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Protein synthesis in mammalian cells requires initiation factor elF3, a ~750-
kilodalton complex that controls assembly of 40S ribosomal subunits on mes-
senger RNAs (mRNAs) bearing either a 5'-cap or an internal ribosome entry site
(IRES). Cryo—electron microscopy reconstructions show that elF3, a five-lobed
particle, interacts with the hepatitis C virus (HCV) IRES RNA and the 5'-cap
binding complex elF4F via the same domain. Detailed modeling of elF3 and
elF4F onto the 40S ribosomal subunit reveals that elF3 uses elF4F or the HCV
IRES in structurally similar ways to position the mRNA strand near the exit site
of 40S, promoting initiation complex assembly.

Protein synthesis begins with recruitment of
an mRNA to the small ribosomal subunit
before the formation of active ribosomes
(7). In mammalian cells, translation initia-
tion factor elF3 binds 40S subunits and
recruits mRNAs bearing a methylated gua-
nosine cap at the 5-end (5-m7G cap) via
direct interaction with the 5’-cap binding
complex elF4F (7, 2). Many viral mRNAs,
however, use a structured RNA element, or
IRES, that interacts with elF3 and func-
tionally replaces the mRNA 5’-cap and all
or part of the cap binding complex (3).
Comprising at least 12 proteins in humans,
elF3 also prevents premature association of
the 408 and 60S ribosomal subunits, inter-
acts with other initiation factors that detect
the start codon, and helps assemble active
ribosomes (/, 2). Despite its importance in
both cellular and viral protein synthesis ini-
tiation, the structural bases for elF3 activ-
ities and interactions with the translational
machinery are unknown.

To obtain a structure of elF3, we produced
an initial electron microscopy (EM) re-
construction using the random-conical tilt
method on negatively stained human elF3
samples (4, 5). This reconstruction was then
used as a reference for projection matching
of cryo-EM data to produce an improved
reconstruction at ~30 A resolution (Fig. 1A)
(5, 6). The largest dimension of eIF3 is ~175 A,
with individual domains ranging between
60 and 100 A in length. eIF3 shows an-
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thropomorphic features that have been used
to name the five domains according to body
parts, including a head, arms, and legs (Fig.
1A). The front surface of the complex is
rather flat, whereas the back contains a cleft
separating the domains into two slabs of
density.

This structure must interact with RNA
and protein factors to organize the assembly
of the translation initiation complex. In the
hepatitis C virus, the uncapped mRNA
contains an IRES in its 5"-untranslated region
that binds directly to eIF3 to form part of the
ternary complex necessary for viral protein
synthesis (7-9). The IRES circumvents the

A

left arm

left le
o

Back View Qb
120°

conformer-1

/ head \

—right arm—

“right leg—

REPORTS

need for elF3 binding to initiation factor elF4G,
a component of eIlF4F, which is essential to
position the 5’-end of the transcript on the
ribosome during translation initiation on most
cellular mRNAs (10).

We used cryo-EM and difference mapping
to locate the HCV IRES binding site on elF3.
Initial two-dimensional (2D) analysis of elF3-
IRES showed extra density extending from
the left arm of elF3 (Fig. 1B, left panel) (5).
We used projection-matching to the unliganded
elF3 structure, together with common-line
cross-correlation between class averages cor-
responding to different views, to assign the
particles to one of three IRES conforma-
tional groups (5, /7). From this analysis, three
reconstructions were produced representing
the full range of observed IRES conforma-
tions (Fig. 1B). One of these reconstructions,
corresponding to the most abundant IRES con-
former (Fig. 1B, conformer-1), shows a hook-
like density for the IRES protruding from the
left arm of elF3. The difference map between
refined conformer-1 and unliganded eIF3 cor-
responds well to the HCV IRES density ob-
served in a previous reconstruction of the
HCV IRES-40S complex (Fig. 2A) (5, 12).
This analysis reveals that the IRES extends
across elF3, from the left arm to the right leg
(Fig. 2A). On the basis of previous mapping
of RNA helices onto the IRES density,
domain IIld/e/f of the IRES appears to be
located near the central region of eIF3, do-
main Illa/b/c is near the right leg, and do-
main II corresponds to the flexible region
emanating from the left arm of elF3 (72).
The extended interaction surface between the
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Fig. 1. Cryo-EM reconstructions of elF3 and elF3-IRES. (A) elF3 at ~30 A resolution [by 0.5 Fourier
shell correlation function (FSC) cutoff]. (B) elF3-IRES class averages showing flexible HCV-IRES
(left) and corresponding 3D models (back view of elF3 toward the viewer). The refined conformer-1

was used for difference mapping and modeling.
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Fig. 2. Mapping of IRES domain A
interactions with elF3. (A) Dif-
ference map between elF3-IRES
conformer-1 (Fig. 1B) and elF3 (yel-
low mesh) and its superposition with
the HCV-IRES density from the 40S-
IRES study (transparent blue surface)
(72). (B) Composite of elF3 density
and HCV-IRES density. (C) Predicted
position of IRES domains in relation
to elF3 structure, based on previous

mapping (72).

Back View

IRES and elF3 agrees with biochemical studies
in which at least four subunits of eIF3 (elF3a,
-b/c, -d, and -f') could be cross-linked to the
IRES (7). Modification interference and foot-
printing assays that identified the IRES do-
main [Ila/b/c (Fig. 2C) as the primary binding
site for elF3 may have underrepresented
weaker or more dynamic interaction sites
(7, 13). Notably, the difference map also in-
cludes extra densities (Fig. 2A) that suggest
conformational changes in the right arm
and right leg domains of elF3 upon IRES
binding.

By superimposing the structure of elF3-
IRES (Fig. 2B) onto a previous cryo-EM re-
construction of 40S-IRES using the IRES
density, we produced a model of the 40S-
elF3-IRES complex that illustrates the inter-
action of eIF3 with 40S (Fig. 3, A and B)
(12). This ternary model lacks any physical
overlap of the components, showing excel-
lent surface complementarity between elF3
and the functionally critical 40S platform.
The location and orientation of elF3 on
40S is further supported by 2D difference
mapping of negatively stained 40S-elF3
complex and 40S alone (Fig. 3C) and by a
previous low-resolution reconstruction of rab-
bit 40S-elF3 (5, 14). The elF3 mass in the
ternary complex localizes to the solvent-
exposed side of 40S, where the front surface
of elF3 contacts 40S. The front of the elF3
left leg sits below the platform near the
60S subunit interface, whereas the left arm
points toward the tRNA exit (E) site (Fig.
3, A and B). The relative positions of 40S,
elF3, and IRES in our model (Fig. 2B, side
view; Fig. 3, A and B) make it unlikely that
IRES binding to 40S or elF3 takes place after
40S8-elF3 binding.

The position of eIF3 in the 40S-eIF3-IRES
model provides a plausible explanation for
its role in preventing premature joining of
40S and 60S subunits. Structural and biochem-
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Fig. 3. 40S-elF3-IRES model. (A) Views of the 40S-elF3-IRES model; location of RACK1 is indicated
by an asterisk. (B) 30S crystal structure from T. thermophilus (37) (left, hybrid model) and
equivalent view of 40S-elF3-IRES model (right) (b, body; bk, beak; h, head; pt, platform; sh, shoulder).
(C) EM analysis of 40S binding to elF3, showing class averages in the same orientation from particles

with and without bound elF3.

ical studies of the bacterial and eukaryotic
ribosomes revealed two critical intersubunit
contacts (B4 and B2a) involving binding of
the small subunit protein S15/rpS13 to helix
34 of the large subunit (B4) and interaction

between the small subunit helix 44 and helix
69 of the large subunit (B2a) (/5-17). Our
model suggests that the left toe of elF3 covers
the small subunit protein S15/rpS13, likely
preventing the helix 34 contact (Fig. 3B). Fur-
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Fig. 4. Mapping of the elF4G binding site on elF3 and model of 405 complex with elF3, elF1,
mRNA, and elF4G. (A) Superposition of elF4G density from difference mapping on the elF3-IRES.
(B) Model based on Fig. 4A and Fig. 3. The mRNA entry and exit sites are indicated. (C) Model of
mRNA loading; e1 indicates elF1 position (27). The A, P, and E sites are indicated. mRNA is depicted as
a red line.

thermore, elF3 may stabilize the binding of
other conserved initiation factors that occlude
the B2a interface contact, as suggested by a
recent cryo-EM reconstruction of a prokary-
otic initiation complex (/8) and biochemi-
cal analysis of eukaryotic initiation complex
assembly (79).

To determine how the HCV IRES might
functionally replace elF4G during translation
initiation, we used EM and difference mapping
to locate the elF4G binding site on elF3. Two-
dimensional difference maps generated by
comparing class-averages of elF3-e[F4G and
elF3 alone showed an extra mass located near
the elF3 left arm (fig. S5). The class averages
were used for back-projection to reconstruct a
low-resolution structure of the complex (5).
The difference density between the elF3-
elF4G complex and elF3 shows extra density
located at the tip of the left arm with a mass
consistent with the size of eIlF4G. Therefore,
elF4G binds to the same arm as that occupied
by part of the HCV IRES in the elF3-IRES
complex (Fig. 4A).

The 40S-elF3-IRES model allows us to
infer the placement of elF4G relative to 405
and other initiation factors, locating elF4G
very close to the E site (Fig. 4B) (movie
S1). This analysis predicts the position of
elF4F and the approximate location of the
5'-m7G cap of an mRNA (Fig. 4C). The
placement of the 5’-end of the mRNA near
the E site agrees well with the polarity of
the mRNA during decoding by the ribo-
some, in which the 5-end protrudes from
the E site while the 3™-end is pulled into the
ribosome toward the decoding site (20). Fur-
thermore, in this model, elF1 (and its bac-
terial ortholog IF3), the C-terminal domain
of which has been mapped to the platform
area by chemical probing and cryo-EM,
would be located within a reasonable dis-
tance to interact with both eIF4G and the
left arm of elF3 (18, 21, 22). The interaction
between Saccharomyces cerevisiae elFAG
and elF1, as well as the interactions between

S. cerevisiae and mammalian elF3 and elF1,
have been detected both in vitro and in vivo
(23, 24).

The position of elF4F on elF3 near the
ribosomal E site has implications for both
translation regulation and ribosome scanning
of the 5-untranslated region of a nascently
bound mRNA during translation initiation
(25). First, the location of the receptor for
activated C-kinase (RACKI1) on the head of
40S is close to the bound factors (Fig. 3A)
(26). Because several subunits of elF3 are
phosphorylated in vivo (27), our model sug-
gests that RACK1-associated kinases could
regulate the function of elF3 and elF4F on
the ribosome. Phosphorylation of elF3 by
these kinases could be a mode of regulation
used during the initiation process. Second,
the location of elF4G near the E site im-
plies that elF4A, a subunit of elF4F, binds
near the lagging rather than the leading side
of the bound mRNA. To initiate protein
synthesis, 405 “scans” from the 5'-cap struc-
ture toward the start codon, requiring en-
ergy (in the form of adenosine triphosphate)
which is most likely used by eIF4A, a ca-
nonical DEX/H-D helicase (28). Transla-
tion initiation is enhanced by eIF4A even in
the absence of secondary structure in the
5"-untranslated region of the mRNA (29),
and the ribosome itself has RNA unwind-
ing activity (30). Therefore, placement of
elF4A near the E site suggests the inter-
esting possibility that e[F4A may establish
directionality by preventing the backward
movement of the 40S ribosomal subunit as
it moves toward the start codon.

Comparison of the 40S-eIF3-IRES and 405-
elF3-elF4G models suggests an intriguing
similarity in the function of the HCV IRES
and elF4F to anchor the attached mRNA
strand, in either case, near the exit site on the
head of 40S. Such structurally analogous
positioning implies mechanistic overlap of
HCV IRES and elF4F activities, possibly
explaining why HCV does not need eIF4F for
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viral protein synthesis (8). Ribosome recruit-
ment to an mRNA, a necessary first step in the
protein biosynthetic process, thus appears to
involve conserved interactions coordinated by
elF3 that correctly load the mRNA into the
ribosomal decoding center and prepare 40S for
assembly into active ribosomes.
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