as promoters for negative-sense RNA synthesis and com-
prise approximately 70 nt. These stem-loops have been re-
cently reported to also adopt an L-shape and to recog-
nize the thumb domain of NS5 (44); in this case, the api-
cal loop was proposed to bind to the arginine-patch rec-
ognized by 3′-SL, whereas the bottom stem, which is con-
siderably longer than that of 5BSL3.2, would interact with
the MTase domain of the flavivirus NS5 (44), absent in
the NS5B polymerase of HCV. Guided by the experimental
5BLS3.2-NS5B binding evidence and the observed similar-
ities with flaviviruses, we built a hypothetical model of the
‘L’-shaped 5BSL3.2 structure bound to the thumb domain
of the polymerase. In this model, the size complementary of

the protein and RNA structures turned out to be excellent
and, in line with the interactions observed in flaviviruses,
the apical loop of 5BSL3.2 was placed near an arginine-rich
loop at the thumb surface that is conserved in hepaciviruses
(Figure 7A). Formation of this complex would not block the
template binding channel of the polymerase nor the double-
stranded RNA exit channel, and would allow the unpaired
3′-terminal tail of the 3′X domain to enter the active site of
the polymerase. In fact, since this 3′-terminal tail protrudes
from the continuous stem of domain 3′X, it is possible to
model the domain laterally bound to NS5B with the termi-
nal strand entering the template binding channel of the pro-
tein (Figure 7A). This binding mode agrees with the lesser
affinity reported for NS5B-3′X binding relative to 5BSL3.2
or the 3′UTR polyU/C stretch (56), and is likewise consis-
tent with the reduction of HCV replication induced by 3′X
mutations stabilizing the lower stem of SL2′, located next
to the unpaired 3′-tail (11).

The distal contact between 5BSL3.2 and 3′X has been re-
ported to be required for either replication (7,8) or transla-
tion (14,22). We recently conducted a mutagenesis analysis
of domain 3′X that supported the latter view, since 3′X mu-
tants that adopted the wild-type conformation and bound
5BSL3.2 exhibited better translation activities than mutants
that were unable to recognize 5BSL3.2 (11). The models de-
scribed in this report provide a rationale explaining why for-
mation of the 5BSL3.2–3′X complex may disfavor negative-
sense RNA synthesis. When not bound to domain 3′X, the
‘L’-shaped 5BSL3.2 subdomain can recognize the thumb
domain of NS5B and in this state there is enough flexibil-
ity for the 3′X domain to reach the template entry channel
of the polymerase and start negative sense RNA synthesis
(Figure 7B). In contrast, when the relatively rigid 5BSL3.2–
3′X complex forms, a hypothetical binding of the ‘Y’ junc-
tion to the thumb domain would not physically allow the 3′-
terminal tail to reach the template channel and vice versa,
binding of the 3′-terminal tail to the template channel would
likely be disfavored by the solvent exposure of the bulky up-
per region of the ‘Y’ (Figure 7).

Another important consequence of 5BSL3.2–3′X com-
plex formation is the concealment of the palindromic DLS
sequence of the 3′X domain (Figure 6). This sequence, ab-
solutely conserved in all viral isolates (23), is exposed in
the apical loop of subdomain SL2′ ((10,20,21) and Fig-
ure 4) and promotes 3′X domain homodimerization (17–
21) through the formation of an intermolecular kissing
loop contact between two palindromic SL2′ loops (19). The
mechanism by which 3′X dimerization influences the viral
cycle is not clear, but we and others have proposed that it
likely contributes to control the switch between the trans-
lation and replication processes of the virus (11,18,19,57).
This hypothesis is compatible with the available structural
evidence and the mechanistic model described above. For-
mation of DLS–DLS homodimers would impede 5BSL3.2–
3′X complex formation by blocking the k sequence of do-
main 3′X, and would therefore promote 5BSL3.2–NS5B
recognition and the concomitant entry of the 3′X terminal
tail in the NS5B template channel, stabilizing the replica-
tion stage of the HCV cycle (Figure 7B). In this regard,
the 3′X–3′X homodimers have been reported to be opti-
mal templates for NS5B (57) and may contribute to in-
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Figure 7. Model of putative NS5B-5BSL3.2–3′X complex and scheme summarizing the possible functions of the 5BSL3.2, 3′ ′X and 5BSL3.2–3′X struc-
tures. (A) Hypothetical model of a putative NS5B-5BSL3.2–3′X ternary complex, with 5BSL3.2 bound to the thumb domain and the 3′-terminal tail of
3′X accessing the template binding channel of the polymerase. The model was generated based on sequence and structural similarities between 5BSL3.2 of
HCV and the 3′-SL and SLA RNA motifs of flaviviruses, which recognize the thumb surface of the NS5 polymerase (43,44). (B) Model of HCV replication
and translation regulation by 5BSL3.2, 3′X and their distal complexes. (Top) Formation of the 5BSL3.2–3′X distal contact favors polyprotein translation,
while simultaneously obstructing the formation of NS5B-5BSL3.2–3′X replication complexes and blocking the DLS palindrome. (Middle) After viral pro-
tein translation, recognition of 5BSL3.2 by the NS5B polymerase favors 3′X biding to the template channel and the start of negative-sense RNA synthesis.
(Bottom) At higher viral RNA concentration, replication-competent 3′X-3′X homodimers are formed through kissing loop contacts between palindromic
DLS loops. These homodimers inhibit 5BSL3.2–3′X complex formation by blocking the k sequence and stabilize the replication stage of the HCV cycle. In
(A) and (B), the thumb, palm and fingers domains of NS5B are colored green, yellow and blue, respectively.

crease template selectivity and to ensure that only full-
length RNA molecules are used for negative-sense RNA
synthesis. Conversely, the establishment of the 5BSL3.2–
3′X contact necessarily blocks homodimerization by con-
cealing the DLS palindrome (Figure 6) and would disfavour
negative sense RNA synthesis as explained above. Intrigu-
ingly, palindromic sequences promoting dimerization have
been detected in the SLA promoters of flaviviruses (44),
pointing to common regulatory mechanisms within the Fla-
viviridae family.

It is important to consider that the network of RNA–
RNA and RNA–protein interactions reported to regulate

the HCV cycle is likely dynamic in a cellular context. For
example, after contacting subdomain 5BSL3.2, NS5B may
shuffle downstream to recognize the flexible polyU/C seg-
ment (56), keeping the 3′X tail in the template channel
and allowing 5BSL3.2 to contact subdomain IIId of the
IRES and block translation. Another important question
that remains unanswered is whether formation of the 3′X–
5BSL3.2 complex has a direct effect on translation initiation
through the recognition of the unusual kissing junction by
a protein or RNA factor. Further experiments are needed
to verify this hypothesis, as well as to validate the proposed
5BSL3.2–NS5B–3′X interaction model.
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In conclusion, the low-resolution models of two crucial
RNA domains of the HCV genome and their distal con-
tact have shed light on the mechanisms likely used by the
virus to regulate replication and translation. Furthermore,
the detection of conserved RNA and RNA–protein motifs
shared with flaviviruses suggests common regulatory mech-
anisms within the Flaviviridae family.

DATA AVAILABILITY

Experimental SAXS data and 3D models of full-length sub-
domain 5BSL3.2 and dimerization-defective full-length do-
main 3′Xm in the absence and presence of magnesium,
as well as the 3′Xm–5BSL3.2 complex in the presence of
magnesium, have been deposited in the Small Angle Scat-
tering Biological Data Bank (SASBDB) with accession
codes SASDMM4, SASDMN4, SASDMP4, SASDMQ4
and SASDMR4.
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Berzal-Herranz,B., Oltra,E., Berzal-Herranz,A. and Gallego,J. (2020)
Structure and function analysis of the essential 3′X domain of
hepatitis c virus. RNA, 26, 186–198.

12. Diviney,S., Tuplin,A., Struthers,M., Armstrong,V., Elliott,R.M.,
Simmonds,P. and Evans,D.J. (2008) A hepatitis c virus cis-acting
replication element forms a long-range RNA-RNA interaction with
upstream RNA sequences in NS5B. J. Virol., 82, 9008–9022.

13. You,S., Stump,D.D., Branch,A.D. and Rice,C.M. (2004) A cis-acting
replication element in the sequence encoding the NS5B
RNA-dependent RNA polymerase is required for hepatitis c virus
RNA replication. J. Virol., 78, 1352–1366.
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