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Picornaviruses replicate their RNA genomes through a highly conserved mechanism that involves an
interaction between the principal viral protease (3Cpro) and the 50-UTR region of the viral genome. The
3Cpro catalytic site is the target of numerous replication inhibitors. This paper describes the first struc-
tural model of a complex between a picornaviral 3Cpro and a region of the 50-UTR, stem-loop D (SLD).
Using human rhinovirus as a model system, we have combined NMR contact information, small-angle
X-ray scattering (SAXS) data, and previous mutagenesis results to determine the shape, position and rel-
ative orientation of the 3Cpro and SLD components. The results clearly identify a 1:1 binding stoichiom-
etry, with pronounced loops from each molecule providing the key binding determinants for the
interaction. Binding between SLD and 3Cpro induces structural changes in the proteolytic active site that
is positioned on the opposite side of the protease relative to the RNA/protein interface, suggesting that
subtle conformational changes affecting catalytic activity are relayed through the protein.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction RNA-dependent RNA polymerase. This 3Cpro–3Dpol bi-protein binds
Picornaviridae is a large family of single-stranded RNA viruses
(Van Regenmortel et al., 2000). Many family members cause devastat-
ing human diseases such as polio and hepatitis A while others are eco-
nomically damaging, including the foot and mouth disease virus and
the rhinoviruses responsible for human colds (Greenberg, 2003). Cor-
onaviruses such as SARS share homology with picornaviruses, most
notably in their mode of replication (Zhang and Yap, 2004).

The picornaviral replication cycle involves the production of a
polyprotein that is subsequently cleaved into active proteins by
viral proteases, principally the 3C protease, or 3Cpro (Porter,
1993). This protease is a single polypeptide of 182 amino acids
composed primarily of an N-terminal a-helix followed by two
anti-parallel b-barrels, each containing six strands (Matthews
et al., 1994). The catalytic triad of H40, E71 and C146 lies in a cleft
between the two barrels (Fig. 1A). Numerous studies have targeted
the 3Cpro proteolytic active site for drug design (Yang et al., 2006;
Wang and Chen, 2007).

The 3Cpro also serves a second function (Walker et al., 1995;
Xiang et al., 1995). After cleavage from the remainder of the viral
polyprotein, 3Cpro remains covalently linked to 3Dpol, the viral
ll rights reserved.
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via the 3Cpro segment to the untranslated 50-end of the genomic
RNA, generally stem-loop D (SLD; Fig. 2A) from the first cloverleaf.
This interaction is thought to correctly position the 3Dpol protein as
a necessary step for transcribing positive sense RNA from a nega-
tive sense template. The lack of structural data featuring the
3Cpro–SLD interaction has hindered efforts targeting drug design
to this second function of 3Cpro.

We previously used NMR spectroscopy to determine the struc-
ture of SLD from human rhinovirus 14 (HRV-14; Fig. 2B) (Headey
et al., 2006; Huang et al., 2001). Here we report an investigation
into the interaction between the HRV-14 SLD and the HRV-14
3Cpro. NMR and small-angle X-ray scattering data were combined
with results from previous mutational analysis (Andino et al.,
1993; Leong et al., 1993) (Fig. 1) to construct a structural model
of the HRV-14 3Cpro–SLD complex. The results identify the inter-
face between 3Cpro and the RNA stem loop, showing that the
RNA binds on the opposite side of the protein relative to the cata-
lytic site, and further that there is communication between the
RNA-binding and catalytic sites.
2. Materials and methods

2.1. NMR sample preparation

NMR experiments were recorded with either uniformly 15N/13C-
labelled or 2D/15N/13C-labelled 3Cpro in 50 mM bis–tris-propane/
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Fig. 1. HRV-14 3Cpro structure, mutation data and basic residues. (A) Cartoon rendering. Two six-stranded b-barrels (peach and lavender ribbons) are joined by a long linker
(yellow; residues 76–97). Basic and non-basic residues that, when mutated, inhibit RNA-binding (Andino et al., 1993; Leong et al., 1993) are shown as teal and green sticks,
respectively. Side chains of other nearby basic residues are shown as dark blue sticks. The active site catalytic triad (grey spheres) is in the rear of the molecule in this view
and contains the inhibitor JMC-98-3 (inhibitor not shown). (B) Surface rendering. Orientation and coloring are as in part A. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 2. HRV-14 stem-loop D (SLD). (A) Sequence and schematic secondary structure
with triloop bases and uracil � uracil and cytosine � uracil base pairs colored for
reference in the text. (B) Solution structure (Headey et al., 2006). Coloring is similar
to part A. In addition, the backbone phosphorous and singly coordinated oxygen
atoms are shown in dark and light violet, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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MES containing 0.5 mM EDTA and 1 mM DTT at pH 6.0. Isotope-la-
belled 3Cpro from HRV-14 was expressed in Escherichia coli and
purified using standard methods. Typically, a 50 mL overnight
growth of E. coli BL21 CodonPlus cells containing the HMBP-3C
plasmid was used to inoculate 1 L of LB containing chlorampheni-
col and ampicillin. This construct produces a histidine-tagged MBP
fusion with 3Cpro that can be cleaved with thrombin (Alexandrov
et al., 2001). When absorbance at 600 nm reached approximately
1.0 the cells were harvested by centrifugation at 3800 rpm (GS3 ro-
tor) and resuspended in 500 mL of M9 minimal medium supple-
mented with 3.5 g of 13C-glucose and 0.5 g of 15N-ammonium
chloride. After 30 min at 30 �C, induction was initiated by the addi-
tion of 0.5 mM isopropyl b-D-galactopyranoside (IPTG). For produc-
tion of deuterated protein, the M9 minimal medium utilised D2O
with either 2H,13C-glucose or 2H,12C-glycerol as a carbon source.
The culture was grown at 30 �C until the growth curve flattened
(approximately 6 h). Cells were harvested by centrifugation at
4800 rpm (GS3 rotor) at 4 �C for 20 min and resuspended in
30 mL of aqueous buffer containing 20 mM Tris and 150 mM NaCl
at pH 7.5 (buffer A) with one pre-dissolved CompleteTM EDTA free
protease inhibitor tablet (Roche).

Cells were lysed by passing twice through a French press at a
pressure of 6000 psi. The lysate was loaded onto a Ni2+–NTA (GE
Healthcare) column equilibrated with buffer A. The column was
washed with three column volumes of 20 mM imidazole in buffer
A. H6-MBP-tagged 3C was then eluted with two column volumes
of buffer A containing 250 mM imidazole. A total of 30 U of bovine
thrombin (Roche) was added to the eluted fraction and this was dia-
lyzed against 1 L of aqueous buffer containing 20 mM Tris, 1 mM
DTT and 0.5 mM EDTA at pH 7.8 (buffer B) for 8 h with a change
of buffer at 4 h. A QAE-Sephadex (Sigma–Aldrich) column was
equilibrated with buffer B and the dialyzed protein fraction was
passed through the column. The column was washed with a further
three column volumes of buffer B. The flow-through and washes
were combined, concentrated to approximately 250 lL and buffer
exchanged to 50 mM bis–tris-propane/MES (BTM), 1 mM DTT,
0.5 mM EDTA at pH 6.0 (buffer C) via a 10 kDa molecular weight
cut-off spin concentrator. The final protein concentration was
determined by absorbance at 280 nm. JMC-98-3 (Webber et al.,
1998) 3Cpro-specific inhibitor was a gift from S. Webber, (Agouron
Pharmaceuticals, CA, USA, now part of Pfizer, CA, USA) and was
added in equimolar or greater ratio to purified 3Cpro to create the
3CI sample. Partial alignment for RDC data collection was achieved
via addition of a penta-ethylene glycol mono-decyl ether:hexanol
mixture (Ruckert and Otting, 2000). The RNA oligomer for SLD
was purchased from IDT, dissolved in the same buffer as the pro-
tein, adjusted to pH 6.0 and annealed. Aliquots of 2 mM SLD were
added to a sample containing 0.15 mM 3Cpro until the RNA to pro-
tein ratio was 3:1 to create the 3CIR sample (3CI plus SLD).

2.2. X-ray scattering sample preparation

Samples used for X-ray scattering were dialyzed overnight
against 50 mM MES, 0.5 mM EDTA, 1 mM DTT. The MES buffer
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solution contained pure water (MilliQ) treated with diethyl-pyro-
carbonate (DEPC) to remove RNase activity and adjusted to pH
6.0 with 50 mM bis–tris methane. The dialysate was retained for
solvent blank measurements. The post-dialysis concentration for
each sample was determined by UV absorbance using
E260 nm = 22.83 mg�1 mL cm�1 and E280 nm = 0.298 mg�1 mL cm�1

for SLD and 3C protease, respectively. The sample concentrations
were: 3Cpro, 0.765 mg mL�1; SLD, 0.456 mg mL�1; 3Cpro–SLD com-
plex, 1.07 mg mL�1. A lysozyme standard was prepared by dissolv-
ing and dialyzing the lyophilized protein (USB Corporation) in
150 mM NaCl, 40 mM sodium acetate (pH 3.8), to a final concentra-
tion of 7.7 mg mL�1.

2.3. NMR spectroscopy

NMR experiments were performed on a 700 MHz Bruker Avance
spectrometer equipped with a cryoprobe, four r.f. channels and
gradient pulse capabilities. In general, spectra were acquired at
22 �C using a WATERGATE (Piotto et al., 1992) solvent suppression
scheme and processed in Topspin 2.0 (Bruker). The backbone reso-
nances of 3CI were assigned via 15N-HSQC, HNCA (Kay et al., 1990;
Grzesiek and Bax, 1992), HNCO (Kay et al., 1990; Grzesiek and Bax,
1992; Muhandiram and Kay, 1994), HNCACO (Clubb et al., 1992),
CBCACONH (Grzesiek and Bax, 1993), and CBCANH (Grzesiek and
Bax, 1992) spectra using XEASY (Bartels et al., 1995) analysis soft-
ware. In order to obtain the HN chemical shift perturbation values,
1H,15N-HSQC-TROSY (Pervushin et al., 1998) spectra were acquired
with the 3CI and 3CIR samples. TROSY versions of the HSQC, HNCA
(Eletsky et al., 2001; Salzmann et al., 1998) and HNCO (Permi et al.,
2000) experiments were used to assign the 3CIR backbone reso-
nances with the software package Analysis (Vranken et al., 2005).
The 1H–15N RDCs for the 3CI sample were obtained using an
IPAP-HSQC sequence (Cordier et al., 1999).

2.4. Homology modelling, RDC-based refinement and calculation of
chemical shift indexing and perturbation

A homology model of 3CI was created with Swiss Model (ExP-
ASy website) in automatic mode using PDB accession number
2B0F (Bjorndahl et al., 2007) as a template for the 3C component.
The covalently bound JMC-98-3 inhibitor was then modelled into
the proteolytic active site. Coordinates for JMC-98-3 were first gen-
erated with the program Corina (Molecular Networks). The cova-
lent bond between JMC-98-3 and 3CI C146 and a set of pseudo
distance restraints based on the inhibited HRV2 crystal structure
(PDB accession number 1CQQ) were used to dock JMC-98-3 into
the active site of 3CI with the program CNS (Brünger et al., 1998).

1H,15N-HSQC-IPAP spectra of 3CI yielded a total of 123 well-re-
solved backbone 1H–15N RDCs. PALES (Zweckstetter and Bax, 2000)
was used to generate an alignment tensor that was used iteratively
in CNS (Brünger et al., 1998), along with the experimental RDC val-
ues, to refine the 3CI homology model. By combining 15N-HSQC,
HNCO, and HNCA data, a single chemical shift perturbation (CSP)
value on addition of RNA was calculated for each residue. Chemical
shift indexing (CSI) (Wishart and Sykes, 1994) was performed
using the Ca and C-carbonyl shifts from 3CI and 3CIR.

2.5. Small-angle X-ray scattering data acquisition, reduction, and
analysis

Small-angle X-ray scattering data were acquired, reduced and
analysed using an Anton Paar SAXSess with line-collimation and
CCD detector as described previously (Jeffries et al., 2008). Samples
were exposed for 60 min at 20 �C with 10 mm slit and integration
lengths. Data reduction to I(q) vs. q (where q = (4psinh)/k, 2h is the
scattering angle and k = 1.54 Å, the wavelength of the radiation)
and solvent subtractions were performed with the program SAXS-
quant1D (Anton Paar, Austria), while subsequent desmearing cal-
culations were performed with the program GNOM (Semenyuk
and Svergun, 1991). Radius of gyration (Rg) and zero-angle scatter-
ing (I(0)) values were initially estimated by means of Guinier anal-
ysis (Guinier and Fournet, 1955) with the program PRIMUS
(Konarev et al., 2003). The programs GNOM and GIFT (Bergmann
et al., 2000) were used to calculate indirect Fourier transforms of
I(q) to give P(r) vs. r and associated values for I(0), Rg, and maxi-
mum dimension (Dmax). The molecular weights of the scattering
particles in solution—3Cpro, SLD, and 3Cpro–SLD complex—were
determined through Glatter’s method and the equation (Orthaber
et al., 2000):

MW ¼ ½Ið0Þ:NA�=½c:Dq2
M� ð1Þ

where NA is Avogadro’s number, c is the concentration of the scat-
tering particle in g cm�3, and DqM

2 is the square of the scattering
contrast per mass. This variable is calculated from the equation
DqM

2 = (Dqm)2, where Dq is the difference in scattering length den-
sity between the particle and solvent (termed the contrast and gi-
ven in cm�2), and m is the partial specific volume of the scattering
particle (in cm3 g�1). The program suite MULCh (Whitten et al.,
2008) and the NucProt Parameter set (Voss and Gerstein, 2005)
were used to calculate values for Dq and m, respectively.
2.6. Shape restoration calculations from scattering data

Ab initio shape restoration calculations from experimental scat-
tering data for the 3Cpro–SLD complex were performed with the
program MONSA (Svergun and Nierhaus, 2000). This program uses
multiple scattering profiles to restore the shapes of complexes and
differentiate between subunits possessing different scattering den-
sities. In the present case, a strong contrast occurs between SLD
and 3Cpro due to the electron-dense phosphate backbone of the
RNA. Input data for each MONSA calculation included both of the
smoothed, desmeared I(q) profiles generated from GNOM for the
3Cpro–SLD complex and 3Cpro. The Rg constraints in these calcula-
tions were derived from the SAXS data for 3Cpro and the 3Cpro–
SLD complex. As SLD alone showed a tendency to dimerize under
these experimental conditions, we used a theoretical Rg constraint
for that component calculated from the coordinates of the SLD
NMR structure (Headey et al., 2006). The results of 10 independent
MONSA calculations were averaged and evaluated with the pro-
gram DAMAVER (Volkov and Svergun, 2003) to generate a consen-
sus envelope for the entire complex and identify the relative
positions of its protein and RNA subunits. The mean normalized
spatial discrepancy between corresponding subunits in each model
was 0.45 ± 0.01 and 0.51 ± 0.01 for 3Cpro and SLD, respectively,
indicating that all restored shape solutions were very similar.
2.7. Rigid-body refinement of models against the scattering data

Atomic models for the 3Cpro–SLD complex that fit the scattering
data were calculated through rigid-body refinement with the pro-
gram SASREF6 (Petoukhov and Svergun, 2005) using the RDC-re-
fined NMR structure of HRV-14 3Cpro and each of the nine
different NMR structures within the SLD structure ensemble. These
SLD structures differ primarily in the details of the triloop confor-
mation. Ten independent calculations were performed for each
combination of 3Cpro and one of the SLD structures. The SLD com-
ponent was constrained to have at least one nucleotide within 10 Å
of the Ca atom of the 3Cpro residues strongly implicated in RNA-
binding by at least two of the following criteria: mutagenesis,
NMR chemical shift perturbation, NMR signal loss, or signal dou-
bling. This distance constraint was set to 20 Å for more moderately
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implicated residues to allow for the possibility that residues not di-
rectly in contact with the binding interface region may be affected
by binding, but typically to a lesser extent. The best model was se-
lected based on the fit to the scattering data as determined by the
minimum v2 value, which for an ideal fit is 1.0. The best-fit model
was energy minimized in CNS (Brünger et al., 1998) to relieve ste-
ric clashes.
3. Results

3.1. NMR data

The chemical shifts and peak intensities in NMR spectra of iso-
topically labelled 3Cpro in the absence and presence of SLD were
compared. Spectral quality was improved by inclusion of the active
site inhibitor JMC-98-3 (Webber et al., 1998). A structural model of
the protein plus JMC-98-3 inhibitor, designated 3CI, was con-
structed based on homology modelling using the HRV-14 3Cpro

solution structure (PDB: 2B0F) (Bjorndahl et al., 2007) with the
JMC-98-3 inhibitor modelled into the active site. The resulting
structure was refined using NH residual dipolar coupling (RDC)
data. The 3Cpro consists of 182 residues and a total of 156 backbone
amide peaks were assigned in the 3CI spectrum. In addition to the
six prolines, twenty residues did not produce identifiable backbone
amide peaks. However, the unassigned residues are sequentially
isolated with the exception of the 103–112 loop that is adjacent
to the proteolytic active site and is not implicated in RNA-binding
(Matthews et al., 1994). Thus, the assigned peaks provide a suitable
sampling of the potential interactions with RNA.

Unlabelled SLD was titrated into a sample of 2H,15N,13C-la-
belled 3CI with amide protons restored through the use of H2O-
containing buffer. The RNA:protein ratio was increased to 3:1 to
ensure full complexation of the protein component. NMR spectra
obtained at 1:1 and 3:1 molar ratios are similar and clearly iden-
tify the binding stoichiometry as 1:1. Subsequent NMR analysis of
3CIR (used to designate 3CI in the presence of unlabelled SLD-
RNA) was performed with the 3:1 sample. Changes induced in
the 3CI 1H,15N-HSQC-TROSY spectrum upon addition of unla-
belled SLD are shown in Fig. 3. The 3CIR spectrum produced
139 assignable peaks, with peaks from 19 additional residues
unassigned due to exchange broadening or shifting of peaks into
crowded regions of the spectra. Conformational heterogeneity at
D32, N80 and F83 (Fig. 3B) is consistent with the presence of
additional local conformational exchange processes at the pro-
tein/RNA interface.

The secondary structure of the 3CI RDC-refined homology mod-
el was extracted with the program Procheck (Laskowski et al.,
1993) (shown above Fig. 4). The results are consistent with previ-
ous analyses (Bjorndahl et al., 2007). 3CI consists of an N-terminal
a-helix followed by two six-stranded b-barrels. Strand 5 and 50

flank a single amino acid that lacks b-strand character in the re-
fined model. If combined, these two strands would form the canon-
ical strand 5. The presence of a partial helical turn from K175 to
Y177 was not detected by Procheck but was displayed by Pymol
using default parameters and thus appears in our figures. Loops
of varying lengths separate the strands. The most extensive inter-
strand interval occurs between strands 6 and 7 and includes resi-
dues T76 through to V97. This lengthy loop is situated along the
face opposite to the proteolytic active site, contains a short a-helix,
and serves as a linker between the N-terminal and C-terminal b-
barrel domains (Fig. 1, linker in yellow).

An alternative secondary structure analysis of 3CI on the basis
of chemical shift indexing (CSI) (Wishart and Sykes, 1994) was per-
formed (Fig. 4A). Contiguous significant positive CSI values impli-
cate a-helix, while contiguous negative stretches indicate b-
strand. The Procheck and CSI modes of secondary structure analy-
sis, performed independently, produce largely consistent results,
apart from the gap in the CSI graph due to the unassigned 103–
112 stretch.

The CSI analysis of 3Cpro in the 3CI SLD complex (3CIR, Fig. 4B)
differs little from the Procheck analysis (above Fig. 4A) apart from
additional concentrations of unassigned residues within the N-ter-
minal helix and in the loop between b-strands 9 and 10. Fig. 4C is a
difference plot (4B minus 4A). The largest contiguously changing
stretch occurs in the linker region connecting the two b-barrels
and contains three residues (K82, R84, D85) implicated in RNA-
binding via mutational analysis (Leong et al., 1993; Andino et al.,
1993). The CSI changes alternate in sign in this region, suggesting
that little regular secondary structure is formed. Nonetheless the
magnitude and continuity of change suggest a significant alter-
ation in backbone conformation. Residues 116–120 within b-
strand 8 and residues 150–163 spanning b-strands 10 and 11 also
show significant CSI change, in each case largely consistent with a
reduction in b-strand character. Changes in strand 8 (shown along
the bottom of Fig. 1A) could indicate allosteric effects as this strand
does not appear to approach the RNA-binding site (see below). The
loop between strands 10 and 11 contains three residues (T153,
G154, K155) implicated in RNA-binding (Andino et al., 1993; Mat-
thews et al., 1994).

A plot of chemical shift perturbations introduced by addition of
SLD is presented in Fig. 4D. The height of each black bar represents
a weighted average of 1H, 15N and 13C shifts for that residue while
grey bars indicate residues for which 3CI shifts were assigned but
3CIR shifts were not. The largest concentration of grey bars occurs
within the N-terminal a-helix and in the loop between b-strands 9
and 10. The largest measurable perturbations occur in the long cen-
tral linker region connecting the two b-barrel domains of the protein,
with significant shifts also noted in b-strands 1–3 and 10–11 and
near the C-terminus. Note that the localised CSI changes (Fig. 4C) cor-
relate well with regions of large chemical shift change (Fig. 4D).

The largest SLD-induced chemical shift perturbations on the
3Cpro surface cluster primarily to a patch (dark red in Fig. 5A) that
includes D32 from the loop connecting b-strands 2–3, N80, F83 and
F89 from the inter-domain linker and V179 from the C-terminal re-
gion. Much smaller perturbations are observed on the opposite
face of the protein where the catalytic site is located (Fig. 5A,
right-hand view). Residues for which peaks become unobservable
upon addition of SLD are shown in grey and include several amino
acids from the N-terminal helix and E81 from the linker, as well as
F25 and G144 from the catalytic face.

Changes in intensity of HSQC-TROSY peaks upon addition of SLD
were monitored as an additional indication of changes in chemical
environment. Dark green patches in Fig. 5B indicate a large reduc-
tion in intensity for resonances assigned to residues in the inter-
domain linker, specifically R84, D85, G88 and F89, as well as for
N50 from the loop connecting b-strands 4–5. The slight intensity
increase for resonances arising from residues I90 and G96 (yellow)
could indicate an increase in mobility in the C-terminal half of the
linker upon SLD-binding. The three residues giving rise to multiple
peaks (Fig. 3B) also produce significantly decreased intensity (dark
blue in Fig. 5B). Grey patches in Fig. 5B represent residues for
which the 3CIR HSQC-TROSY peak could not be assigned and in-
clude all grey patches from Fig. 5A in addition to N14, R33, K82
and T153. The resonances arising from residues at the catalytic face
(Fig. 5B, right-hand view) produce far fewer significant changes in
intensity.

3.2. Analysis of NMR results for use with SAXS refinement

The analyses summarized in Fig. 5A and B suggest that the top
central region of the 3CI face opposite to the proteolytic active site
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is a key part of the SLD binding interface. This result is consistent
with pre-existing mutational data (Andino et al., 1993; Leong
et al., 1993) and sequence conservation analysis. The KFRDIR motif
(residues 82–87) from the inter-domain linker (residues 76–97) is
conserved across picornaviral 3Cpro sequences and has been impli-
cated in RNA-binding (Leong et al., 1993; Gorbalenya et al., 1989;
Shih et al., 2004). From this linker, N80, K82, F83, R84, D85 and
F89 each exhibit large chemical shift changes upon complex for-
mation while N80 and F83 produce multiple peaks, E81 and K82
peaks become unobservable and R84, D85, G88 and F89 peaks re-
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correspond to the predominantly b-sheet regions. (A) 3CI chemical shift indexing (CSI) data. Positive and negative values indicate a-helical and b-sheet character,
respectively. Gaps indicate positions of unassigned residues. (B) 3CIR CSI data. (C) Difference between B and A. Residues that are unassigned in the 3CI and/or 3CIR complex
are designated as zero value. For residues that produce multiple peaks, the chemical shift of the most intense peak was used. Solid and dashed horizontal lines denote
zero ± one standard deviation. (D) Chemical shift perturbation of 3CI upon titration of SLD, shown as a normalized sum of backbone chemical shifts. Grey bars represent
residues for which chemical shifts could not be determined in the RNA-bound form. Dashed and dotted horizontal lines denote the mean perturbation and mean plus one
standard deviation, respectively.
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duce significantly in intensity. Residues I86 and R87, which com-
plete the KFRDIR motif but are partially buried along the back side
of the small yellow helix in Fig. 1A, show little change on binding.

The NMR data also suggest the N-terminal a-helix (residues 2–
14) is involved in RNA-binding, as many of the corresponding TRO-
SY peaks are shifted or broadened in the 3CIR spectrum. Strands 2–
3 and the intervening loop also appear to be involved. This loop in-
cludes D32, which, as noted above, produces three 3CIR HSQC-
TROSY peaks (Fig. 3B) and R33. Residues from strand 10 to the mid-
point of strand 11, a region that connects C146 of the catalytic triad
through the protein core to the RNA-binding face, also display
marked changes between the free and bound form. This region
spans residues 153–155 which have been implicated in RNA-bind-
ing by mutagenesis studies in poliovirus (Andino et al., 1993). The
C-terminus exhibits above average shift changes in residues 176–
182. Somewhat inconsistently with the same work, we do not ob-
serve significant perturbation at K175 upon RNA-binding.

Taken together, these results show that a surface region repre-
senting several non-sequential segments of 3CI interacts with SLD.
The linker region from residues 76–97 that contains the conserved
KFRDIR motif is most strongly implicated, with the N-terminal he-
lix and b-strand and loop regions from 25–38 and 145–155 also
playing a role. The C-terminal residues are also perturbed. How-
ever, NMR peak intensities indicate high mobility of the C-termi-
nus. Therefore we have limited the NMR/mutation-implicated
surface used for SAXS analysis to 3Cpro residues 5–6, 9–10, 13,
32–33, 80–85, 89 and 153–155, bearing in mind that the C-termi-
nus may fold toward the interface upon complex formation. Of
these residues, D32, N80, F83, R84 and F89 were treated as
strongly-implicated in RNA-binding (see Section 2.7).

3.3. SAXS data

Due to its phosphate backbone, RNA has a higher electron den-
sity and hence X-ray scattering density compared to that of a pro-
tein. The small-angle X-ray scattering from the 3Cpro–SLD complex
is therefore sensitive to the positions and orientations of RNA and
protein components. Scattering data were acquired for the 3Cpro,
SLD and the 3Cpro–SLD complex (Fig. 6). These data yield basic
parameters such as molecular weight, radius of gyration (Rg), and
the contrast-weighted distribution of interatomic distances (P(r))
within the scattering particle (Supplementary Table 1). The exper-



Fig. 5. 3Cpro residues affected by addition of SLD. (A) Chemical shift perturbation data (Fig. 4D), scaled from white (little change) to red (large change). Residues for which
chemical shifts could not be assigned in the RNA-bound form are shown in grey. (B) RNA-induced intensity changes in the HSQC-TROSY spectra (Fig. 3) with reduction factor
scaled from white (little change) to green (large reduction). Residues with significant increase in peak intensity are shown in yellow, while residues for which no peak was
observed in the HSQC-TROSY spectrum are shown in grey. Dark blue indicates positions of multiple HSQC-TROSY peaks (Fig. 3B). In the left-hand view of parts A and B, the
RNA-binding surface is shown. The right-hand views depict the catalytic face. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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imentally determined molecular weights for 3Cpro and 3Cpro–SLD,
as well as a lysozyme standard (calculated from measured I(0) val-
ues with equation (1)) agree well with the expected values based
on amino acid and nucleotide sequences. The experimental Rg va-
lue for 3Cpro derived from its P(r) agrees with the theoretical value
from the NMR structure (16.7 Å, calculated using the program CRY-
SOL (Svergun and Nierhaus, 2000)). In contrast, the SLD molecular
weight determined from I(0) was approximately twice the ex-
pected value indicating that under our experimental conditions
SLD is not a monomer in solution. Nonetheless, a 1:1 3Cpro–SLD
complex of the expected molecular weight was formed by mixing
equimolar amounts of 3Cpro to SLD (Supplementary Table 1), which
is consistent with the NMR results.

Two types of structural models were generated for the 3Cpro–
SLD complex. First, the molecular envelope for the 3Cpro–SLD com-
plex was generated through ab initio shape restoration. As the pro-
tein and RNA components of the complex have different contrasts
this enables the determination of the relative position of 3Cpro and
SLD within the total molecular envelope. The envelope is shown as
a transparent surface in Fig. 7A and fits the scattering data with a
statistically ideal v2 value of 1.00 (Fig. 6B). This envelope has
dimensions of approximately 80 Å � 50 Å � 50 Å with the SLD
component extending away from the surface of the 3Cpro at an an-
gle of �30�. Independent from ab initio shape restoration, an atom-
ic model for the complex was calculated from the NMR-derived
structures for 3Cpro and SLD through rigid-body refinement. These
rigid-body calculations were combined with previously derived
NMR contact information to constrain the relative orientations be-
tween the subunits. The atomic model of the complex is shown as
ribbons in Fig. 7A and fits the scattering data with a v2 value of
1.26, which is good but somewhat higher than ideal. This discrep-
ancy may be the result of small differences between the actual con-
formation of SLD and/or 3Cpro in the complex compared with the
corresponding structures used for the calculation, which were de-



Fig. 6. Scattering data for 3Cpro and its complex with SLD. (A) Desmeared SAXS profiles for the 3Cpro (blue) and 3Cpro–SLD complex (black) with the former profile shifted on
the vertical axis for clarity. The predicted scattering profiles for the MONSA model for the 3Cpro–SLD complex and the NMR structure of 3Cpro are shown as red lines
superposed with the corresponding experimental scattering data. The inset shows the expected linear Guinier plots for samples that are monodisperse, identical particles. (B)
P(r) profiles calculated from the scattering data for 3Cpro (blue) with a Dmax of �50 Å and 3Cpro–SLD (black) with a Dmax of �80 Å. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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rived for each component in isolation. Indeed, the predicted scat-
tering profile for the 3Cpro component of the complex fits the scat-
tering data for uncomplexed 3Cpro relatively poorly (v2 = 1.44), and
provides further evidence that the 3Cpro undergoes a small confor-
mational change upon forming a complex with SLD.

The atomic model of the complex shows the SLD triloop nes-
tled between the end of the 3Cpro N-terminal a-helix and the in-
ter-domain linker that contains the conserved KFRDIR motif.
Residues of 3Cpro that make contact with SLD include L10 and
R12–M16 from the N-terminal helix and the following strand
as well as G27–R33 and C35 from b-strands 2 and 3. Other con-
tact residues include V49 and Q52 from the loop connecting
strands 4 and 5 and L77, R79–R84 and I86 from the linker that
connects the two b-barrels of the protein. No residues from the
C-terminal b-barrel make direct contact with SLD in this model.
On the SLD molecule, nucleotides from uracil-13 to uracil-17
R79- R84
D32- R33
F89

79

T153- 55

V1

K1

A

Fig. 7. Structural model for the 3Cpro–SLD complex based on combined SAXS/NMR/mut
from the scattering data with the best-fit rigid-body refined atomic model showing the t
from the protein. The RNA and protein are colored as in Figs. 2B and 5A, respectively. (B)
binding RNA (red). The SLD nucleotides implicated in 3Cpro-binding (by homology with
form contacts with the protein. This stretch includes the triloop
and two bases, guanine-16 and uracil-17, from the 30-side of
stem II. Interestingly, the 31P chemical shift values of guanine-
16 and uracil-17 in the uncomplexed SLD are atypical, indicating
a significant departure from standard A-form geometry (Headey
et al., 2006). The intermolecular interface covers an area of
653 Å2 and lies within the range of typical RNA–protein interac-
tion interface areas (Allain et al., 2000; Johnson and Donaldson,
2006).

The SLD also closely approaches the loop that connects b-
strands 2 and 3 (H31–R33). The H31–R33 loop is spatially posi-
tioned between residues R79–R84 of the inter-domain linker and
the C-terminus of the protein. The N-terminal a-helix may become
sufficiently mobile to approach the nearby SLD stem region, possi-
bly explaining the loss of the corresponding peaks in the 3CIR NMR
spectra if the association is transient or heterogeneous.
B

agenesis data. (A) Overlay of the molecular envelope derived by shape restoration
riloop end of the SLD in close contact with 3CI. The stem-loop termini extend away
Atomic model from A colored to highlight the most strongly implicated residues in
coxsackie virus (Ohlenschläger et al., 2004)) are shown as spheres.
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Both electrostatic and hydrophobic interactions play a role in
complex formation. In addition to R84, other basic residues near
the binding surface that may contact the SLD phosphodiester back-
bone include R12, K13, R33, R79 and K82. The F6, F83 and F89 res-
idues are exposed in the uncomplexed protease and may stabilize
the interaction via hydrophobic interactions such as base stacking.
In the present model, the highly conserved F83 is particularly well
situated for interaction with the triloop bases. The V49, L77 and I86
side chains could make additional hydrophobic contacts, as may
the aliphatic regions of the many lysine and arginine residues in
the area.

A conserved domain database (Marchler-Bauer et al., 2007)
alignment of ten diverse 3Cpro and 3Cpro-like proteases (see Supple-
mentary Fig. A1) was used to examine conserved residues in the
contact regions. Of the residues that make contact with RNA, con-
served basic positions include R12 (50% conserved), R79 (70%), K82
(70%) and R84 (100%). Conserved hydrophobic residues include L10
(60%), I15 (80%), I30 (100%), V49 (90%), L77 (100%), F83 (100%) and
I86 (90%). The N14 and G29 positions are conserved and the D32
position is acidic in 70% of the 10 sequences, while the H31 posi-
tion is aromatic or H in seven instances.

4. Discussion

RNA–protein interactions are by their very nature diverse due
to the variety of secondary and tertiary structures that each of
these biopolymers is capable of adopting. The 3Cpro tertiary struc-
ture does not appear to fit neatly into one of the previously defined
classes of RNA-binding domains. However, some commonalities
are apparent. For instance, we have shown that the linker connect-
ing the two b-barrel domains of 3Cpro, which lacks regular second-
ary structure and is likely to possess some degree of mobility, is a
key to the interaction with SLD. Proteins containing the most pro-
lific RNA-binding domain, dubbed simply the RNA-binding domain
(RBD) or RNA recognition motif (RRM), often use the flexible linker
between tandem RBDs to contact a flexible region of RNA (Allain
et al., 2000; Wang et al., 2001). After complex formation, each of
these flexible regions changes conformation, typically becoming
more highly ordered (Bouvet et al., 2001). This raises the possibility
that a conformational change and an increase in rigidity may occur
in the 3Cpro linker and SLD triloop. This potential rearrangement
could, among other effects, help translocate the F89 aromatic ring
of the connecting linker into closer contact with SLD. In addition,
RBD domains possess two or three solvent-exposed aromatic bases
which can form contacts with the RNA bases (Birney et al., 1993).
This is consistent with the potential involvement of the exposed
F83, F89 and F6 residues from 3Cpro, although the effects at F6
may simply be due to an overall shift in the position of the N-ter-
minal a-helix. Precedence here comes from the U1A–UTR complex
(Oubridge et al., 1995; Varani et al., 2000), in which the U1A C-ter-
minal a-helix shifts position to allow the RNA UTR fragment more
complete access to the RNA-binding sheet beneath.

The non-Watson–Crick base pairs (uracil-5 � uracil-23, cytosine-
6 � uracil-22 and uracil-7 � uracil-21) do not appear to be directly
involved in the interaction but may play an indirect role. Ideal A-
form RNA contains a deep and narrow major groove which pre-
cludes the possibility of specific recognition of the base pairs with-
in. The minor groove side provides greater access, but the bases
present an essentially uniform, non-sequence-specific face in the
minor groove. Specific recognition of bases must occur via the ma-
jor groove. RNA stem loops containing non-canonical base pairs
can present a widened major groove, as has been shown for
HRV-14 SLD (Headey et al., 2006) and in other instances (Du
et al., 2004; Ohlenschläger et al., 2004). Thus, contacts between
the stem region closest to the triloop and the protease may benefit
from the presence of the non-canonical base pairs further up the
stem. The contacts between the triloop bases and 3Cpro are some-
what analogous to the binding of the sex-lethal protein to a non-
paired uracil-rich tract from the drosophila transformer mRNA pre-
cursor (Handa et al., 1999). The transformer uracil-rich tract is ex-
tended but ordered, including stable sugar puckers in the atypical
C20-endo configuration. Thus it is interesting to note that each su-
gar of the uracil-rich stretch of implicated SLD nucleotides (uracil-
13 to uracil-17) primarily adopts a C20-endo configuration (Headey
et al., 2006). In summary, while the global fold of 3Cpro may be dis-
tinct from other RNA-binding proteins investigated to date, the
mechanisms of interaction may be largely conserved.

SLD stem I is highly conserved among rhinoviruses. Mutational
work in which stem I adenine � uracil pairs were replaced with
guanine � cytosine pairs suggests that this conservation is neces-
sary to retain the ability to bind 3Cpro (Walker et al., 1995). This
would seem at odds with the model (Fig. 7A), in which the triloop
and stem II regions contact 3Cpro. On the other hand, NMR shift
perturbation data for a coxsackie virus 3Cpro–SLD interaction
(Ohlenschläger et al., 2004) suggest that the triloop and the nearby
stem II elements contact the protein (Fig. 7B). Although 3Cpro from
HRV-14 can bind SLD from other picornaviral species, the opposite
is not necessarily true. For example, coxsackie virus 3Cpro is unable
to bind HRV-14 SLD. Evidence suggests that this disparity is due to
the presence of a triloop in HRV-14 SLD vs. a tetraloop in most
other picornaviral SLD (Zell et al., 2002). These results implicate
the triloop region in binding. The somewhat contradictory data
regarding stem I could suggest that alterations close to the chain
termini influence the global fold or stability of SLD, affecting the
binding at the triloop end. That is, shape, rather than contact rec-
ognition of the specific bases in stem I, may be the key determining
factor (e.g. Rieder et al., 2003; Zell et al., 2002). Sequence conserva-
tion in stem I could also reflect, to some degree, other interactions/
activities that are not well characterized at present.

While the proteolytic active site face of 3Cpro experiences rela-
tively little perturbation upon RNA binding, the largest changes on
this face cluster to the vicinity of the catalytic triad (H40, E71 and
C146). This includes chemical shift changes in T143, loss of peaks
for F25 and G144 and intensity reduction in H40, Q42, E71 and
S127. It thus appears that the signal of SLD binding to the linker
side of 3Cpro is transduced into a change at the active site. This
could represent a mode of regulation, fine-tuning the specificity
or activity of 3Cpro as previously suggested (Peters et al., 2004; Shih
et al., 2004). The mechanism of this transmission may involve the
hydrophobic core of the protein. Four b-strands approach both the
active site and the RNA-binding site (Fig. 8): strands 2 (F25–I30)
and 3 (V34–I37), connected by the 31–33 loop and strands 10
(G147–L150) and 11 (F157–G163), connected by the 151–156 loop
that contains T153, G154 and K155. Both of these loops show
changes upon addition of SLD.

The H31 and D32 positions of the 31–33 loop that is sand-
wiched between the C-terminus and residues 79–84 of the linker
are relatively well conserved (H or aromatic 70%; D or E 70% in con-
served domain database analysis). Perturbation of this loop ap-
pears to occur via direct interactions with the RNA triloop
through the 79–84 loop, or in a supporting role for this loop. The
151–156 loop is partially conserved at the G154 (50%) and K155
(70%) positions and contains 100% hydrophobic residues at the
156 and 157 positions. Changes induced in this loop may be more
indirect in nature, as SLD does not closely approach these residues
in the present model. In 3CI, T153 and G154 interact with F6 (90%
hydrophobic) of the N-terminal helix and are within �4 Å of F89 of
the opposing FISEDLE motif from the C-terminal half of the linker.
K155 closely approaches the acidic residues in the FISEDLE loop.
Thus the 151–156 loop is positioned between two important struc-
tural elements, the N-terminal a-helix and the inter-domain linker.
Both of these elements directly contact the RNA. Changes induced
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Fig. 8. Allosteric effects at the 3Cpro proteolytic active site. Chemical shift
perturbations upon addition of SLD, plotted onto a cartoon view of 3Cpro, with
the catalytic triad side chains shown as yellow sticks with yellow labels. Color
scheme is otherwise identical to Fig. 5A. The viewing angle is roughly intermediate
between the two views of Fig. 5A. The terminal residues of four b-strands (strand 2,
F25–I30; strand 3, V34–I37; strand 10, 147–150; strand 11, 157–163) are labelled
for reference in the text. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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in these elements could result in the observed (indirect) perturba-
tion of the 151–156 loop. Note that I90 and G96 peaks increase in
intensity upon SLD-binding (Fig. 5B), consistent with the C-termi-
nal half of the linker increasing in mobility.

In turn, changes in the conformation or position of the 31–33
and 151–156 loops may transmit the observed changes to the pro-
teolytic active site via the four associated b-strands. Strands 2 and
3 extensively hydrogen bond to each other, as do strands 10 and 11
up to the point where the longer strand 11 curves toward the pro-
tein periphery. Therefore the induced change is more likely to in-
volve a slight reorientation of the 2–3 pair relative to the 10–11
pair than changes within each pair. The 2–3 to 10–11 contact is
in fact the point of junction between the N-terminal and C-termi-
nal b-barrel. Together with the intimate involvement of the 76–97
linker that covalently joins the two barrels, it would appear that
3Cpro–SLD complex formation may induce a subtle change in the
relative positions of the two 3Cpro b-barrels that transmits RNA-
binding information to the opposite, catalytic face of the protease.
Identification of the 3Cpro–SLD interaction surface along with the
detection of RNA-induced changes in the 3Cpro catalytic site may
lead to novel avenues for drug design.

In addition to contacting the 50-UTR (also called oriL for ‘‘Left”),
picornaviral 3C proteases can also interact with a distinct internal
RNA replication element (called oriI for ‘‘Internal” (Yin et al., 2003).
The position of the oriI site is highly variable. For example, in polio-
virus the oriI element is within the 2C coding sequence (Goodfel-
low et al., 2000) and in HRV-14 it is located in the VP1 (capsid
protein) coding sequence (McKnight and Lemon, 1996, 1998).
The oriI interaction leads to uridylation of the 3B protein (also
known as VPg) with the resulting uridylated peptide serving as a
primer for viral RNA replication. In the context of the 3C/VPg/oriI
complex, a binding mechanism has been proposed that includes
a 3C dimerization event (Pathak et al., 2007, 2008; Shen et al.,
2008), supported by cross-linking studies and crystal contacts of
uncomplexed poliovirus 3Cpro (Mosimann et al., 1997) though a
previous study found no evidence of dimerization (Xiang et al.,
1998). NMR data from 3Cpro interactions with single-stranded
11-mer RNA sequences derived from the poliovirus oriI element
(Amero et al., 2008) were combined with the above theory to pro-
pose that a poliovirus 3Cpro dimer binds to two sites on an un-
wound oriI element.

In the present study, we see no evidence of 3Cpro dimerization,
and in fact the SAXS data is only consistent with the formation of a
1:1 3Cpro:SLD complex. Furthermore, although the bases of the SLD
triloop region are unpaired, we see no evidence of significant dis-
ruption of base-pairing in the HRV-14 SLD stem regions upon com-
plex formation. These discrepancies with previous models may
reflect differences in 3Cpro interactions with oriI vs. oriL or perhaps
differences between poliovirus and HRV replication mechanisms.
While overlapping regions of the 3Cpro surface from poliovirus
and HRV are clearly involved in interaction with single-stranded
oligomers derived from the poliovirus oriI element and with the in-
tact HRV-14 oriL, respectively, the mode of interaction may thus
differ in other aspects. Along these lines, note that substitution of
the poliovirus oriI element into HRV yields a chimera unable to
uridylate VPg (Shen et al., 2007). Note also that the 3Cpro N-termi-
nal a-helix amide chemical shifts were assigned in the poliovirus
3Cpro-oriI study, suggesting that the characteristics or role of the
N-terminal helix may differ in poliovirus vs. HRV-14 or in binding
single vs. double-stranded RNA molecules. Each of these possibili-
ties would be consistent with the suggestion that the HRV-14 N-
terminal helix may interact directly with the SLD stem region. Fur-
thermore, a recent crystallographic study of the 3Cpro–3Dpol fusion
protein from poliovirus (Marcotte et al., 2007) positions the cova-
lently linked 3Dpol in close contact with the C–terminal region of
3Cpro. This orientation of 3Dpol, if conserved in HRV-14, would
not interfere with the SLD–3Cpro contacts as determined in the
present study. The 3Dpol position does, however, conflict with the
poliovirus 3Cpro dimer contacts used in the previous models. It is
possible that either the 3Cpro–3Cpro or 3Cpro–3Dpol contacts differ
in vivo vs. in a crystal environment, or that poliovirus 3Cpro dimer-
izes in this fashion only after proteolytic release of 3Dpol. Further
structural studies of 3Cpro–3Dpol in complex with SLD and with lar-
ger fragments of the 50-UTR or oriI elements, along with quantita-
tive analyses of RNA-induced effects on 3Cpro catalytic activity, will
help to further delineate the molecular mechanism of genomic rep-
lication in picornaviruses and perhaps shed light on the intricate
mechanisms linking replication events.
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