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Introduction

The 5′ UTR of the Hepatitis C Viral (HCV) RNA is known 
to promote internal initiation of translation. The Internal 
Ribosome Entry Site (IRES) adopts a unique tertiary fold that 
binds directly to the 40S subunit of the ribosome and initiates 
translation in the absence of most of the canonical eukaryotic 
initiation factors.1-3 Thus, internal initiation by the HCV IRES is 
similar to the mode of translation initiation in prokaryotes where 
the mRNA binds to the 30S ribosomal subunit in a factor-inde-
pendent manner. IRES binding induces conformational changes 
in the head region of the 40S subunit.4 Initiation factors eIF3 
and eIF2 (as a ternary complex with tRNA and GTP) bind to 
the IRES-40S complex to form a 48S-like pre-initiation complex, 
which later associates with the 60S subunit resulting in a trans-
lation competent 80S assembly.3,5,6 In addition to the canonical 

eIF2-dependent mode, the HCV IRES can use an alternate path-
way in which the 48S complex is formed in an eIF2-indepen-
dent manner by the cooperative binding of Met-tRNA

i
Met and 

eIF5B. The switch to the eIF5B-dependent mode occurs when 
the availability of the ternary complex decreases due to eIF2α 
phosphorylation, induced under various stress conditions.7-9Fac-
tor-less translation initiation mechanisms are also used by IRES 
elements found in other viruses belonging to the Flaviviridae and 
Dicistroviridae families3,10-13.

The unique mechanism of the HCV IRES-mediated transla-
tion initiation promises the development of different inhibitor 
molecules that specifically target the interaction of the IRES 
RNA with ribosomes.14-17 It has been reported that the tertiary 
scaffold of the IRES RNA has a significant role in the initiation 
process1,18. The secondary structure of the HCV IRES RNA con-
sists of four major stem loops named domains I-IV.19,20 Mutational 
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In this study, we combine available high resolution structural information on eukaryotic ribosomes with low reso-
lution cryo-EM data on the Hepatitis C Viral RNA (IRES) human ribosome complex. Aided further by the prediction of 
RNA-protein interactions and restrained docking studies, we gain insights on their interaction at the residue level. We 
identified the components involved at the major and minor contact regions, and propose that there are energetically 
favorable local interactions between 40S ribosomal proteins and IRES domains. Domain II of the IRES interacts with ribo-
somal proteins S5 and S25 while the pseudoknot and the downstream domain IV region bind to ribosomal proteins S26, 
S28 and S5. We also provide support using UV cross-linking studies to validate our proposition of interaction between the 
S5 and IRES domains II and IV. We found that domain IIIe makes contact with the ribosomal protein S3a (S1e). Our model 
also suggests that the ribosomal protein S27 interacts with domain IIIc while S7 has a weak contact with a single base 
RNA bulge between junction IIIabc and IIId. The interacting residues are highly conserved among mammalian homologs 
while IRES RNA bases involved in contact do not show strict conservation. IRES RNA binding sites for S25 and S3a show 
the best conservation among related viral IRESs. The new contacts identified between ribosomal proteins and RNA are 
consistent with previous independent studies on RNA-binding properties of ribosomal proteins reported in literature, 
though information at the residue level is not available in previous studies.
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analysis, cross-linking studies and RNasefootprinting experi-
ments have implicated that domains II, IIIe+f and IIId bind to 
40S subunit.14,21-28

The 40S ribosomal proteins S2, S3, S10, S15, S16/S18 and 
S27 have been found to crosslink with the HCV IRES in 
4-thiouridine-mediated cross-linking experiments, while UV 
cross-linking experiments29-31 show that S5 forms a complex with 
the IRES. Gel digestion experiments highlight interactions of 
the IRES with S3, S5, S7, S18 and p40.32 The 3.93Å and 4.15Å 
resolution structures of small subunits of a eukaryotic ribosome 
are influential in getting insights into the locations and folds of 
ribosomal components.33,34 More recently, the structure of the 
human 80S ribosome was solved at 5Å resolution using cryo-
electron microscopy.35

The cryo-EM structure of the IRES-bound human 80S ribo-
some, solved by Boehringeret  al.22 at 15Å resolution provided 
remarkable insights into the interactions between the HCV IRES 
and human ribosome. Three major contact points involving 
interactions of domain II near the exit site of the small subunit 
head, domain IIId near the ribosomal platform and the region 
preceding IIId at the platform region have been reported. The 
low resolution of this cryo-EM data however restricts detailed 
analysis of the contact points.

Recently domain IIId has been shown to interact with the 
expansion segment 7 of the 18S rRNA36 and this base-pairing 
is reported to act as an anchor for ribosome recruitment by the 
HCV IRES.22 Domain IIId of the HCV IRES was shown to be 
essential for ribosome binding using mutation and footprinting 
experiments.22-24 Kikuchi et  al.37 showed that RNA aptamers 
with a consensus loop sequence of ACCCA bound to IIId in a 
sequence-specific manner and inhibited the binding of 40S. The 
CCC triplet was found to be critical for binding to domain IIId.

Domain II binds to the ribosomal head at the exit site and 
interacts with the ribosomal protein S5.22,28,30 Interestingly, 
domain II deletion mutant-bound to 40S subunit with a nearly 
wild type affinity is unable to induce conformational change in 
the 40S, which is required for internal initiation.4 While domain 
IIId mainly contributes to the binding affinity of 40S, domain 
II has important roles in the IRES-mediated initiation pro-
cess including 60S binding,5 eIF2 release,38 removal of eIF3j39 
and also in inducing conformational changes involving the 18S 
rRNA at the decoding groove.28,36

Here we set-out to identify the 40S ribosomal components 
along with their residues that interact with the HCV IRES RNA 
and the local regions of the IRES involved in the interaction. 
In order to achieve this goal we integrated available experimen-
tal information mainly from cryo-electron microscopy with 
high resolution crystallographic structures, which became avail-
able after the cryo-EM-deduced low-resolution structure of the 
IRES-ribosome complex was published. A similar strategy was 
used recently by Filbin and Kieft40 to understand the probable 
interactions between domain II of the IRES and domain IV near 
the start codon binding site. However this study was not aimed 
at identifying the ribosomal components that interact with the 
IRES.

To locate the probable sites of contact, we also used interaction 
information on proteins bound to nucleic acids, that are structur-
ally similar to human ribosomal proteins. By homology consider-
ations we ensured the proper mapping of contact points between 
the RNA and ribosomal components. The distances involving 
probable interface residues were used to add interaction restraints 
for flexible RNA-protein docking. The present attempt provides 
a further understanding on the structural organization of the 40S 
subunit in complex with the HCV RNA and enabled us to iden-
tify new contact regions between the HCV RNA and ribosomal 
proteins.

The structure of the ribosome-bound CSFV IRES domain II 
deletion mutant has been solved very recently11 and the results are 
in agreement with our model for the HCV IRES – 40S interac-
tions. Here we also propose interactions between domain II and 
IV with ribosomal proteins and provide residue-base interaction 
details from our docked model.

Results

In the current work, the cryo EM-derived structure of the 
HCV IRES – 80S complex22 was used as a framework for iden-
tifying interactions between the 40S ribosomal proteins and the 
HCV IRES RNA. In addition we also used the RNA-binding 
modes observed in the 3-D structures of homologs of ribosomal 
proteins. The low resolution nature of the cryo-EM structure of 
the HCV IRES – ribosome complex22 limits the direct integra-
tion of atomic models of ribosomal proteins in the density map. 
Keeping the cryo-EM structure of the HCV IRES-ribosome 
complex as a framework, the identification of interacting com-
ponents requires the localization of ribosomal proteins and HCV 
IRES RNA domains at the points of contact. Apart from provid-
ing a global view on the structure of macromolecular complexes, 
the cryo-EM-derived density maps also present low resolution 
fingerprints of the components that can be described based on 
the shape of density.

Though the full-length structure of the HCV IRES RNA was 
solved in the unbound form based on small-angle X-ray scattering 
data,41 the relative domain motions upon binding with the 40S 
subunit is best captured by fitting different RNA domain struc-
tures in the density. The initial placement of these components 
in the density map was based on the work of Boehringeret al.22 
(PDB ID: 2AGN). The fitted components were then refined by 
local density optimization using CHIMERA.42,43

We compared the low resolution cryo-EM structure of the 
HCV IRES-80S complex with the atomic resolution struc-
tures of eukaryotic ribosomes to identify locations of ribo-
somal proteins in the density map. The fitted conformations of 
Tetrahymena thermophila33 (PDB ID: 2XZM) and human 40S 
structures35 (PDB IDs: 3J3A+3J3D) with the HCV IRES – 80S 
complex map have correlation scores of 0.70 and 0.71 respectively 
(Fig. 1A). The ribosomal head is known to undergo conforma-
tional changes upon IRES binding.4We manually separated the 
ribosomal head and body after the selection of components using 
Chimera. Further optimization of the human 40S head and body 
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resulted in fits with better correlation coefficient scores of 0.69 
and 0.75 respectively (Fig. 1B). The 40S head and body of the 
Tetrahymena ribosome fitted with lower correlation scores of 0.67 
and 0.72 respectively.

Having identified the probable ribosomal proteins at the sites 
of contact, the RNA-binding properties of these proteins were 
studied independently to assess and validate their interaction with 
the IRES RNA (Fig. 1). Models of human ribosomal proteins 
(Table S1) were superposed on the fitted human 40S ribosome 
structures (head and body). The ribosomal proteins that interact 
with the IRES RNA are expected to have two RNA-binding sur-
faces, one for binding rRNA and the other for contact with the 
IRES. The ability of these proteins to interact with nucleic acids 
at a site different from the rRNA-binding face, was investigated.

Protein –ligand interaction sites are observed to be con-
served among similar folds44,45 and nucleic acid binding proteins 
often employ specialized domains or motifs for interaction.46-49 
Hence the nucleic acid binding regions can be predicted by the 
structural analysis of homologs or analogous proteins with the 
same fold. This was done with the help of structure comparison 
techniques such as DALI.50 RNA-protein contacts were defined 
using an inter-atom distance cut-off of 5Å based on earlier stud-
ies.51,52 In the absence of relevant data on related protein folds 
with nucleic acid binding properties, tools like RNABindR53 
and BindN54 were used to predict the regions involved in RNA 

contacts. These methods identify nucleic acid binding regions 
based on their sequence patterns, interface residues propensity53 
and amino acid properties like pK

a
, hydrophobicity and molecu-

lar mass.54

The set of residues which were found at the interface of the 
map density fit and also predicted to bind to the IRES RNA, were 
used to define interaction restraints for HADDOCK55-57 to gen-
erate energetically favorable binding poses. To restrict deviations 
from the fitted models (based on optimization of the human 40S 
head and body), distance restraints were incorporated to main-
tain orientation during docking. The distances observed were 
allowed to vary up to 5Å and multiple distance restraints were 
applied for each docking exercise. Cases of multi-component 
interactions involving the S5, S25, domain II and S26, S1e and 
the IIIef+pseudoknot were modeled using the multi-body dock-
ing protocol in HADDOCK.56,57

While docking, 20% or 50% of the proposed interface resi-
dues and neighbors within 5Å distance were randomly excluded 
from the restraint set. The addition of ambiguity at the interac-
tion site allows sampling of different poses around the observed 
interface. This helps account for uncertainty in the proposed set 
of residues. Flexibility was also added in the docking process with 
the use of multiple NMR ensemble models if available, allowing 
flexible movements in the proposed interface regions. The top 
200 energetically favorable poses were clustered at 10Å RMSD 

Figure 1.WorkFlow used to model HCV IRES – 40S ribosomal protein interactions. (A) Comparison of the atomic model of the human 40S ribosome35 
(PDB ID: 3J3A/3J3D) with the cryo-EM map of the HCV IRES – 80S complex. Proteins are shown in green and rRNA in red. (B) Optimized fits of ribosomal 
head (proteins in green) and body (proteins in blue). Figure rendered in CHIMERA.42
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cut-off and those interaction models from the three largest clus-
ters were analyzed further. The selected poses were filtered to 
identify a model that gave the same or better correlation scores 
when compared with the model derived by optimizing ribosomal 
head and body.

Table  1 summarizes the new major contacts identified in 
this study and presents laboratory experiments supporting these 
interactions.

The HCV IRES domain II – 40S Head

The cryo-EM structures of the HCV IRES-ribosome complex 
generated by Spahnet al.4 and Boehringer22 showed that domain 
II of the IRES RNA interacts with the head region of the 40S 
subunit near the exit site. In our analysis we note that at the 
head of 40S where domain II binds, a concave surface suitable 
for interaction with a helical RNA structure is present (Fig. S1;  
Fig. 1A). The fitted NMR model of domain II58 has a correlation 
score of 0.81 with the density map. The 40S ribosomal proteins 
S5 and S25 form the interface at this site and positively charged 
patches were observed at the surface which interacts with domain 
II of the IRES (Fig. S1B). The fitted conformation based on the 
human 40S model is in agreement with the independent results 
obtained by Filbin and Kieft.40

Analysis of related systems involving homologs and similar 
folds suggested two non-rRNA interactions involving S5 and 
S25. The CrPV IRES RNA is known to interact with S5 and S25 
and a model generated based on its cryoEM structure suggests 
that the sites of contact overlap with the binding site of the HCV 
IRES domain II59 (Fig.  2A and B). The C-terminal helix and 
the preceding loop of S5 make multiple contacts with the CrPV 
IRES domain SL2.1 and SL2.3 (Fig. S1C and S2A). Mapping 
the interacting residues from this model to the human S5 struc-
ture suggested that most of these residues are conserved (Table 2; 

Fig. 2A). On the other hand, residues K66 and R76 of the human 
S25 are also reported to bind to the CrPV IRES domain SL2.3.60

The β hairpin of S5 interacts with E site tRNA (PDB ID: 
2WDM)61 which reflects the possibility of similar structural 
contact with the apical loop of domain II (Figs. S1D and S2B). 
Based on these interactions with E site tRNA and CrPV IRES, 
we compiled a list of potential interacting residues of S5 and S25 
that occur at the surface of contact with domain II (Table 2).

The best poses obtained by flexible docking with interaction 
restraints showed minimal variability and belonged to a single 
cluster. The selected docked model from a 20% random exclu-
sion trial has a density correlation score of 0.83 as against a score 
of 0.81 with the fitted models prior to docking (Fig. 2C and D). 
The region involving two C-terminal helices (residues 164–204) 
of S5 make multiple contacts with domain II loop formed by 
bases 70–74; 92–97 (Fig. 3; Table 3). S25 has relatively fewer 
interactions involving residues in the C-terminus and a central 
loop (residues 65–67) (Fig.  3; Table  3). A long stretch of Lys 
residues forms a flexible loop at the N-terminus of S25,33 but also 
occurs at the interface with domain II. Hence this segment may 
also participate in the interaction.

The HCV IRES domain IV and 40S Exit Site

The structures of mRNA-bound ribosomes solved by X-ray 
crystallography61,62 (Fig.  4A) show that the β-hairpin and the 
C-terminal helix of S7 bind to mRNA at the exit site. Structures 
of eukaryotic ribosome13,63 highlight that both S28 and S5 can 
interact with mRNA at this site (Fig. 4B; Fig. S3A). The struc-
ture of the HCV IRES SLIV was modeled using the mRNA 
structure bound to the Triticum aestivum ribosome13 as a tem-
plate to map interactions with S5 and S28. This model reflects 
contacts at the stage where the start codon is placed at the P site. 
Based on these interactions, Ala 131 and Gly 132 of S5 are likely 

Table 1.HCV IRES domains and ribosomal components involved in major contacts. Direct experimental supports on the involvement of one or both of 
these interacting components are listed. The likely role of this interaction in internal initiation are also indicated.

HCV IRES domain
Ribosomal protein 

(or rRNA)
Direct experimental supports

Indirect experimental 
supports

Probable role in internal initiation

II S25

Lytle et al., 2002 (25);
Odreman-Macchioli et al., 

2001(26);
Landry et al., 2009 (72)

Nishiyama et al., 2007 (70);
Muhs et al., 2011(71)

Conformational change in head region 
necessary for initiation (and associated 

functions like eif2 release mediated by II)

IV S5
Ray and Das, 2004 (14);

Malygin, A.A. et al. 2013 (36)
Schmeing et al., 2011(62);
Armache et al., 2010 (13)

Placement of start codon at P site

IV S28
Armache et al., 2010 (13); 
Lomakin and Steitz, 2013 

(63)
Placement of start codon at P site

IIIe S3a
Laletina et al. 2006 (74);

Otto et al. 2002 (31);
Malygin et al. 2013 (76)

Bhat, P et al., 2012 (78);
Stabilize pseudoknot conformation for 

positioning start codon at P site

Pseudoknot S26
Yu et al. 2005 (83);

Sharifulin et al. 2012 (82)
Placement of start codon at P site

jIIIabc S27 Malygin et al. 2013 (76) Support 40S binding
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to interact with bases 339 and 340, just preceding the start codon 
(Fig. 4C).

The structure of S28 is characterized by a four stranded 
β-sheet forming an OB fold.33 A structural relative is the 30S 
ribosomal protein S12 (PDB ID: 3OHY64) which also shows 
RNA-binding properties at this region (Fig. 4C). Though strict 
conservation of DNA/RNA-binding residues is not observed, 
residues known to have DNA-binding properties are preserved 
at equivalent positions (Fig. S3B and C). Such residues on the 
surface likely to bind to the bases following the pseudoknot are 
highlighted in the figure.

Among the different ribosomal proteins, S5 has two binding 
sites on the IRES RNA, namely domain II and IV (Fig. 4D). 
We performed UV cross-linking studies of ribosomal protein 
S5 (rpS5e) with α- P32 UTP labeled HCV IRES in the absence 
(Fig. 4E: Lane 2) and presence of 50 fold and 100 fold molar 
excess of either of the unlabeled HCV IRES (18–383), SLIV 
(domain IV), SLIII (domain III) and SLII (domain II) in vitro 
transcribed RNAs (Fig.  4E: Lanes 3–10). It can be seen that 
SLIV and SLII interferes with the HCV IRES – S5 interaction, 
unlike SLIII. This suggests that SLII and SLIV stem loops inter-
act with the S5 protein, further supporting our computational 
modeling-based inferences.

The HCV IRES domain IIIef + Pseudoknot and the 
40S platform

Cryo-EM studies on the HCV IRES–ribosome complexes4,22 
show that the IRES domains between II and IIId (in the tertiary 
fold), interact with the platform region of the 40S. This involves 
the pseudoknot and domains IIIef and IV of the IRES (Fig. 5A). 
The stem-loop structure of domain IV that holds the start codon 
(Fig. 1A), is shown to unwind to a single stranded form upon 40S 
binding.40This helps in placing the start codon at the ribosomal P 
site. The IRES density observed at the 40S platform could there-
fore be associated to IIIef and pseudoknot. However the region 
involving the start codon is not distinguishable in the density 
map.

Figure 5A shows the secondary structure of the region of the 
IRES involving IIIef and pseudoknot. It involves two RNA heli-
ces (helix I and 2), the pseudoknot and IIIe. The crystal structure 
of this part of the IRES has been solved at 3.55Å resolution18 and 
it shows interactions involving IIIe in the tertiary structure. To 
understand the conformational changes upon ribosome binding, 
we adopted an ab-initio RNA modeling approach to generate a 
structure based on EM density (see Methods). A coarse-grained 
model was generated initially by interactive manipulation and 
structure refinement, followed by flexible fitting to optimize the 
model based on density.

Figure 2.Interaction between domain II and the head region of 40S. (A) Locations of domain II and ribosomal proteins S5 (green) and S25 (blue), based 
on density fits. (B) Interaction between the CrPV IRES RNA and 40S ribosomal protein S5 (yeast).59 (A) and (B) highlights similar interfaces used by the 
HCV and CrPV IRES RNAs. (C) Docked model of domain II – S5 – S25 complex. The conformations of S5 and S25 (based on ribosomal head fit) before 
docking are shown in gray. (D) The fit of docked model in the cryo-EM density (gray surface) corresponds to the ribosomal head. The site of interaction 
involving domain II with respect to the complete ribosome is indicated in the inset on the left.
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Helix 1 has been modeled in the A-form and it could be fitted 
at the IRES density leading to domain II while helix 2 has been fit-
ted in the density arising from IIId (Fig. 5A). The NMR-derived 
model of IIIe24 has been used for modeling while the pseudoknot 
was initially modeled in the A-form. The cryo-EM density cor-
responding to this region has been used as a framework to find 
the relative orientations of these sub-components. Considering 
backbone continuity and distance from the decoding groove, the 
density at the mRNA exit channel (Fig. 5B) clearly belongs to the 
pseudoknot. Based on the shape of this density Boehringeret al.22 
had also proposed that this region might correspond to the den-
sity of the pseudoknot.

The structure of the pseudoknot was then modified to link 
the backbone and fit into the density map using MANIP65 and 
ERNA-3D.66These methods allow interactive manipulation of 
RNA structure, taking into consideration stereochemistry and 
torsion angles. ERNA-3D permits modifications with refer-
ence to the cryo-EM density. The relative orientations of sub-
domains were altered to have a maximum overlap with density. 
The fit with density has also been optimized and assessed after 
model manipulation, based on the correlation coefficient score. 
Subsequently, the geometry was refined and steric clashes were 
relieved by carrying out energy minimization. Part of domain 
IIIe which was modeled in continuity with pseudoknot and 
Helix 2, remains outside the density (Fig. 5B). To optimize the 
conformation and improve the fit, the model was further modi-
fied by carrying out molecular dynamics simulations using the 
density gradient force.67,68 The correlation score obtained with 
the final model was 0.78.

The global organization of different RNA components of the 
model was similar to that of the crystal structure. However struc-
tural changes in the pseudoknot and IIIe have been observed and 
the model has an RMSD of 2.8Å when compared with the crys-
tal structure (Fig. S4A). Ribosomal proteins S28, S5 and S26 are 
found in the close proximity of the pseudoknot (Fig. 5C). Two 
lysine residues (Lys 195 and Lys 199) in the C-terminal helix of the 
ribosomal protein S3a (S1e) are close to the IIIe phosphate back-
bone in the fitted model (Fig. S4B). The search for related folds 
with RNA-binding properties did not give reliable results and the 
prediction of RNA-binding residues by RNABindR53 suggests 
possible interactions with Lys 199 and Gln 202 (Fig. S5A). These 

residues were considered as ambiguous interaction restraints 
while performing docking with the IIIef+pseudoknot.

The ribosomal protein S26 is characterized by a flexible 
fold13,33 dominated by loops. A segment of S26 (residues 51–66) 
involving a loop and short helix was found in the vicinity of the 
pseudoknot. Structurally similar interactions were not identified 
while searching for related folds. However BindN54 predicted 
Arg 51 and Lys 66 as RNA binding sites (Fig. S5B). These two 
residues along with Tyr 62 which is in close vicinity of the pseu-
doknot, were used as ambiguous restraints for docking.

The model of the IIIef+pseudoknot was docked with the 40S 
ribosomal proteins S26 and S3a. The selected pose belongs to a 
single largest cluster from a 50% random exclusion trial. The 
fit of this model has a correlation score of 0.70 as opposed to a 
score of 0.66 based on the model prior to docking (Fig. 5C and 
Figure S4C). Residues Lys 195, Lys 199 and Gln 202 of S3a and 
Arg 51 and Tyr 62 of S26 form the interface with IIIe and the 
pseudoknot respectively (Fig. 6).

Minor contacts

Apart from the major contacts discussed above, two regions 
of relatively weak density overlaps were also noted. Both these 
interactions correspond to the junction JIIIabc (including IIIa 
and IIIc) of the IRES and involve ribosomal proteins S27 and S7 
as interacting partners.

The loop region of domain IIIc is in close proximity with 
the ribosomal protein S27 (Fig. 7A). The structure of S27 com-
prises of a C4 zing finger motif.33 It shares a similar fold with 
the eukaryotic 60S ribosomal protein 14013 (Fig. 7B; TableS2). 
The conformation of a RNA-binding loop stabilized by Zn 
ion co-ordination, is highly conserved among the two proteins 
(Fig. S6A and B). It is involved in base specific interactions with 
the RNA loop, with a high representation of purine bases. The 
presence of a conserved tyrosine in the RNA binding loop of S27 
also suggests a possible contact with a guanine base in the RNA 
loop (Fig. S6A). Four residues (Lys 36, Tyr 41, Arg 80 and Gln 
83) found at equivalent positions in the alignment were used as 
interaction restraints (Table 2; Fig. S6B).

Table 2. Active site residues proposed for guided docking by HADDOCK. 

Ribosomal protein Interface residues involved in docking restraints
Structurally similar 

interaction / Prediction
IRES bases

S5e
(V134,R136,R127),

(T104,I178,K182,N186,Y188,K191,E195,R198,S202)
2WDM-G,
2NOQ-F

80–87, 67–73, 90–95, 
97–101

S25 K114,(K66,R76) Muhs et al. 2011
80–87, 67–73, 90–95, 

97–101

S26 (R51,K66),Y62 BindN 305–308,329

S3a (S1e) (K199, Q202) RNABindR 299,300

S27 (K36,Y41,R80,Q83) 3IZR-m 234–237

The structurally similar RNA-bound complexes used to identify interacting residues are given. If a related fold information was not used, ab-initio RNA pre-
diction method used to predict binding sites, are listed. The residues proposed either based on structurall y similar interactions or by ab-initio predictions, 
are listed in parentheses. Those added additionally to the list based on the vicinity to IRES RNA, are listed outside parentheses.
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The docked model of the jIIIabc-S27 complex has a correla-
tion score of 0.71 in the density while the fitted models prior to 
docking had a score of 0.65. The selected cluster had only 11 
poses but the interaction energy was lower when compared with 
the biggest cluster, and the poses fitted with a better correlation 
score. Residues involving Tyr 41, Lys 42, Arg 80 and Arg 81 are 
found at the interface with IIIc (Table 3, Figure 7C) and bases 
in IIIc loop and G 150, C 151 at the RNA stem between IIIc and 
IIId are involved in S27 binding.

A weak density overlap was observed at the interface between 
S7 and jIIIabc (Fig. 7A). A single base (G243) bulge was observed 
at this interface density. Residue Arg 81, which is predicted to 
have RNA-binding ability (Fig. S6C), lies close to the contact 
density and can bind to the RNA bulge.

Discussion

Both RNA-RNA and RNA-protein contacts contribute to the 
interaction between the HCV IRES and ribosomal 40S subunit. 
Several experimental studies demonstrate that the IIId domain of 
the IRES is important in maintaining the affinity of interactions 
with the ribosome.23,24,33, 37 Base pair contact between the loop 
regions of IIId and ES7 can help in anchoring the IRES scaffold 
on the 40S subunit. Base pairing interaction between a eukary-
otic mRNA and the helix 26 of 18S rRNA has also been reported 
during translation initiation.69

Ribosomal proteins also contribute significantly to the IRES-
ribosome contact. We provide structural evidence on the interac-
tion of the ribosomal protein S25 with domain II of the IRES 
(Fig. 2). Domain II is known to induce conformational changes 
in the head region of the ribosome but contributes minimally 

Figure 3.Residue-base interactions involving domain II. The contact regions between domain II and human ribosomal proteins S5 and S25 are high-
lighted, based on the docked model. S5 is shown in green while S25 is in blue. The bases involved in contact are indicated on the secondary structure of 
domain II and the structural interfaces involving S5 and S25 are also shown.
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to binding affinity.4 Hence the interactions involving ribosomal 
proteins S25 and S5 are essential in preparing the machinery 
for translation. Cryo-EM study of the CrPV IRES-bound ribo-
some has also shown IRES interactions with S25 near the exit 
site.70 Detailed studies have been performed recently in the con-
text of S25 interaction with Dicistroviridae IRES elements.70,71 
Interestingly a conserved stem loop SL2.3 of the CrPV IRES 

binds to S25 at a similar interface as in the case of the HCV 
IRES.71 Mutation experiments have shown the involvement of 
S25 to be essential for Dicistroviridae and HCV IRES activities.72

The tertiary structure of S25 is characterized by a winged 
helix DNA-binding motif that has high similarity with the 
FadR transcription factor. Interestingly, many residues present 
at the FadR-DNA interface73 are also conserved in the human 
S25, suggesting a similar mode of interaction with 18S rRNA 
(Fig. S7A-C). A significant level of conservation of the three resi-
dues involved in the base specific contact is seen among eukary-
otic S25 (Fig.  S2). Considering the nature of amino acid-base 
contacts, we point out the 18 rRNA bases involved in interac-
tion (Fig. S2E). Interestingly, variation of the residues involved 
in interaction is associated with changes in rRNA bases further 
highlighting the contact points (Fig. S7D&E).

We note that RNA bases mainly at the loop regions of domain 
II are found at the interface with S5 and S25 (Fig.  3). It has 
been shown in a previous study that mutations on this part of 
domain II reduce the degree of interaction with S5.26 It is also 
reported that this region is protected from RNase cleavage, in the 
ribosome-bound form.25 A recent study demonstrates the role of 
domain II in promoting the switch from translation initiation to 
the elongation phase.28 The interaction between the apical loop 
of domain II and β-hairpin of S5, as observed in our model, is 
reported.

The results of mutational analysis and RNA footprinting1,27 
indicate that the domain IIIe of the IRES is important for ribo-
some binding. Several experimental evidences suggested that 
domain IIIe has a critical role in the interaction with the ribo-
some14,23,25,27 and studies have been undertaken to identify the 
location of IIIe relative to the 40S, in the bound state.74 Our 
model generated based on the cryo-EM density indicates that IIIe 
binds the C-terminal helix of ribosomal protein S3a (Fig. 5,6). 
Domain IIIe also participates in tertiary RNA structure interac-
tions that are important for positioning the start codon at the 
P site.18,75 A recent study76 confirms that exposed Lys residues 
of S27 and S3a are important for interaction with jIIIabc and 
domain III. In each of these binding sites, two Lys residues are 
observed in our docked model and Lys forms 66% and 25% of 
S3a and S27 interface residues, respectively. Multiple Lys medi-
ated contacts with IRES bases are found in both the contact sites 
(Table 3).

The pseudoknot present upstream of the start codon has also 
been shown to be essential for ribosome binding and translation 
initiation.1,77,78 Tertiary interactions between domains IIId and 
region involving IIIe+f and the pseudoknot was also postulated 
by Kieft et al.1 The densities corresponding to the apical regions 
of IIId and IIIe overlap and are in continuity with ES7. The con-
tacts connecting distant regions in the RNA identified in the 
current analysis help in preparing the IRES scaffold for binding 
the ribosome and positioning the start codon at the P site for 
initiation. The contacts identified between the pseudoknot (and 
its 3′) region and ribosomal proteins S28 and S26 can have a sig-
nificant contribution to this process (Fig. 5 and 6). All the three 
proteins are known to interact with mRNA near the exit site.79-

81The ribosomal protein S26 lacking a eubacterial counterpart, 

Table 3.Pairwise interactions. 

Pairwise interactions: S5 Pairwise interactions: S25

ALA-131 CYT-83
ALA-161 ADE-72
ALA-161 GUA-71
ALA-161 GUA-94
ARG-127 GUA-87
ARG-127 GUA-88
ARG-136 GUA-87
ARG-136 GUA-88
ARG-164 GUA-94
ARG-164 URI-91
ARG-198 ADE-74
ASN-165 ADE-70
ASN-165 GUA-71
ASN-165 GUA-94
ASN-179 ADE-70
ASN-179 GUA-98
ASN-186 ADE-70
ASN-186 ADE-98
ASN-186 GUA-71
ASN-186 GUA-98
ASN-203 GUA-87
ASN-203 URI-86
ASP-175 ADE-70
ASP-175 GUA-71
CYS-172 GUA-71
GLU-171 ADE-70
GLU-195 ADE-73
GLU-195 ADE-74
GLY-132 CYT-83
GLY-132 CYT-84
ILE-178 ADE-99

LEU-103 GUA-100
LYS-167 ADE-70
LYS-167 GUA-70
LYS-182 ADE-99

LYS-182 GUA-100
LYS-191 ADE-72
LYS-191 ADE-73
LYS-192 GUA-90
SER-184 ADE-99
SER-184 GUA-98
SER-185 ADE-72
SER-187 ADE-72
SER-187 GUA-71
THR-133 CYT-84
THR-133 URI-86
TYR-188 ADE-72
TYR-188 GUA-71
VAL-134 ADE-85
VAL-134 CYT-84
VAL-134 GUA-87
VAL-134 URI-86

VAL-199 GUA-87

GLY-115 GUA-68
GLY-116 GUA-68
LEU-67 CYT-69
LEU-67 GUA-68
LYS-114 ADE-66
LYS-114 CYT-67
LYS-114 GUA-68
LYS-66 CYT-69
LYS-66 GUA-68
TYR-65 CYT-69

Pairwise interactions: S26

ARG-51 URI-329
TYR-62 URI-306

Pairwise interactions: S3a

GLN-202 GUA-299
GLN-202 GUA-300
LYS-195 GUA-301
LYS-195 URI-302

LYS-199 GUA-299
LYS-199 GUA-300
LYS-199 GUA-301

Pairwise interactions: S27

CYS-40 URI-234
ILE-43 GUA-235
LYS-36 CYT-236
LYS-36 GUA-235
LYS-42 GUA-235
LYS-42 URI-234
SER-78 CYT-236
TYR-41 GUA-233
TYR-41 GUA-235
TYR-41 URI-234
ARG-80 CYT-151
ARG-81 GUA-150

Residue – base contacts (< 5Å distance) observed between 40S ribosomal 
proteins and the HCV IRES RNA, are listed
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is a key component of the ribosomal binding site of the mRNA 
region 5′ of the codon positioned at the exit site.82

Cross-linking, gel digestion and mass spectroscopy experi-
ments also suggest that IRES interacts with the 40S ribosomal 
proteins S3, S10, S14, S16, S18 and p40.29-32,83 Most of these pro-
teins are found in the vicinity of the IRES RNA (Fig. S8). S0A 
has a long C-terminal loop that lies close to the pseudoknot but 
the main fold of the protein is too distant for any direct con-
tacts. Interactions between IIIe and proteins S5, S16, S3a and 
S0A, were recognized using UV cross-linking.84 Locations of S5 
and S16 are clearly far from IIIe for any direct contact while S0A 
loops close to the pseudoknot and S3A binds directly to IIIe. The 
possibility of IRES interacting with S18 was also reported.32 S18 
is located close to the domain II binding site at the 40S – 60S 
interface but a direct contact could not be deciphered and the 
shortest distance was more than 20Å.

Another study proposed interactions of domain IIId with 
S3a, S14 and S16.85IIId is known to interact with the expan-
sion segment 7 (ES7) and S3a binds to the apical region of ES7 
(Figure S9A). Hence S3a is in close vicinity of IIId loop, while 
S16 and S14 are too far for any direct contacts. Similarly, domain 
II apical region crosslinks with S14 and S16.85The C-terminal 
loop of S16 is close to the decoding site and at about 20Å from 
the apical region of domain II (Figure S9B), while S14 is closer 
with a shortest distance of about 10Å from II. Many of the ribo-
somal proteins have long-terminal loops that coil around rRNA 
and may traverse a long distance.

Several eukaryote-specific ribosomal proteins like S25, S26, 
S28, S3a, S27 and S7 participate in making contact with the 
ribosome (Fig. 3, 6 and 7 and Figure S10). These proteins adopt 
characteristic folds specialized for single or double stranded 
DNA/RNA-binding. With the help of structural informa-
tion on homologous/analogous folds and RNA-binding residue 

Figure 4.SLIV interactions with S5 and S28. (A) Contacts between ribosomal protein S5p (S7) (purple) β-hairpin and mRNA at the exit site61 (PDB ID: 
2WDM). (B) Interactions between mRNA and 40S ribosomal proteins S5 (purple) and S28 (cyan) highlighted in the crystal structure of Oryctolagus ribo-
some63 (PDB ID: 4KZZ). (C) Comparison of human ribosomal S28 model (cyan) with 30S ribosomal protein S12 (PDB ID: 3OHY, purple).64The interface 
residues observed in 30S protein S12 are also highlighted. (D) The docked model of domain II-S5-S25 complex relative to S28 and domain IV model. (E) 
S5 protein was UV cross -linked with α- 32P UTP labeled HCV IRES in the absence (Lane 2) or presence of 50 fold  and 100 fold molar excess  of unlabeled 
HCV IRES (18–383), SLIV (domain IV), SLIII (domain III) and SLII (domain II) in vitro transcribed RNAs (Lanes 3–10). NP indicates no protein control (Lane 1).
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predictions, we compiled a probable set of interface residues. 
These were further used as ambiguous interaction restraints to 
obtain energetically favorable interactions based on flexible dock-
ing. Most of these proteins bind to the irregular RNA structures 
forming the loop regions of IRES domains (Fig. 3,6,7 and Figure 
S10). Direct experimental supports for interactions based on our 
model are reported in Table 1 and the likely roles of these interac-
tions in internal initiation are also indicated.

The residues involved in IRES interactions are conserved 
among mammalian ribosomal proteins (Figs. S11–13). Viral 
IRES sequences from porcine teschovirus (PTV), canine her-
pesvirus (CHV), rodent herpesvirus (RodHV), hepatitis GBVB 
(HGBVB), classical swine fever virus (CSFV) and bovine viral 
diarrhea virus (BVDV) were aligned with the HCV IRES 
sequence to check conservation of the 40S binding bases. 
Interaction sites of S25 and S3a are highly conserved (Fig. S14A), 
while the S5 binding surface is partially conserved and less con-
served in the rest of the surface (Fig.  S14, S15). Hence differ-
ent amino acid – base interactions may be involved and could be 
characteristic of the IRES function. Many of these interactions 
may also be auxiliary or non-specific interactions.

The coordinates for the model of the HCV IRES RNA and 
40S ribosomal protein interactions are available at http://nslab.

mbu.iisc.ernet.in/supplementary.html. The distance restrains 
files used for docking are also available at this site. All the struc-
ture-based sequence alignments generated in this study are also 
available as supplementary data files. (data S1).

Conclusions

The ability to initiate translation in the absence of many of the 
canonical initiation factors reflects the significance of the IRES 
tertiary fold in the initiation process. The distinctive mode of 
translation initiation by the HCV IRES makes it a putative target 
for anti-viral therapy. A number of anti-viral therapeutic strate-
gies involving the introduction of foreign nucleic acids into cells 
have been developed in the past. These nucleic acids are either 
antisense RNA or ribozymes that specifically target HCV IRES 
and block internal initiation.16,86 A clear understanding of the 
mode of interaction between the HCV IRES and the ribosome is 
essential to make these approaches effective.

By integrating the available information on the 3D structure 
and RNA-binding properties of the 40S ribosomal proteins with 
low resolution cryo-EM data on the IRES-human ribosome 
complex, we propose the probable interacting components and 

Figure 5. IRES-40S contact at the ribosomal platform region. (A) The secondary structure and 3D model of the HCV IRES comprising domains IIIef and 
pseudoknot. The position of two bases A288 and U297 that are reported to base-pair18,75 are highlighted. (B) Model of the IIIef+pseudoknot generated 
by interactive manipulation and structure refinement. The model fitted in the 40S platform density (gray) is shown. Locations of IIId, IIIe and II are also 
indicated (C) The docked model of IIIef+pseudoknot (red) and 40S ribosomal proteins S26 (purple), S3a (S1e) (blue), fitted in the cryoEM density (gray). 
The relative location of S28 (cyan) is also shown. The site of interaction involving domain IIIef+pseudoknot with respect to the complete ribosome, is 
indicated by the inset on the left.
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the sites of contact. The HCV IRES is observed to make mul-
tiple contacts with the ribosome, involving both RNA-RNA and 
RNA-protein interactions. Eukaryotic specific ribosomal compo-
nents (S7, S3a (S1e), S26, S27, S28 and rRNA expansion segment 
7) play a major role in binding the IRES. The results of this study 
also provide various possibilities for precise experimental studies 
on these interactions and further potential use for drug design.

Methods

The cryo-electron microscopic density maps of Hepatitis 
C Viral IRES RNA bound to the human 80S ribosome com-
plex22 have been obtained from the EMDB database (http://
www.ebi.ac.uk/pdbe-srv/emsearch/, EMDB IDs: emd-1138). 
MAPMAN87 was used to interconvert various map formats and 
also to alter density values. Various programs implemented in 
SITUS package88 have been used to visualize voxel histograms, 
to generate density for an atomic model at a given resolution, and 
to perform a six-dimensional search of an atomic model in the 
electron density map. Colores was used to compare eukaryotic 
40S ribosome structures (2XZM,33 3J3A/3J3D35) with the HCV 
IRES- 80S map. The top ranking poses were optimized further 
to fit in the density using the Chimera local optimization tool, 
scored based on the correlation coefficient value calculated inde-
pendent of the mean density (about zero). Chimera’s interactive 
atom selection utility was used for selecting the 40S ribosomal 
head and body and they were separately optimized to fit with the 
map (Fig. 1).

Modeling 40S ribosomal proteins
Sequences of the human 40S ribosomal proteins were obtained 

from SWISS-PROT (http://www.expasy.ch/sprot/). Models of 
the human 40S ribosomal proteins observed at the interface with 
IRES were generated using the crystal structure of Tetrahymena 
ribosome as a template. Modeler v9.289 was used for generating 

homology models based on target-template alignment. Twenty 
models were generated and the one with the best DOPE score90 
was chosen for further analysis (Table  S1). Models of human 
ribosomal proteins (at the interface) were superimposed on the 
fitted human 40S ribosome structures (head and body) using 
Chimera MatchMaker.42

Fitting IRES domains
NMR models of domain II of IRES were placed on the 

reported density at the exit site4,22 and locally optimized to select 
the model with the best correlation score and minimum steric 
clash with the fitted ribosome components.

RNA modeling
The model of the IIIef+pseudoknot was generated in two steps
Coarse-grain modeling and structure refinement
MANIP65 and ERNA -3d66 were used to model RNA struc-

tures by assembling and modifying helices. MANIP presents 
a platform for interactive modeling of RNA structures, taking 
into consideration standard stereochemistry. RNA stem regions 
(Fig. 5) were modeled as A-form helices while the pseudoknot 
was initially modeled in the A-form and then modified to fit in 
the density. The region of the cryo-EM map assigned to this RNA 
component forms a skeleton upon which the model can be built. 
Different possibilities of placing the RNA helices were assessed, 
maintaining the continuity of the backbone and constrain-
ing the distance to the decoding groove. To release major steric 
clashes, energy minimization was performed using AMBER ff99 
force field,91 available as a module in the NAB RNA modeling 
package.92

Flexible fitting in density
To optimize the density fit allowing flexible movements, 

molecular dynamic simulation was performed using MDFF67,68 
for 500 ps and gscale value of 0.1. The backbone torsion angles 
and base pairs were constrained during the course of the 
simulation.

Figure 6. Interactions involving IIIef and pesudoknot.Residue-base interactions involving HCV IRES IIIef+pseudoknot and the human 40S ribosomal 
proteins S28, S26, S5 and S3a. Residue numbers are given below the protein names and interacting bases are highlighted.
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The coordinates for the stem region between the junction and 
IIId are not available from the crystal structure of jIIIabc.93This 
stem structure with the G243 bulge was modeled using the 
McFold/McSym94 based on the assigned secondary structure. 
ModeRNA95 was used to generate a model of jIIIabc along with 
this stem region, using the coordinates of the crystal structure 
of jIIIabc and the model of the stem joining IIId as templates. 
To optimize the backbone conformation and base pairs, energy 
minimization was performed using AMBER ff99 force field.91

RNA structure comparison was performed using R3D96 and 
Chimera.42 Multiple RNA sequence alignments were generated 
using LocaRNA,97 while protein sequences were aligned using 
ClustalW.98

Identification of potential RNA binding residues
The ribosomal proteins that interact with the IRES RNA 

are expected to have two RNA binding surfaces, one for bind-
ing rRNA and other for IRES contact. DALI server50 was used 
to identify structurally similar proteins for a given model. The 
models of the human 40S ribosomal proteins were used to search 
for similar structures available in the PDB and only the RNA-
bound structures were selected for further analysis. RNA-protein 
contacts were defined using inter-atom distance cut-off of 5Å 
based on earlier work.51,52 Prediction of residues of the proteins 
potentially involved in RNA contacts was performed using 
RNABindR53 and BindN.54

Experimental validation of S5-IRES interaction
Plasmid Constructs
Plasmid pET28a-S5 (a gift from Dr S. Fukushi, Biomedical 

Laboratories, Japan) was used for expressing the poly (His) 
-tagged human ribosomal protein S5.

Purification of  ribosomal protein S5
Human ribosomal protein S5 was expressed in bacteria 

(BL21) and purified as mentioned earlier78. Culture was induced 
with 0.4 mM IPTG at 0.4 O.D 600 and purified using Ni2+–
nitrilotriacetic acid–agarose (Qiagen, Hilden, Germany) under 
non-denaturing conditions. Protein was eluted with 250mM and 
500mM imidazole, dialyzed and stored in 20% glycerol.

UV Cross-linking experiment
UV cross-linking was performed as mentioned earlier78. α32P 

UTP-labeled HCV IRES RNA (100fmol) was incubated with 
the purified S5 protein (15 pmol) in presence or absence of unla-
beled domain II, domain III and domain IV RNAs at 30°C for 
15 min in an RNA binding buffer and then irradiated with a 
hand-held UV lamp for 20 min on ice. The mixture was treated 
with 30 µg of RNase A (Sigma) at 37 °C for 45 min. The protein-
nucleotidyl complexes were separated on SDS-10% PAGE and 
analyzed by phosphoimaging.

Availability of data
The model coordinates, the entire supplementary information 

which includes sequence alignments used in this work and the 

Figure 7. Interactions involving jIIIabc. (A) The docked model of jIIIabc (with IIIc and IIIa) (magenta) in complex with S27 (yellow) is shown fitted in the 
cryoEM density22 (gray). Locations of domain IIIc and bulge base G243 are also indicated. The fitted model of S7 (green) is also shown. (B) Structural align-
ment of human 40S S27 (yellow) and 60S ribosomal protein l4013 (green). The residues of l40 at the interface with rRNA are highlighted. (C) Residue-base 
interactions involving HCV IRES IIIef+pseudoknot and human 40S ribosomal proteins S27 and S7. Residue numbers are given below the protein names 
and interacting bases are highlighted. The site of interaction involving domain jIIIabc with respect to the complete ribosome, is indicated in the inset 
on the left.
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distance restraint files used in docking are available in http://
nslab.mbu.iisc.ernet.in/supplementary.html
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