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Initiation of protein synthesis in eukaryotes requires recruitment of the 405 
ribosomal subunit to the messenger RNA (mRNA). In most cases, this depends 
on recognition of a modified nucleotide cap on the 5' end of the mRNA. 
However, an alternate pathway uses a structured RNA element in the 5' 
untranslated region of the messenger or viral RNA called an internal ribosomal 
entry site (IRES). Here, we present a cryo-electron microscopy map of the 
hepatitis C virus (HCV) IRES bound to the 405 ribosomal subunit at about 20 
A resolution. IRES binding induces a pronounced conformational change in the 
405 subunit and closes the mRNA binding cleft, suggesting a mechanism for 
IRES-mediated positioning of mRNA in the ribosomal decoding center. 

Initiation of protein synthesis in eukaryotes 
requires the ordered assembly of ribosomal 
preinitiation complexes. The ribosome dy-
namics that accompany this process are not 
understood, although recent progress in de- 
termining the structure of ribosomes and 
functional ribosomal complexes by x-ray 
crystallography (1-4) and cryo-electron mi-
croscopy (cryo-EM) (5-8) has revealed 
changes and variations in ribosome structure 
that occur during the elongation stage of pro- 
tein synthesis in prokaryotes. Canonical eu- 
karyotic cap-dependent translation initiation 
involves a complex pathway during which a 
large number of factors interact with the ri-
bosome and one another (9) (Fig. 1A). An 
alternate pathway, called internal initiation of 
translation, is a cap-independent, end-inde- 
pendent mechanism of recruiting, position- 
ing, and activating the eukaryotic protein 
synthesis machinery, driven by structured 
RNA sequences called internal ribosome en- 
try sites (IRESs) located in the mRNA 5' 
untranslated region (UTR) (10) (Fig. 1A). 
These sequences were first identified in many 
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viral RNAs, but the number of known eu-
karyotic mRNAs that use an IRES mecha- 
nism is growing. 

In hepatitis C virus (HCV), a human 
pathogen and world-wide health threat, the 
minimal sequence and secondary structure 
requirements of HCV IRES-driven transla-
tion have been defined, the presence and 
architecture of an IRES RNA tertiary fold has 
been described, and the identity and binding 
sites of necessary cofactors have been deter- 
mined (11) (Fig. 1B). The HCV IRES forms 
an extended structure that binds the 40s ri-
bosomal subunit and eukaryotic initiation 
factor 3 (eIF3) through multiple intermolec- 
ular contacts, resulting in precise placement 
of the start codon in the ribosome decoding 
site (12-14). To address the molecular mech- 
anism by which the HCV IRES RNA recruits 
the eukaryotic translation machinery, we 
have generated three-dimensional reconstruc- 
tions of HCV IRES RNA bound to the rabbit 
40s ribosomal subunit. Reconstructions at 20 
A resolution produced by cryo-EM in com- 
bination with the single-particle approach 
(15) reveal that HCV IRES RNA activelv 
\ , 

the machinery
through extensive and specific intermolecular 
interactions. 

~ h ,structure of the rabbit 40s ribosomal 
obtained as a the 

classical division into body, head, and plat- 
form domains (Fig. 2, A to C). It represents 
the first r e ~ ~ n ~ t r u ~ t i ~ n  of a eukaryotic rib0- 
soma1 subunit from zero-tilt images and has a 
greatly improved resolution compared with a 
previous random-conical tilt reconstruction 
(16). Although the resolution is lower than 
currently obtained with 70s  (5, 17) or 80s 

ribosomes, the overall structure of the rabbit 
40s  subunit compares well with the 40s part 
of a reconstruction of the yeast 80s ribosome 
(18). Density attributable-to the HCV IRES 
RNA appears directly in the map of the IRES 
RNA-40s subunit complex and can be seen 
in the difference map between the complex 
and the vacant 40s subunit as an extended 
structure (Fig. 2, D and F). The cross-section- 
al diameter and overall shape of the IRES 
density is consistent with A-form helices ex- 
tending from regions of denser packing or 
more convoluted structure (Fig. 1, C and D). 
Previous small-angle x-ray scattering experi- 
ments suggested that the unbound, folded 
HCV IRES RNA maintained some conforma- 
tional flexibility (14). The new results show 
that the IRES assumes a single conformation 
when bound to the 40s subunit. 

The IRES RNA is bound to the solvent 
side of the 40s subunit in a position that is 
consistent with the proposed path of the 
mIWA through the subunit (19). The 5' end 
of the single-stranded coding RNA is expect- 
ed to exit the ribosome through a channel that 
is built by the neck, the head, and the plat- 
form domains (20). Two segments of the 
IRES RNA density extend from this exit 
channel, one toward the head, and the other to 
the back of the platform (21). There are no 
contacts with the intersubunit face of the 40s 
subunit, consistent with the observation that 
80s ribosomes can be assembled without re- 
moval of the HCV IRES RNA (12). 

To assign the HCV IRES density to RNA 
structural domains, we used a truncated HCV 
IRES construct in which domain I1 is deleted; 
this mutant binds the 40s subunit with nearly 
wild-type affinity (Fig. 1B) (13). IRES RNA 
density missing from the structure of this 
truncated IRES-40s subunit complex (Fig. 2, 
G to I) unambiguously identifies domain I1 
(Fig. 2, D to F, and Fig. 3). From this assign- 
ment, we deduce that the globular density 
that contacts the back of the platform con-
tains domain IIId/e/f stem-loops and junc- 
tions, whereas the remaining density extend- 
ing away from the 40s subunit surface cor- 
responds to IIIb, IIIa, and IIIc (Fig. 3). Do- 
main IIIb is not involved in 40s subunit 
binding, but is known to make specific con- 
tacts with eIF3 (13, 22). An earlier recon-
struction of eIF3 bound to the 40s subunit 
(23) shows that this factor interacts with the 
40s subunit in the region where domain IIIb 
of the HCV IRES RNA is seen to extend 
fiom the ribosome surface (Fig. 3). Thus, 
even in the absence of eIF3, the IRES RNA 
domain IIIb is properly positioned to bind 
this factor. 

HCV IRES domain I1 is a particularly 
interesting feature of the bound RNA struc- 
ture. This domain loops away from the 40s 
subunit surface, making contact only at the 
apical half of the domain. The sequence of 
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Fig. 1. Hepatitis C virus ribosome recruitment strategy, IRES secondary A 
structure, and modeling of example A-form RNA helices into HCV IRES 
density. (A) Comparison of canonical eukaryotic cap-dependent translation 
initiation (top) and the internal initiation mechanism used by hepatitis C 
virus (bottom). Cap-dependent translation requires recognition of a mod- 
ified nucleotide at the 5' terminus of the mRNA by the elF4F complex, 
which includes elF-4C, elF-4E, elF-4B, and elF-4A. The 435 particle (405 SL - O M ]  
subunit/elF3/Met-tRNAlelF2lGTP) binds to the mRNAIelF4F complex 
primarily through interactions between elF3 and elF4C. In contrast, HCV 
IRES-driven translation initiation occurs through direct, specific recogni- 
tion of the 405 subunit and elF3 by the IRES RNA tertiary structure, 
eliminating the need for the cap-structure and cap-binding factors. (B) 
Schematic secondary structures of the HCV IRES RNA constructs used in 
this study. The full-length construct (left) consists of nucleotides 40 to 372 
of HCV IRES genotype Ib, and is fully active in initiation translation. Thirty 
nucleotides of the coding RNA are included in this construct and are shown C 
in red. The deletion mutant (right) contains nucleotides 119 to 372, has 

D 

diminished translation initiation activity, but binds the 405 subunit with 
wild-type activity. (C) Locations within the secondary structure and sizes 
of RNA helices that were fit into the HCV IRES density (purple). For the 
purpose of modeling, structure throughout internal loops was approximat- 
ed by continuous base stacking into helices of 15 base pairs (cyan), 15 base 
pairs (green), and 18 base pairs (red). (D) Placement of helices into a 
surface representing the 405 bound IRES RNA density reveals a good fit 
both in terms of helical diameter and lengths. A-form RNA helices shown 
in (D) were generated in NAMOT2 and SPOCK; images were created with 
RIBBONS (47 )  and POVRAY. 

Fig. 2. Surface repre- 
sentation of the va- 
cant 405 ribosomal 
subunit from rabbit 
reticulocytes (A to C), 
the 405 subunit in 
complex with the HCV 
IRES RNA (D to F), and 
the 405 subunit in 
complex with the 
truncated HCV IRES 
RNA, where domain II 
has been deleted (C to 
I). The cryo-EM maps 
are shown in yellow. 
The difference maps 
corresponding to the 
full-length HCV IRES 
RNA (D to F) or the 
deletion mutant (C to 
I) are superposed and 
shown in purple. The 
views are from the 
605 side of the 405 
subunit (A, D, and C), 
the platform side (B, E, 
and H), and the sol- 
vent side (C, F, and I). 
Some landmarks of , 
the 405 subunit are in- 
dicated: b, body; bk, 
beak; h, head; pt, plat- 
form; sh, shoulder. 
"Entry" and "exit" la- 
bel the proposed entry 
and exit path, respectively, of the mRNA (26, 37). h16, h18, and h34 indicate the positions of 
helices 16, 18, and 34, respectively, of the 185 rRNA as identified by comparison with a cryo-EM 
map of the 805 ribosome from yeast (28). Some conformational changes in the IRES RNA-405 
subunit complex referred to in the text are indicated with asterisks (D and F). 

the IIb terminal loop and adjacent helix are tween domain I1 and the 40s subunit occurs 
found in other viral IRESs, suggesting this in a region of the head and the edge of the 
contact may be an important determinant not platform. Thus, domain I1 partially overlaps 
only of HCV IRES function but also of other, with the E site, the binding site occupied by 
similar, viral IRESs (24). The contact be- deacylated tRNA before it exits the ribosome 

(4, 25). This contact is the only HCV IRES- 
40s subunit interaction that approaches the 
active site of the ribosome, and it lies near the 
60s subunit binding face. The binding of 
domain I1 closes the mRNA binding cleft 
from the 60s side, restricting the movement 
of coding RNA within the cleft. Single- 
stranded RNA is not likely to be resolved at 
the present resolution and is difficult to detect 
even in higher-resolution cryo-EM maps of 
the 70s ribosome (5, 26). However, a small 
extension of density pointing into the mRNA 
binding cleft, which grows when the contour 
level of the difference map is lowered (not 
shown), might be part of the single-stranded 
coding RNA. This observation suggests that 
the domain I1 terminal loop may contact the 
single-stranded coding part of the viral RNA. 
Although the presence of noise in the differ- 
ence map at such low contour level (not 
shown) prevents a definite conclusion, it is 
tempting to speculate that part of the function 
of domain I1 is to place the single-stranded 
coding part of the RNA into the decoding 
center. 

Binding of the HCV IRES RNA to the 
40s subunit induces a conformational change 
in the 40s subunit, the first reported example 
of a structured viral RNA that binds to, and 
actively manipulates, the structure of a cellu- 
lar machine. The structural change involves a 
change in the orientation of the head relative 
to the body, which can be recognized in a 
different position of the beak part of the head 
domain in the IRES RNA-40s subunit com- 
plex (Fig. 2, D to F) compared with the 
vacant 40s subunit (Fig. 2, A to C) (27). The 
platform domain also changes shape, and 
several more localized changes can be ob- 
sewed (marked with asterisks in D and F of 
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Fig. 3. Correlation of chemical probing data with the cryo-EM structure of the HCV IRES RNA-40s 
subunit complex, and assignment of IRES RNA structural domains within the structure. The three 
IRES RNA tertiary structural elements that were previously identified by chemical and enzymatic 
probing are boxed within the secondary structure. The secondary structure is depicted in a manner 
that better reflects its organization on the 40s subunit surface. Arrows link the tertiary structure 
domains to the corresponding elements within the IRES RNA cryo-EM structure. The strategy used 
to assign density to these domains is described in the text. Within the secondary structure, 
nucleotides that were previously reported to be inaccessible to solvent upon 40s subunit binding 
are circled in red (73). The location of the elF3 binding site on domain lllb and llla is boxed in blue; 
this domain extends away from the 405 subunit surface. The protection pattern sites agree with the 
locations of.intermolecular contacts observed in the cryo-EM representations. A magenta arrow 
pointing to the 3' end delineates the probable location of the coding RNA in the mRNA binding 
groove. 

Fig. 2). The rotation of the head and a slight density with the underside of the head effec- 
rearrangement of the shoulder region lead to 
a broad fusion of the shoulder with the un- 
derside of the head. In a detailed analysis of 
a higher-resolution cryo-EM map of the yeast 
80s ribosome, the rod-like structure that ex- 
tends from the top of the 40s subunit shoul- 
der toward the solvent side and fuses with the 
head upon HCV IRES binding (Fig. 2F, as- 
terisk on right) was identified as helix 16 of 
18s ribosomal RNA (rRNA) (28). Thus, the 
position of helix 16 differs'from that in pro- 

tively alters the shape of the entry site of the 
mRNA, apparently clamping down on the 
solvent side (compare C and F of Fig. 2). 
However, the latch between helices 18 and 
34, which can be observed in the vacant 40s 
subunit, is opened, possibly helping the 3' 
end of the coding RNA to thread into the 
mRNA entry channel. In this respect, the 
HCV IRES might work analogously to the 
clamp-loading machinery in DNA replication 
(32). 

karyotes, where it is folded toward helix 18 of The conformational change induced by 
16s rRNA (the 530 pseudoknot structure). the binding of full-length HCV IRES RNA is 
Helix 18, in turn, is involved in a noncovalent not observed when the domain I1 deletion 
junction with helix 34 of the head domain (2, mutant is bound to the 40s subunit and, there- 
3, 29, 30). This junction or latch has been fore, must be a consequence of domain 11's 
proposed to be part of the mRNA entry chan- interaction at or near the E site (Fig. 2, G to 
nel and to clamp around the incoming strand I). Although domain I1 does not contribute to 
of the mRNA (31). The fusing of the helix 16 IRES affinity for the 40s subunit, and isolat- 

ed domain I1 does not bind to the 40s subunit 
(33), removal of domain I1 is deleterious to 
the ability of the IRES to initiate translation 
(34). 

The HCV IRES RNA-induced structural 
change in the 40s ribosomal subunit could 
have significance in activating, or promoting 
initiation of, translation without the help of 
certain canonical initiation factors. ~ o m a i n  I1 
may hold the coding RNA in position in the 
decoding site until the rest of the translation 
machinery has assembled and elongation has 
begun (35). In addition, HCV IRES binding 
could cavture a 40s subunit conformation 
that is favorable for continued preinitiation 
complex assembly (36). 

Previous models of HCV IRES action 
have focused on the binding of the 40s sub- 
unit to an IRES RNA scaffold in a mecha- 
nism reminiscent of the role of the Shine- 
Dalgarno sequence in prokaryotes. Our find- 
ings call for an expansion of these models 
such that IRES RNA actively manipulates the 
host cell's translation machinery to orches- 
trate the assembly of the preinitiation com- 
plex. This raises the interesting questions of 
whether other viral or eukaryotic IRES RNAs 
use similar mechanisms to alter the confor- 
mation of the translational machinery, and 
whether these observed stiuctural changes 
may be common and required steps in cap- 
and end-dependent pathways of eukaryotic 
translation initiation. A deeper understanding 
of the conformational changes and intermo- 
lecular signals that occur in IRES-driven 
translation initiation may offer insights into 
the events that are common features of all 
types of translation initiation in eukaryotes. 
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A Proteolytic Transmembrane 

Signaling Pathway and 


Resistance to  P-Lactams in 

Staphylococci 


H. Z. Zhang, C. J. Hackbarth, K. M. Chansky, H. F. Chambers* 

p-Lactamase and penicillin-binding protein Za mediate staphylococcal re- 
sistance t o  p-lactam antibiotics, which are otherwise highly clinically ef- 
fective. Production o f  these inducible proteins is regulated by a signal- 
transducing integral membrane protein and a transcriptional repressor. The 
signal transducer is a fusion protein w i th  penicillin-binding and zinc met-  
alloprotease domains. The signal for protein expression is transmitted by 
site-specific proteolytic cleavage of both the transducer, which autoacti- 
vates, and the repressor, which is inactivated, unblocking gene transcription. 
Compounds that disrupt this regulatory pathway could restore the activity 
of p-lactam antibiotics against drug-resistant strains o f  staphylococci. 

P-Lactam antibiotics are the most effective 
drugs for the treatment of staphylococcal in- 
fections, yet they often cannot be used be- 
cause many strains are resistant. Resistance is 
due to production of either p-lactamase or an 
extra penicillin-binding protein, PBP 2a (I, 
2). P-Lactamase, encoded by blaZ, inacti-
vates penicillin by hydrolysis of its p-lactam 
ring. PBP 2a, encoded by the chromosomal 
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gene mecA, in methicillin-resistant strains of 
staphylococci, confers resistance not only to 
penicillin, but also to all p-lactam antibiotics. 
PBP 2a, which is probably a transpeptidase 
(3) ,  can substitute for other PBPs but. be- 
cause of its low affinity for binding p-lac- 
tams, is unbound at clinically relevant con- 
centrations of antibiotic, allowing cell wall 
synthesis to continue (4). Although p-lacta- 
mase and PBP 2a are genetically and bio- 
chemically distinct, both are regulated by 
similar sensor-transducer and repressor pro- 
teins. Their regulatory proteins are homologs 
of each other and of those controlling expres- 
sion of inducible p-lactamase in Bacillus 
Iichenifovmis ( 5 - 7 ) .  In staphylococci, the 
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