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Structure of HCV IRES domain II determined by NMR

Peter ] Lukavskyl’z, Insil Kim!, Geoff A Otto! & Joseph D Puglisi1

Complex RNA structures regulate many biological processes, but are often too large for structure determination by NMR
methods. The 5’ untranslated region (5" UTR) of the hepatitis C viral (HCV) RNA genome contains an internal ribosome entry

site (IRES) that binds to 40S ribosomal subunits with high affinity and specificity to control translation. Domain Il of the HCV
IRES forms a 25-kDa folded subdomain that may alter ribosome conformation. We report here the structure of domain Il as
determined using an NMR approach that combines short- and long-range structural data. Domain Il adopts a distorted L-shape
structure, and its overall shape in the free form is markedly similar to its 40S subunit-bound form; this suggests how domain Il
may modulate 40S subunit conformation. The results show how NMR can be used for structural analysis of large biological RNAs.

RNA has a central role in biology as messenger RNA, as components of
the ribosome and spliceosome and as small cellular RNAs. RNA can
form complex tertiary structures that are often stabilized by protein
interaction. X-ray crystallography has revealed the three-dimensional
structures of several stably folded RNAs, including tRNA, ribozymes
and the ribosome. RNAs are often conformationally heterogeneous,
and this may be an essential feature of their functions. As such, RNAs
have been frequently difficult to crystallize. NMR spectroscopy pro-
vides a powerful tool for structural characterization of dynamic RNAs;
however, most RNA molecules are larger (>20 kDa) than the size limit
accessible to earlier NMR methods. Here, we present an NMR
approach that allowed the determination of the structure of a 25-kDa
RNA domain, and provides qualitative information on a functional
100-kDa RNA from the hepatitis C virus. These results demonstrate
the quantitative and qualitative power of NMR for structural charac-
terization of large biologically important RNAs.

Initiation of translation of the HCV polyprotein is mediated by an
IRES element located in the 5 UTR of the viral RNA genome!.
Canonical initiation in eukaryotes is a cap-dependent process, which
requires a 5'-capped mRNA and the full complement of initiation fac-
tors?. The 5' cap is recognized by eukaryotic initiation factor 4E fol-
lowed by binding of other initiation factors and the 43S particle. This
assembly then scans the 5 UTR to locate the first AUG start codon to
form the 48S preinitiation complex that establishes the proper mRNA
reading frame?. Recruitment of the 43S particle to HCV RNA requires
neither a 5' cap nor scanning; only a subset of core initiation factors is
required!. Both mRNA binding and proper P-site placement of the
AUG start codon are accomplished by high-affinity (K4 = 1.9 nM)
interaction between the IRES RNA and the 40S ribosomal subunit
near the E site>*. Surface ribosomal proteins mediate this interaction.

The functions of HCV IRES domains (I-IV) have been mapped!
(Fig. 1). Domains II-IV are essential for IRES activity. Isolated

domains III and IV alone bind the 40S subunit with near wild-type
affinity® (K4 = 3.1 nM) and interact with the 40S subunit in the E site
as revealed by cryo-electron microscopy (cryo-EM) of the HCV IRES
RNA-rabbit 40S subunit complex*. Domain II does not contribute
substantially to IRES-40S subunit affinity, but is required for IRES
activity®. The cryo-EM structure shows that domain II contacts the
40S subunit in the head region of the E site. It adopts an elongated
L-shaped structure, allowing the apical loop to reach deeply into the
mRNA cleft near the coding RNA in the ribosomal P site*. Here, we
present the solution structure of the HCV IRES domain II, determined
by NMR spectroscopy, which reveals that this bound conformation of
HCV IRES domain II is preformed in the absence of 40S subunits.

RESULTS

NMR structure determination

NMR structure determination of a large RNA, like the 25-kDa IRES
domain II RNA, is challenging. Severe spectral overlap from 'H reso-
nances of the four different nucleotides, each containing at least ten
protons, makes unambiguous assignments impossible. Excision of
thermodynamically stable secondary structure elements, such as helices
and loops, out of their larger structural context can overcome the over-
lap problem. In favorable cases, these fragments maintain the confor-
mation adopted within the larger RNA. Based on initial NMR studies of
a 77-nucleotide (77-nt) RNA (nt 45-117 of domain II), we identified
such stable local RNA motifs within domain II and designed a 34-nt
RNA (nt 69-98 of domain II, termed IIb) and a 55-nt RNA (nt 45-69
and 98-117 of domain II, termed ITa) covering the entire domain II in
two parts (Fig. 1b). Chemical shifts, which are a sensitive measure of the
local chemical environment of a nucleus, were compared to ensure that
the local RNA motifs ITa and IIb adopt the same conformation within
the context of the entire domain II (Table 1). Assigned chemical shifts
are available online at http://puglisi.stanford.edu.
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To address whether domain II also forms

the same structure in

the context of the entire HCV IRES, we prepared a segmentally (nt
40-104) '>N-labeled IRES RNA by enzymatic ligation using T4

RNA ligase®. Chemical shifts of imino 'H

and 1°N resonances

observed for domain II alone and in the context of the 100 kDa
HCV IRES were virtually identical (Fig. 1b). This demonstrates

a

that domain II forms an independently folded subdomain in the

intact IRES®.

To determine the structure of domain IT by NMR, high-resolution
restraints from the subdomains Ila and IIb were combined with resid-
ual dipolar coupling’ data of the subdomains and the full domain 11
(Supplementary Table 1). The precise overlap of chemical shifts in the
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Figure 1 NMR structure determination of the HCV IRES domain Il structure. (a) Secondary structure
of HCV IRES RNA domain Il. Left, secondary structure of HCV IRES RNA (nucleotides 1-367 of HCV
genotype 1b). Domains are numbered according to ref. 10. Right, sequence and secondary structure
of the HCV IRES domain Il RNA oligonucleotides used for NMR structural studies; secondary structure

of domain Il is presented according to ref. 11. Outlined nucleotides were changed to improve

transcription efficiency. The RNA oligonucleotides IIb (34 nt) and Ila (55 nt) comprised nt 69-98 and
nt 45-69 and 98-117 of domain Il, respectively. Both IIb and Ila contained two additional G-C base
pairs analogous to Il; the apical end of Ila was capped by an additional C-G base pair and a UUCG
tetraloop. (b) Domain Il alone adopts the same conformation in the context of the 100 kDa HCV IRES:

comparison of 1°N-HMQC (heteronuclear multiple quantum coherence) spectra of imino N-H

correlations of isolated 13C-15N-labeled domain I (25 kDa) and segmentally (nt 40-104) 1°N-labeled
IRES (100 kDa). Domain Il resonances are yellow, whereas resonances from domain Il in the context of
the IRES are red. Domain |l residues that are not 1°N-labeled in the segmentally labeled sample, are
shown in bold. Resonances of U46, U59 and U61 (segmentally labeled sample) and resonances of
G68 and U80 (domain Il sample) are observed at lower thresholds of the spectra (data not shown).

An unassigned resonance is marked by an asterisk.

15N (p.p.m.)

subdomains and overall domain II strongly
supports this approach to structure determi-
nation (Table 1). Numerous NOE and scalar
coupling restraints, obtained after complete
resonance assignments of domains Ila and
IIb, defined the local structures of these
domains, but contained no information to
define the global conformation of domain II:
the atomic r.m.s. deviations for the 20 best ITb
and 29 best Ila structures were 2.43 A and
491 A, respectively, whereas the entire
domain IT was poorly defined with an r.m.s.
deviation of 7.48 A for the best 20 structures
(Fig. 2 and see Supplementary Tables 2—4
online). The precision of the subdomain
structures was improved using residual dipo-
lar couplings (RDCs)’; the magnitudes of the
axial (D,) and rhombic (R) components of
the alignment tensor were determined using
standard methods”™ (see Supplementary
Table 1 online). The local conformational
restraints were then combined with 60 RDCs
from the overall domain II to calculate the
final structures. Details of the structure deter-
mination are outlined in Methods and
Supplementary Methods online.

The final ensemble of 12 domain II struc-
tures has an r.m.s. deviation of 2.18 A (Table 1
and Fig. 2) and the r.m.s. deviations of the
local motifs are 1.15 A (IIb) and 1.62 A (IIa),
respectively (see Supplementary Tables 2—4
online). The overall domain II RDCs also
improve the local precision of the structures.
A control calculation carried out on domain
II using only the domain IIa and domain IIb
RDCs yielded a very similar local precision of
subdomains (1.43 A for ITb and 2.63 A for Ia,
respectively) compared with the isolated sub-
domains (Table 1). In contrast, the global pre-
cision of the ensemble of domain II structures
was much worse, with an r.m.s. deviation of
5.79 A. This confirms that the 60 domain II
RDCs are necessary to define the global struc-
ture of domain II (Table 1).

Overall structure and domain Ila

Domain II forms a bent structure (Fig. 3a).
The observed secondary structure of domain
ITa differs from the predicted secondary
structure!?, but agrees with a recent proposal
based on phylogenetic comparison of HCV
isolates!! (Fig. 1b). A stretch of noncanonical
and Watson-Crick base pairs creates a contin-
uous helix with the apical part of domain II.
The single-stranded nucleotides A53, A54,
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C55, U56 and A57 form an asymmetric internal loop, which intro-
duces a bend (bend angle = 84.5 * 9.6°) between the lower and upper
helical regions of domain IT (Fig. 3b). A53 stacks on top of the last
G52-C111 base pair of the lower stem and base stacking continues
throughout A54 and C55. A change in backbone direction occurs at
residue U56 (non A-form values for torsion angles o = gauche™,
Y = trans, & = trans and { = gauche’), which allows stacking of A57
below the last C58-G110 base pair of the upper helix (Fig. 3b).

Mg?* stabilizes the conformation of the hinge bulge (A53—-A57).
Addition of 5 mM Mg?" causes upfield shifts of A54, C55 and A57 base
H resonances and reduced solvent exchange of the first two base pairs
of the upper stem. The metal ion binding site(s) within the hinge bulge
were identified through paramagnetic line broadening in the presence
of substoichiometric amounts of Mn2*, which can bind to similar
RNA sites as Mg?* (ref. 12). This paramagnetic probe caused specific
broadening of resonances C2-H2 of A54 (Fig. 3c) and C8-H8 of G51
and G52, identifying one or potentially two metal ion binding sites in
the major groove of the internal loop (Fig. 3b) with adenine N1 or N3
and guanine N7 positions as possible ligands for the metal ions. The
location of the binding site is further supported by the fact that no
broadening was observed for resonance C2-H2 of A53, as its Watson-
Crick face points toward the minor groove (Fig. 3b).

Although Mg?* stabilizes the hinge bulge, it is not a rigid structural
motif. The ensemble of the 12 final structures contains two distinct
conformations with the base moiety of residue U56 either stacked in
(25%) or looped out (75%). Both conformations are equally sup-
ported by 23 inter-residue NOE restraints.

Domain Ilb

Domain IIb contains a hairpin loop and a loop E motif that are very
similar to motifs previously found in HCV IRES domain I1Id'?
(Fig. 4a). The loop E motif, formed by noncanonical base pairs and a
local backbone reversal (S-turn), has a similar structure to other loop
E motifs observed in RNAs!, Despite differences in loop sequence and
size, both IIb and IIId hairpin loops adopt similar folds in which the
3'-side uracil residue (U269 in IIId and U86 in IIb, respectively) is
looped out. In domain IIId, both the looped-out uracil and S-turn
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Figure 2 Structure determination of domain Il using RDCs. (a) Heavy-atom
superposition of the final 20 and 12 structures of domain Il calculated with
and without RDCs. Bases are blue and ribose-phosphate backbone is pink.
(b) Local heavy-atom superposition of domain Ilb and Ila of the final 12
structures of domain Il calculated with RDCs.

from loop E are located on the 3" side of the domain, whereas they
reside on opposite sides in domain ITb (Fig. 4a). This creates very dif-
ferent binding surfaces in both subdomains for the interaction with
the 408 particle.

The helical stretch between the loop E motif and the asymmetric
internal loop introduces a second, less pronounced bend (bend angle
=46.8 + 13.2°) and contributes to the interaction surface with the 40S
subunit through several noncanonical base pairs (Fig. 4b), such as
U64-U103, U63-C104, U61-G107 flanked by a dynamic, looped out
residue U106 and a previously unobserved G+A base pair between G68
and A99, involving hydrogen bonds between the O6 and N7 of G68
and N6 and N1 of A99 (Fig. 4b). The N1 position of A99 is protonated
at pH 6.40, as shown by unusual proton and nitrogen chemical shifts,
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Figure 3 Solution structure of HCV IRES RNA domain Il and magnesium binding sites. (a) Energy-minimized average structure of domain Il. Color scheme
as in Figure 2; phosphorus atoms are yellow. (b) Single representative view of the multinucleotide bulge from the major groove. Numbering according to
Figure 1a. Color scheme as in Figure 3a; ribose 04’ atoms are red. Protons that specifically broadened in the presence of a paramagnetic probe are purple.
(c) 13C-HSQC (heteronuclear single quantum coherence) spectra of adenine C2-H2 correlations in the absence (top) and presence (bottom) of Mn2* ions.
Numbering according to Figure 1a; the n + 1 residue is labeled A*. The C2-H2 resonance of A54, which broadens, is boxed. Additionally, the initially broad

C2-H2 resonance of A99 (top) broadens beyond detection (bottom).
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Figure 4 Comparison of subdomains I1b and Il1ld

a b o
G68 299 ) of thg HCV IRES and ‘baselpalrlng sche_)mes.
~ NN { (a) Single representative view of domains Illd and
~ 1 \::\ >/ I1b. Color scheme as in Figure 2; ribose 04
‘L\\/7 ----- & ) L
\ )\: C atoms within the loop E S-turn are red. The

15.58 p.p.m. for 'H and 156.9 p.p.m. for °N, respectively. The stretch
of noncanonical base pairs is the only major site of sequence variations
among HCV isolates'>, yet these variations maintain the general
features of the structure described above.

DISCUSSION

HCV IRES domain II is an independently folded domain of the IRES.
The chemical shifts of resonances in segmentally labeled domain II
in the intact, 100 kDa IRES are the same as those of the isolated
domain II. The high-resolution NMR structure of domain II
markedly resembles the 40S subunit-bound form as determined by
cryo-EM* . In contrast, preliminary NMR studies of domain III in
the free form indicate a rather dynamic structure as compared with
domain II (data not shown). The flexibility of domain III might
facilitate conformational changes required for its high-affinity inter-
action with the 40S subunit. Domain II interacts with 40S subunits
only in the context of the intact IRES and docks its preformed solu-
tion conformation into the 40S subunit at the edge of head and plat-
form* near the tRNA exit site. The global similarity of the domain II
and tRNA structures is constrained by the shape of the ribosomal
tRNA binding sites.

The structural features of domain II, such as the loop E motif and
noncanonical pairs, may provide a stable point for RNA-RNA or RNA-
protein interactions. In contrast to the protein-rich surface of the ribo-
some, the environment around domain II probably includes RNA.
Dynamic looped-out uracil residues may allow for minor conforma-
tional adjustments upon 40S subunit binding. Interaction of domain
II closes the mRNA cleft on the small ribosomal subunit and thus
probably aids proper start-codon selection, suggesting that domain II
functions like an initiation factor, or assists host initiation factors in
their function. The structure of HCV IRES domain IT indicates a mod-
ular organization of the HCV IRES with subdomains that have distinct
functional roles during IRES-mediated initiation.

Biological RNAs are often much larger than the current size limits
for NMR. By combining high-resolution structural information, long-
range conformational restraints and segmental labeling strategies, we
have shown that structures of 25-kDa RNAs can be determined and
100-kDa RNAs are accessible to NMR measurements. Our results
underscore the power of NMR to define secondary and tertiary struc-
tures of RNA, and map RNA-ligand interactions in large biological
RNAs such as messenger RNAs.

dynamic, looped-out uracil base of both hairpin
loops is also red. (b) Base pairing schemes found
in the helical stretch between the loop E motif
and the asymmetric internal loop of domain Il.
Numbering according to Figure 1a. Base
nitrogens are blue, ribose-phosphate backbone is
pink, ribose 02" and 04" are red; phosphorus
atoms and phosphate oxygens are yellow and red,
respectively. Hydrogen bonds are shown as
dashed lines.

METHODS

Sample preparation. RNA oligonucleotides were prepared by transcription
from linearized plasmid DNA using phage T7 RNA polymerase, followed by
purification using PAGE!®, elution from the gel and equilibration with cen-
trifugal devices against final buffer!” (10 mM sodium phosphate, pH 6.4,
100 mM sodium chloride). Unlabeled and '*C-!>N-labeled RNA oligonu-
cleotides were prepared. Labeled nucleoside triphosphates were prepared in
our laboratory using published methods'®. NMR samples were prepared in a
Shigemi NMR tube (250 pl containing 4% or 100% D,O and 0.25 mM d,,-
EDTA) at RNA concentrations of 0.8-2.5 mM. MgCl, was added froma 1 M
stock solution up to a concentration of 5 mM. Weakly aligned NMR samples
were prepared by addition of 8 mg ml~! (II) or 10 mg mI™! (Ila and IIb) of fila-
mentous phage Pfl (ref. 19).

NMR spectroscopy. NMR data were acquired at 15, 25 or 30 °C on Varian
Inova 500 MHz and 800 MHz NMR spectrometers equipped with triple-
resonance x-, y- and z-axis gradient probes. 'H, 1*C, 1N and 3!P assignments
were obtained using standard homonuclear and heteronuclear methods opti-
mized for RNA structure determination (RnaPack, http://www.varianinc.com)
following detailed published procedures!”. NMR data were processed with
VNMR 6.1C (http://www.varianinc.com) and spectra were analyzed with
SPARKY?. Base pairing schemes were established using the HNN-COSY
experiment?!. 'H, 13C, >N and *'P chemical shifts are available online at
http://puglisi.stanford.edu. NOEs from exchangeable protons were character-
ized as either strong (1.8-3.5 A), medium (1.8-4.5 A), weak (1.8-6 A) or very
weak (3.5-6.5 A) based on their NOE peak intensities at mixing times of 50 and
120 ms, whereas NOEs from nonexchangeable protons were characterized as
either strong (1.4-3.0 A), medium (1.8—4 A), weak (1.8-5 A) or very weak
(3.5-6.5 A) based on their NOE peak intensities at mixing times of 50, 150 and
250 ms. Dihedral torsion restraints were obtained from DQF-COSY, 3D
HMQC-TOCSY, HP-COSY and 3D HCP experiments as described!’.
Heteronuclear one-bond 'Jyj; and Joy couplings were measured in the
absence and presence of filamentous phage Pfl using phase cycle—
modified TROSY?>?3 pulse sequences, which allowed detection of either the
upfield or downfield component of the downfield >N or '*C doublet, respec-
tively. A constant-time '3C evolution was applied for the measurement of !y
couplings. The RDC values were calculated as 'Dyjy = Yxpy (aligned) — Yy
(isotropic), and are available online at http://puglisi.stanford.edu. On the basis
of the length of the time domain data and the standard deviation of at least two
individual measurements, the accuracy of the measured couplings was esti-
mated at 2.5 Hz (!Dyy) and +£1.25 Hz ('Dyyy), respectively. The 'Dyyy values
and errors were normalized to 13C.

Structure calculation. The protocol for structural calculations included simu-
lated annealing of starting structures with random angles within the X-PLOR
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Table 1 Structural statistics and atomic r.m.s. deviations for final domain Il, Ila and IIb structures calculated with RDCs

Final forcing energies (kcal mol-1)2 <SA-I1> <SA-1I*>r <SA-lla> <SA-11b>
Distance restraints (1744 [I1], 1146 [llal, 831 [II1b]) 16.9+1.1 17.8 14.0+1.3 8.6+0.6
Dihedral restraints (523 [I1], 419 [lla], 253 [lIb]) 81+1.3 6.9 5.7+0.5 4.0+0.9
Residual dipolar coupling restraints® (261 [I1], 136 [llal, 105 [lIb])  31.5+3.2 31.1 18.4+2.7 6.8+1.1

R.m.s. deviations from experimental restraints
Distance restraints (A) 0.01 £0.001 0.01 0.02 £0.001 0.01 +£0.001
Dihedral restraints (°) 0.67 £0.05 0.62 0.07 £0.03 0.7 £0.09
Residual dipolar coupling restraints (Hz)?
1Dy and 1Dgy of 11 (60 [11) 2.07+0.11 1.91 - -
1Dyy and 1D¢y of a (112 [11], 136 [llal) 2.43+0.06 2.34 2.5+0.05 -
1Dy and 1D¢y of 11b (89 [11], 105 [1Ib]) 2.26+0.12 2.30 - 2.23+0.06

R.m.s. deviations from idealized covalent geometry
Bonds (A) 0.003 + 0.00004 0.003 0.003 +0.00003 0.003 + 0.00005
Angles (°) 0.82 £ 0.004 0.82 0.8 £0.006 0.8 +0.003
Impropers (°) 0.36 +£0.03 0.35 0.3+0.02 0.3+0.01

Heavy-atoms r.m.s. deviations (A)

All RNA 2.18 1.68 2.34 1.35
lla (G43-C69, G98-C119) 1.62 1.78 2.22
11b (A70-U97) 1.15 1.03 - 1.35
Ila internal loop (G52-C58, G110-C111) 1.01 0.77 1.25
I1b hairpin loop (C79-G87) 1.50 1.27 - 1.47
I1b loop E motif (G71-A74, U92-A96) 0.41 0.33 - 0.40

The notation of the NMR structures is as follows: <SA-II>, <SA-lla>, and <SA-IIb> are the final 12, 22 or 20 simulated annealing domain I, Ila or Ilb structures, respectively;
SA-11* is the mean domain |l structure obtained by averaging the coordinates of the individual SA-II structures best-fitted to each other; <SA-I1*>r is the regularized mean
structure obtained by restrained minimization of the mean structure SA-I1*. The number or terms for the various restraints is given in parentheses; for final force values see
Methods. Heavy-atom r.m.s. deviations are defined as the average difference between <SA> or <SA*>r versus SA*.

aNone of the final structures showed distance violations >0.25 A and dihedral violations >6.5°. Only structurally useful intraresidue distance restraints, involving protons separated by more than
three bonds, are included. PThe r.m.s. deviations of chemical shifts (p.p.m.) for l1a/llb versus Il are as follows: 0.099 (}3C) and 0.074 (1H) for aromatic C-H groups and 0.055 (1°N) and 0.028
(1H) for aromatic N-H groups, respectively. All 1Dy residual dipolar couplings are normalized to 13C. The axial (D,) and rhombic (R) components of the individual final alignment tensors are
D,=-12.93 and R = 0.45 for lla, D,=-15.28 and R=0.17 for Ilb and D, =-26.40 and R = 0.29 for I, respectively.

3.1 package?* and restrained molecular dynamics (rMD) refinement within the
CNS package?®. starting structures (200 domain II or 100 domain ITa and IIb)
were generated and subjected to a simulated annealing protocol excluding RDC
restraints (for more details, see Supplementary Methods online). Structures
that met the acceptance criteria (no NOE violation >0.5 A and no torsion angle
violation >10°) were then used to estimate D, and R of the alignment tensor by
determining the best fit of observed RDCs to ensemble members using the sin-
gular value decomposition method?® implemented in PALES?’. First, iterative
refinements of domains Ila and IIb with RDC restraints were carried out until
the rhombicity of the lowest-energy structures met acceptance criteria
(AR < £0.015). These final alignment tensors for domains IIa and IIb (Table 1)
were then used for the refinement of domain II together with a third alignment
tensor for the domain II RDC restraints, which was subsequently improved
using the same iterative procedure. The final 12 structures were chosen that had
the lowest total and restraint violation energies. Structures were analyzed using
the programs CURVES?® and MolMol?® and structure figures were generated
using InsightII (http://www.accelrys.com).

Coordinates. Structures have been deposited with the Protein Data Bank
(accession codes 1P5M (ensemble of domain Ila), 1P5N (ensemble of domain
IIb), 1P50 (ensemble of domain II) and 1P5P (average minimized domain II
structure)).

Note: Supplementary information is available on the Nature Structural Biology website.
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