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To elucidate an outline of the mechanism of eukaryotic translation initiation, 48S complex formation was
analyzed on defined mRNAs in reactions reconstituted in vitro from fully purified translation components. We
found that a ribosomal 40S subunit, eukaryotic initiation factor (eIF) 3, and the eIF2 ternary complex form a
43S complex that can bind to the 5�-end of an unstructured 5�-untranslated region (5�-UTR) and in the
presence of eIF1 scan along it and locate the initiation codon without a requirement for adenosine
triphosphate (ATP) or factors (eIF4A, eIF4B, eIF4F) associated with ATP hydrolysis. Scanning on unstructured
5�-UTRs was enhanced by ATP, eIFs 4A and 4B, and the central domain of the eIF4G subunit of eIF4F. Their
omission increased the dependence of scanning on eIFs 1 and 1A. Ribosomal movement on 5�-UTRs
containing even weak secondary structures required ATP and RNA helicases. eIF4F was essential for scanning,
and eIFs 4A and 4B were insufficient to promote this process in the absence of eIF4F. We report that in
addition to its function in scanning, eIF1 also plays a principal role in initiation codon selection. In the
absence of eIF1, 43S complexes could no longer discriminate between cognate and noncognate initiation
codons or sense the nucleotide context of initiation codons and were able to assemble 48S complexes on
5�-proximal AUG triplets located only 1, 2, and 4 nt from the 5�-end of mRNA.
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The scanning model for translation initiation postulates
a three-step mechanism by which eukaryotic ribosomes
select the initiation codon in mRNA (Kozak 1978). A 43S
complex comprising a 40S ribosomal subunit in associa-
tion with initiator tRNA and eukaryotic initiation fac-
tors (eIFs) binds to the capped 5� end of an mRNA (step 1)
and scans downstream along the 5�-untranslated region
(5�-UTR; step 2) until it encounters the first AUG triplet
and stops (step 3). The resulting 48S complex is joined by
a 60S subunit to form an 80S ribosome, and polypeptide
synthesis begins. This model is supported by a substan-
tial body of data derived from analysis of the effects of
mRNA structure on the choice of initiation codon and
the efficiency of initiation (Kozak 1991a), of factors re-
quired for cap-dependent attachment of ribosomes to
mRNA (Gingras et al. 1999), and from genetic analysis of
initiation codon selection (Donahue 2000). Neverthe-
less, many fundamental details about the mechanism of
scanning are not known.
Initiator tRNA (Met-tRNAi

Met), eIF2, and guanosine

5�-triphosphate (GTP) form a ternary complex, and its
binding to a 40S subunit to form a 43S complex is stabi-
lized by eIF1A and eIF3 (Dever 2002). Cellular mRNAs
have a 5�-terminal m7G cap that enhances initiation
through interaction with the cap-binding complex eIF4F,
which promotes step 1, the 5�-end-dependent attach-
ment of 43S complexes to mRNA (Banerjee 1980; Gin-
gras et al. 1999). eIF4F consists of the cap-binding protein
eIF4E, an ATPase/RNA helicase (eIF4A), and eIF4G, a
large modular protein. eIF4E binds to the N-terminal
third of eIF4G, and eIF4A binds to two sites in its central
and C-terminal thirds; the central third also binds to eIF3
and RNA (Lamphear et al. 1995; Imataka and Sonenberg
1997; Lomakin et al. 2000). eIF4A cycles through the
eIF4F complex (Yoder-Hill et al. 1993), and dominant
negative mutant forms of eIF4A trap eIF4F in an inactive
state and thus inhibit translation (Pause et al. 1994; Svit-
kin et al. 2001). The requirement for an active eIF4A
subunit is consistent with ATP-dependent restructuring
of the cap-proximal region of mRNA by eIF4F, which
may provide a site of attachment for the 43S complex
(Ray et al. 1985). It has been suggested that interac-
tions between mRNA, eIF4G, and eIF3 (a component of
the 43S complex) promote ribosomal attachment to
mRNA (Carberry and Goss 1991; Lamphear et al. 1995).
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eIF4G613–1090 and eIF4A in place of eIF4F were sufficient
to mediate a low level of end-dependent initiation in an
in vitro reconstituted reaction (Morino et al. 2000). The
conclusion that eIF4E and both terminal thirds of eIF4G
play noncritical functions in promoting 5�-end-depen-
dent attachment of ribosomes to mRNA is supported by
observations that truncated forms of eIF4G lacking an
eIF4E-binding site stimulated the translation of un-
capped mRNAs in rabbit reticulocyte lysate (RRL; de
Gregorio et al. 1998) and restored translation of capped
mRNAs in RRL depleted of eIF4F (Ali et al. 2001). It is
consistent with the finding that initiation by end-depen-
dent scanning occurs with reduced efficiency but is not
abolished by removal of the 5�-terminal cap from mRNAs
(Banerjee 1980; Gunnery et al. 1997).
Ribosomal scanning (step 2) has not been observed or

directly assayed, so almost nothing is known about the
mechanism of this process. It is not known if the 40S
subunit is intrinsically capable of movement on a 5�-
UTR (by linear diffusion or transient dissociation-reas-
sociation) or if it can only move along RNA by helicase-
mediated translocation, and, if so, whether translocation
is directly linked to RNA unwinding. Scanning 40S sub-
units with associated factors can unwind hairpins in the
5�-UTR that have a free energy of less than ∼−50 to −60
kcal/mole (Pelletier and Sonenberg 1985; Kozak 1986b).
Scanning is reportedly ATP-dependent (Kozak 1980b),
but it is not known whether this reflects a requirement
for ATP hydrolysis for movement of the 40S subunit
itself or only for RNA unwinding. eIF4B, eIF4G, and
eIF4H all enhance the weak, nonprocessive ATP-depen-
dent helicase activity of eIF4A (Rozen et al. 1990; Rogers
et al. 2001), but it is not known whether any of these
factors are associated with scanning ribosomes and
whether any are required for ribosomal movement.
The third step in the scanning model is for the ribo-

somal complex to recognize the first AUG triplet that it
encounters as the initiation codon and to arrest at it,
forming a stable 48S complex. The critical interaction in
ribosomal recognition of the initiator region is base-pair-
ing between the initiation codon and the anticodon of
initiator tRNA in the scanning ribosomal complex
(Cigan et al. 1988). Genetic suppressor analyses in yeast
of mutations that permit initiation at a UUG triplet have
determined that eIF1, eIF2, and eIF5 influence start site
selection (Donahue 2000). There are additional mRNA
determinants of initiation codon recognition, and the
original scanning model has been modified to account
for two circumstances in which ribosomes bypass the
first AUG triplet in an mRNA by “leaky scanning”
(Kozak 1989). The first is if the context of the first AUG
triplet deviates from the optimal/consensus sequence
GCC(A/G)CCAUGG (in which the initiation codon is
underlined, and mutations of the residues in bold have
the greatest effects; Kozak 1986a, 1987a,b). Ribosomes
can also initiate translation at the second AUG in an
mRNA if the first AUG is located very close to the cap
and do so progressively more frequently as the distance
from the cap to the first AUG codon is decreased (Sed-
man et al. 1990; Kozak 1991b). The reason why 5�-proxi-

mal AUG triplets cannot promote efficient initiation is
unclear. 5�-Terminal nucleotides may be unable to form
stable codon–anticodon interactions when they enter the
mRNA binding cleft of the 40S subunit, or the anticodon
of initiator tRNA may be unable to inspect these termi-
nal nucleotides. Leaky scanning can be partially sup-
pressed by secondary structure downstream from the ini-
tiation codon that arrests the scanning ribosome at the
suboptimal AUG triplet (Kozak 1990).
We recently reconstituted end-dependent initiation in

vitro from purified translation components to be able to
investigate the mechanism of this process (Pestova et al.
1998a, 2000). Here we report that a 43S complex com-
prising a 40S subunit, eIF3, and the eIF2 ternary complex
can bind to the 5�-end of an unstructured 5�-UTR and in
the presence of eIF1 scan along it and locate the initia-
tion codon without a requirement for ATP or factors
associated with ATP hydrolysis (eIF4A, eIF4B, eIF4F).
However, in the absence of eIF4A, eIF4B, eIF4F, and
ATP, 43S complexes could not move through even weak
secondary structures located internally in otherwise un-
structured 5�-UTRs. Although 43S complexes retained
some capacity to scan along mRNA in the absence of
eIF1, they could no longer discriminate between cognate
and noncognate initiation codons or sense the nucleotide
context of initiation codons and were able to assemble
48S complexes on 5�-proximal AUG triplets located 1, 2,
and 4 nt downstream from the 5�-end.

Results

Ribosomal attachment and scanning
on an unstructured 5�-UTR can occur independently
of ATP hydrolysis

To investigate the ATP requirement for ribosomal at-
tachment and scanning, we initially used uncapped in
vitro transcribed (CAA)n-GUS mRNA, which comprises
a 5�-UTR with the sequence 5� GCAAGAA-(CAA)19-
CACCAUGG (in which the initiation codon is under-
lined), and the �-glucuronidase (GUS) coding region (Wil-
son et al. 1990). This 5�-UTR does not contain any trip-
lets that could act as noncognate initiation codons
(Peabody 1989), and enzymatic probing indicates that it
has a wholly single-stranded conformation (Tzareva et
al. 1994). Translation of this mRNA in RRL was partially
resistant to inhibition by R362Q negative trans-domi-
nant mutant eIF4A, retaining ∼30% activity at concen-
trations that completely inhibited end-dependent trans-
lation of the first cistron of bicistronic XL-CSFV-NS�
mRNA (Fig. 1A). This mutant had no effect on NS� trans-
lation mediated by the classical swine fever virus (CSFV)
internal ribosomal entry site (IRES), as reported previ-
ously (Pestova et al. 1998b). Initiation on (CAA)n-GUS
mRNA therefore does not show an absolute requirement
for eIF4F, which in this experiment is inactivated by
R362Q mutant eIF4A.
This experiment does not indicate whether initiation

on (CAA)n-GUS mRNA is ATP-independent, because
the free wild-type eIF4A in RRL might be used in the
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presence of mutant eIF4A. To investigate the ATP re-
quirement, we used toeprinting to analyze 48S complex
formation in a reconstituted in vitro system (Pestova et
al. 1996). 48S complexes were formed on (CAA)n-GUS
mRNA in the presence of ATP and eIFs 1, 1A, 2, 3, 4A,
4B, and 4F (Fig. 1); these components were then system-
atically omitted. Experiments were performed using ei-
ther pure initiator tRNA (Fig. 1D) or unfractionated cy-
toplasmic tRNA that contains initiator and elongator
tRNAs and a substantial amount of short RNA contami-
nants (“total tRNA”; Fig. 1B,C; Pestova and Hellen
2001). These contaminants may compete with input
mRNA for RNA-binding factors such as eIF3 or eIF4F or
for 43S complex. When total tRNA was used, 48S com-
plex formation was reduced to 30% but not abolished on
omission of eIFs 4A, 4B, and 4F with or without ATP or
on inclusion of a nonhydrolyzable analog AMPPNP in-
stead of ATP (Fig. 1B, lanes 3–7). eIF4F could be replaced
by eIF4G697–1076 or eIF4G697–969 in reactions that con-

tained eIFs 4A and 4B (Fig. 1B, lanes 2,8,9). In these con-
ditions, eIFs 4A, 4B, and 4F therefore play an accessory
role in promoting 48S complex formation on this un-
structured 5�-UTR, and eIF4E and its cognate eIF4G-
binding domain are not required for eIF4F’s contribution
to this accessory role. 48S complex formation was not
reduced in reactions containing pure Met-tRNAi

Met ei-
ther on omission of eIFs 4A, 4B, and 4F or omission of ATP
or substitution of ATP by AMPPNP (Fig. 1D, lanes 2,3).
A control experiment confirmed that 48S complex for-

mation on (CAA)n-GUS mRNA was not due to internal
ribosomal entry. 5�-stem-(CAA)n-GUS mRNA, which
has a stable hairpin (−13.6 kCal/mole) at its 5� end (Fig.
2A), was almost inactive in translation in the presence or
absence of R362Q mutant eIF4A (Fig. 2B) and did not
support 48S complex formation in the reconstituted sys-
tem (Fig. 2C). The inhibitory effect of this 5�-proximal
hairpin on translation is consistent with previous reports
of similar experiments (Kozak 1989). Taken together,

Figure 1. Factor requirements for transla-
tion initiation on (CAA)n-GUS mRNA.
(A) Partial resistance of (CAA)n-GUS
mRNA translation to inhibition by R362Q
mutant eukaryotic initiation factor (eIF)
4A. Uncapped (CAA)n-GUS (lanes 1–4)
and XL-CSFV-NS� (lanes 5–8) mRNAs (0.2
µg) were translated in rabbit reticulocyte
lysate (RRL; 15 µL) that had been preincu-
bated with increasing amounts (0.3 µg,
lanes 2,6; 1 µg, lanes 3,7; 2 µg, lanes 4,8) of
mutant eIF4A at 30°C for 10 min, followed
by addition of mRNA and further incu-
bated at 30°C for 60 min. Lanes 1 and 5 did
not contain added eIF4A. Samples were
analyzed by SDS-PAGE and subsequent
autoradiography. The positions of �-glu-
curonidase (GUS), XL, and NS� translation
products are indicated to the right of ap-
propriate panels. (B,C,D) Toeprint analysis
of 48S complexes assembled on (CAA)n-
GUS mRNA. Reaction mixtures con-
tained 40S subunits, GMP-PNP, and either
(B,C) aminoacylated total tRNA or (D)
pure initiator tRNA in addition to transla-
tion components as indicated. Reaction
mixture (C) did not contain adenosine tri-
phosphate (ATP). Full-length cDNA is la-
beled E. cDNA products labeled “48S” ter-
minated 15–17 nt downstream from the
initiation codon of (CAA)n-GUS mRNA.
The position of the initiation codon is
shown to the left of the reference lanes,
which show the (CAA)n-GUS sequence
derived using the same primer as for toe-
printing.
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these results indicate that 43S complexes containing
eIFs 1, 1A, 2, and 3 are intrinsically able to recognize and
bind to the 5�-end of an unstructured 5�-UTR and can
scan to the initiation codon without ATP or factors as-
sociated with ATP hydrolysis (albeit at somewhat lower
efficiency).
Omission of eIF1A did not affect 48S complex forma-

tion in reactions containing pure Met-tRNAi
Met (Fig. 1D,

lane 5). 48S complex formation was reduced on omission
of eIF1 and was even more strongly reduced on omission
of both eIFs 1 and 1A (Fig. 1D, lanes 4,6). Significantly,
48S complex formation was strongly reduced on omis-
sion of eIFs 4A, 4B, 4F, and 1A, almost abrogated on
omission of eIFs 4A, 4B, 4F, and eIF1, and abolished
when eIFs 4A, 4B, 4F, 1, and 1A were omitted (Fig. 1D,
lanes 7–9). eIF3 was essential for 48S complex formation
in all circumstances (Fig. 1C, lane 2; data not shown).
These results indicate that eIFs 1 and 1A strongly in-
crease the processivity of scanning 43S complexes on the
(CAA)n 5�-UTR, and that their influence becomes cru-
cial in the absence of eIFs 4A, 4B, and 4F.
The (CAA)n 5�-UTR is artificial, but we have found

that 48S complex formation on natural mRNAs with
similarly unstructured 5�-UTRs, such as alfalfa mosaic
virus RNA-4, can also occur without ATP or factors as-
sociated with ATP hydrolysis (our unpublished data).
This result is consistent with the partial resistance that
this 5�-UTR confers to inhibition of translation by trans-
dominant mutant eIF4A (Svitkin et al. 2001) and with
earlier findings that translation of mRNAs with unstruc-
tured 5�-UTRs has a low requirement for the cap-binding
complex eIF4F (Sonenberg et al. 1982; Gehrke et al.
1983).

Factor requirements for ribosomal scanning
on structured 5�-UTRs

The observation that 43S complexes can bind to the end
of the unstructured 5�-UTR of (CAA)n-GUS mRNA in

the absence of ATP, eIF4A, 4B, and 4F allowed us to
investigate the factor requirements for ribosomal scan-
ning independently of the factor requirements for attach-
ment of the 43S complex. In these experiments, we used
derivatives of (CAA)n-GUS mRNA with the generic
structure 5� G-(CAA)14-STEM-CAACAACAACAAC
CAUGG-[GUS] into which defined AU- or GC-rich hair-
pins (“STEM”) had been introduced into the 5�-UTR af-
ter 43 unstructured nucleotides, which we assumed
would be sufficient for initial attachment of 43S com-
plexes. AU-rich stem1 (−6.6 kcal/mole) contained 6 A-U
base pairs and only 2 noncontiguous G-C base pairs,
whereas stem2 (−6.7 kcal/mole) contained 13 A-U base
pairs and no G-C base pairs (Fig. 3A). Formation of 48S
complexes on (CAA)n-Stem1-GUS mRNA was very
strongly reduced by omission of eIF4A, 4B, and 4F (Fig.
3B, lane 3), unlike in assembly reactions performed using
the unstructured 5�-UTR of (CAA)n-GUS mRNA. Omis-
sion of only eIF4F had the same effect as omission of
eIF4A, 4B, and 4F (Fig. 3C, lane 3). Identical results were
obtained using (CAA)n-Stem2-GUS mRNA (data not
shown). Replacement of total aminoacyl tRNA by puri-
fied natural or in vitro transcribed initiator tRNA did not
lead to formation of 48S complexes on (CAA)n-Stem-
GUS mRNAs in the absence of eIF4F (data not shown).
These results indicate that 43S complexes are unable to
scan through even weak AU-rich stems in the absence of
eIFs 4A, 4B, and 4F. Moreover, eIF4F is required for scan-
ning as well as for ribosomal attachment to mRNA. Al-
though eIFs 4A and 4B may play independent roles in
ribosomal scanning, these are not sufficient to promote
scanning in the absence of eIF4F.
Introduction of GC-rich stems of increasing stability

(−5.5 to −18.9 kCal/mole) at the same position progres-
sively impaired but did not abolish GUS translation in
RRL, but no 48S complexes were formed on these
mRNAs in the reconstituted system (data not shown).
This result indicates that additional factors may be pres-

Figure 2. Translation initiation on 5�-
stem-(CAA)n-GUS mRNA. (A) Secondary
structure of the 5�-UTR of 5�-stem-
(CAA)n-GUS mRNA as predicted using
mfold version 3.0 (Mathews et al. 1999).
The theoretical standard free energy of the
secondary structure is indicated. (B) Trans-
lation of (CAA)n-GUS and 5�-stem-
(CAA)n-GUS mRNAs (0.2 µg) in RRL (15
µL) that had been preincubated without
added mutant eIF4A (lanes 1,3) or with 1
µg R362Q mutant eIF4A (lanes 2,4) under
conditions as described in the legend to
Figure 1A. (C) Toeprint analysis of 48S
complex formation on 5�-stem-(CAA)n-
GUS mRNA in reaction mixtures that
contained 40S subunits, GMP-PNP, and
aminoacylated total tRNA in addition to
translation components as indicated. Full-
length cDNA is labeled E. The label “48S”
indicates the expected position of toe-

prints caused by assembled 48S complexes on this mRNA. The position of the initiation codon is shown to the left of the two reference
lanes, which show 5�-stem-(CAA)n-GUS sequence derived using the same primer as for toeprinting.
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ent in RRL but missing from the reconstituted reaction
that is required for scanning through stable GC-rich sec-
ondary structures, or that 40S subunits become less
scanning-competent after purification through sucrose
density gradients.

Aberrant initiation codon selection in the absence
of eIF1

Insertion of stems 1 and 2 into the 5�-UTR of (CAA)n-
GUS mRNA not only changed its secondary structure
but also introduced sequences that contained potential
near-cognate initiation codons (Fig. 3A). Omission of
eIF1 from reactions very strongly reduced 48S complex
formation at the GUS initiation codon in both (CAA)n-
Stem1/Stem2-GUS mRNAs but resulted in the appear-
ance of strong stops +15 to 17 nt from AUU triplets (Fig.
3B, lane 4, D, lane 3) at the 5�-base of stem 1 and near the
top of stem 2 (Fig. 3A). The positions of these stops rela-
tive to these triplets indicated that scanning ribosomes
had arrested on them. Omission of eIF1A from reactions

did not strongly influence the efficiency of 48S complex
formation on GUS initiation codons of these mRNAs
but led to the appearance of very faint toeprints at posi-
tions +15 to 17 nt from the AUU triplets (Fig. 3B, lane 5,
D, lane 4). These results indicate that in the absence of
eIF1, 43S complexes can scan along a 5�-UTR but cannot
recognize and reject mismatches between potential ini-
tiation codons and the anticodon of initiator tRNA.

Requirements for eIF4E and the m7G cap
for 5�-end-dependent ribosomal recruitment

Unlike on native capped �-globin mRNA (Pestova et al.
1998a), 48S complex formation on uncapped �-globin
mRNA transcripts is extremely inefficient in reactions
containing total tRNA and either eIF4F or eIF4A and
eIF4G697–1076 (Fig. 4A, lane 2, B, lanes 8,10). This is
likely to be due to the low affinity of eIF4F and eIF4A/
eIF4G697–1076 for the uncapped 5�-end of this mRNA.
Enzymatic probing (Pavlakis et al. 1980; Lockhard et al.
1986) indicates that the 5�-end of the �-globin 5�-UTR is

Figure 3. Factor requirements for 48S
complex formation on derivatives of
(CAA)n-GUS mRNA containing AU-rich
hairpins in the 5�-UTR. (A) Secondary
structures of the 5�-UTRs of (CAA)n-Stem1-
GUS and (CAA)n-Stem2-GUS mRNA as
predicted using mfold version 3.0 showing
the initiation codons (bold). The theoreti-
cal standard free energies of the secondary
structures are indicated. AUU triplets in
the 5�-UTR of these mRNAs are boxed.
(B,C,D) Toeprinting analysis of depen-
dence on initiation factors and ATP of
48S complex formation on (CAA)n-Stem1-
GUS and (CAA)n-Stem2-GUS mRNAs.
Reaction mixtures contained 40S sub-
units, GMP-PNP, and aminoacylated total
tRNA in addition to translation compo-
nents as indicated. Full-length cDNA is la-
beled E. cDNA products labeled “48S” ter-
minated 15–17 nt downstream from the
initiation codon of (CAA)n-Stem1-GUS or
(CAA)n-Stem2-GUS mRNA, as appropri-
ate. cDNA products labeled “+15–17 nt
from AUU” terminated 15–17 nt down-
stream from indicated AUU triplets in the
5�-UTRs of these mRNAs. The position of
AUU triplets and initiation codons are
shown to the left of appropriate reference
lanes, which show cDNA sequences de-
rived using the same primers as for toe-
printing.
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sequestered in secondary structure that may impair its
recognition by eIF4G. Addition of increasing numbers of
unstructured nucleotides to the 5�-end of uncapped
�-globin mRNAs (2, 4, or 6 CAA triplets) progressively
enhanced 48S complex formation (in reactions that con-
tained total tRNA) up to the level of 48S complex for-
mation on native capped �-globin mRNA (Fig. 4A). Thus,
in these reactions containing total tRNA, eIF4F (and
most likely its eIF4G subunit) does not efficiently inter-
act with the partially sequestered 5�-end of a 5�-UTR in
the absence of the 5�-terminal m7G cap but can interact
with an uncapped 5�-end if it is unstructured.
However, uncapped �-globin mRNA lacking this addi-

tional unstructured 5�-end is translated in nuclease-
treated RRL only 3 to 5 times less well than native
capped �-globin mRNA (data not shown). This observa-
tion indicated that the low yield of 48S complexes in
assembly reactions may be due to the presence of RNA
contaminants in “total tRNA” that could compete with
input �-globin mRNA for RNA-binding factors. Assem-
bly reactions were therefore repeated using pure initiator

tRNA to minimize competition. 48S complexes formed
equally well on native capped �-globin mRNA when re-
actions contained eIF4F using either total tRNA or pure
initiator tRNA (Fig. 4B, lanes 2,3). However, when eIF4A
and eIF4G697–1076 replaced eIF4F, 48S complexes as-
sembled with comparable efficiency only if reactions
contained pure initiator tRNA and formed very ineffi-
ciently if total tRNA was used (Fig. 4B, lanes 4,5).
48S complexes assembled efficiently on uncapped �-
globin mRNAs in reactions containing eIF4F or eIF4A/
4G697–1076 only if the reactions also contained pure ini-
tiator tRNA and formed very inefficiently if total tRNA
was included (Fig. 4B, lanes 7–10). These results indicate
that 48S complexes can assemble efficiently on capped
globin mRNA in the presence of eIF4A/4G697–1076 and
on uncapped �-globin mRNA in the presence of either
eIF4F or eIF4A/4G697–1076 only in the absence of com-
petitor RNAs, and that competition is tolerated only
when eIF4F is used with capped �-globin mRNA. This
likely reflects the fact that the affinities of eIF4F for un-
capped globin mRNA and of the eIF4G/4A complex for

Figure 4. 48S complex formation on �-globin mRNA and �-globin mRNA derivatives. (A–C) Toeprinting analysis of 48S complex
formation on natural 100% capped or in vitro transcribed uncapped �-globin mRNA and uncapped derivatives thereof containing
progressively longer unstructured 5�-terminal sequences, as indicated, in reaction mixtures that contained 40S subunits, GMP-PNP,
ATP, aminoacylated pure initiator tRNA or total tRNA, and translation components as indicated. The label “48S” indicates the
position of toeprints caused by 48S complexes assembled on these mRNAs in panel A; the same complex is indicated as complex II
(48S) in panels B and C. Complex I in panel C terminated 21–24 nt from the 5� end; a complex in this panel that terminated 16 nt from
a GUG triplet in the 5�-UTR shown in panel D is designated “+16 nt from GUG.” Full-length cDNA is labeled E, and the position of
the initiation codon is shown to the left of the �-globin sequence in reference lanes in panels A–C. (D) Sequence of the 5�-UTR of
�-globin mRNA showing the AUG initiation codon and a GUG triplet in the 5�-UTR in bold, as well as the position (+16) of the leading
edge of 48S complexes assembled at the GUG triplet.
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capped or uncapped globin mRNAs are lower than the
affinity of eIF4F for capped globin mRNA.

The m7G cap-eIF4F interaction stabilizes ribosomal
complexes assembled at the 5�-end of native
�-globin mRNA

48S complexes do not form in in vitro reconstituted re-
actions on capped �-globin mRNA if eIF1A and/or eIF1
are omitted and instead an aberrant ribosomal “complex
I” forms near the mRNA’s 5�-end (Pestova et al. 1998a).
The ability to use pure initiator tRNA to assemble 48S
complexes on capped or uncapped mRNA with either
eIF4F or eIF4G/4A enabled us to investigate formation of
complex I in greater detail. Omission of eIF1 from reac-
tions that included total tRNA and capped �-globin
mRNA led to formation of complex I without formation
of 48S complexes (Fig. 4C, lane 6), as described previ-
ously (Pestova et al. 1998a). However, substitution of
total tRNA by pure initiator tRNA in an otherwise iden-
tical reaction mixture led to formation of complex I, of a
small amount of 48S complex, and of an additional com-
plex that mapped +16 nt downstream from a GUG triplet
in the �-globin 5�-UTR (Fig. 4C, lane 3, D). No ribosomal
complexes were detected by toeprinting on capped �-glo-
bin mRNA in reactions that lacked eIF1 and that con-
tained eIF4A/eIF4G697–1076 in place of eIF4F (Fig. 4C,
lane 5). In reactions in which �-globin mRNA was not
capped, no ribosomal complexes formed in reactions that
contained eIF4A/4G but lacked eIF1 (Fig. 4C, lane 11),
and no complex I was formed in reactions that contained
eIF4F but lacked eIF1 (Fig. 4C, lane 9). However, small
amounts of 48S complex and of the “+16 nt” complex
formed on a GUG triplet were formed in the last of these
reactions.
These results indicate that formation of complex I is

dependent on the eIF4F-cap interaction. Formation of
48S complexes and of the “+16 nt” complex in the ab-
sence of eIF1 occurred on uncapped and capped mRNAs
only when pure initiator tRNA was used. It is likely that
the eIF4F used in these experiments is not homogenous,
and that the eIF4E subunit had dissociated from some
eIF4F molecules. The resulting eIF4A/4G complexes can
mediate initiation on capped mRNAwithout interacting
with the m7G cap, so that some initiation events that
occur in this reaction mixture will resemble those me-
diated by eIF4F on uncapped mRNA. Contaminating
RNA present in total tRNA competes with globin
mRNA for these eIF4A/4G complexes so that the only
initiation events that occur are the result of the higher-
affinity interaction of eIF4F with the capped mRNA
(leading to complex I formation if eIF1 is absent). It may
be significant that unlike with eIF4F, no ribosomal com-
plexes were formed in reactions that contained eIF4A/
4G697–1076 instead of eIF4F and that lacked eIF1. This
indicates that ribosomal attachment and probably sub-
sequent scanning are more dependent on eIF1 in this
circumstance, which may be due to the integrity of
eIF4G or the presence of eIF4E in the eIF4F heterotrimer.
Formation of ribosomal complexes on GUG triplets in

the absence of eIF1 reflected the inability of 43S com-
plexes to recognize and reject mismatches between po-
tential initiation codons and the anticodon of initiator
tRNA in the absence of this factor noted previously.

Factor requirements for discrimination of initiation
codon context

A significant aspect of the scanning process that is al-
most wholly uncharacterized is the mechanistic basis for
the importance of sequence context in initiation codon
recognition. The ability to assemble 48S complexes on
(CAA)n-GUS mRNA in the absence of some factors al-
lowed us to investigate which factors are responsible for
the discrimination of initiation codon context. Addi-
tional AUG triplets in either “good” (accAUGa) or “bad”
(caaAUGc) context were introduced upstream of the
GUS initiation codon of (CAA)n-GUS mRNA (Fig. 5A),
and 48S complex formation on the resulting (CAA)n-
AUGgood-GUS and (CAA)n-AUGbad-GUS mRNAs was
investigated.
Approximately 60% of scanning ribosomes stopped

at the new “good” context AUG triplet of (CAA)n-
AUGgood-GUS mRNA and the remainder scanned to the
GUS initiation codon (Fig. 5B, lane 3). The propensity of
ribosomes to bypass the first AUG triplet in an mRNA
even if it has favorable context has been noted previously
for 5�-UTRs with reduced secondary structure (Kozak
1980a). Approximately 90% of ribosomes scanned past
the new “bad” context AUG triplet in (CAA)n-AUGbad-
GUS mRNA to the GUS initiation codon (Fig. 5D, lane
3). This calculation was made with an assumption that
the short distance between the two AUGs (13 nt for
(CAA)n-AUGgood-GUS and 11 nt for (CAA)n-AUGbad-
GUS mRNAs) does not allow these codons to be simul-
taneously occupied by 40S subunits. eIFs 1, 1A, 2, 3, 4A,
4B, and 4F are therefore sufficient to enable scanning
ribosomes to discriminate between good and bad context
for initiation codons. Omission of eIF1A alone or simul-
taneous omission of eIFs 4A, 4B, and 4F or eIFs 1A, 4A,
4B, and 4F from reactions significantly reduced 48S com-
plex formation on the GUS initiation codon of (CAA)n-
AUGgood-GUS mRNA (Fig. 5B, lanes 4–6), indicating
that omission of these factors made scanning ribosomes
less processive and possibly allowing more time to es-
tablish codon–anticodon interaction on the first “good”
context AUG codon. However, we cannot exclude the
possibility that one or more of these factors (eIFs 4A, 4B,
4F, 1A) may have some direct influence on recognition of
the context of initiation codons. Progressive reduction of
the temperature of assembly reactions from 37°C to
15°C also reduced 48S complex formation on the second
AUG of this mRNA (Fig. 5C, lanes 1–3).
Separate or simultaneous omission of eIFs 1A, 4A, 4B,

and 4F neither increased the amount of 48S complex that
formed on the upstream “bad” context AUG codon of
(CAA)n-AUGbad-GUS mRNA nor significantly altered
the ratio of 48S complexes assembled on the first and
second AUG codons of this mRNA (Fig. 5D, lanes 4–6).
These four factors are therefore not mainly responsible
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Figure 5. Factor dependence of initiation codon selection on mRNAs containing tandem initiation codons differing in sequence
context. (A) Sequences of the 5�-UTRs of (CAA)n-AUGgood-GUS and (CAA)n-AUGbad-GUS mRNAs, showing the AUG initiation
codons in bold. Context residues from −3 to +4 positions for each initiation codon are underlined; the A of the AUG codon is designated
as +1. (B–E) Toeprinting analysis of 48S complex formation on (CAA)n-AUGgood-GUS and (CAA)n-AUGbad-GUS mRNAs, as indicated,
in reaction mixtures containing 40S subunits, GMP-PNP, ATP, aminoacylated total tRNA, and translation components as indicated
and incubated at 37°C (B,D,E) or at temperatures as indicated (C). eIF1 was included at the beginning of each assembly reaction except
where indicated in panel E. Full-length cDNA is labeled E in panels B–E. The label “48S (GUS)” indicates the position of toeprints
caused by 48S complexes assembled on the GUS initiation codon; the labels 48S “good” and 48S “bad” indicate 48 complexes
assembled at upstream initiation codons in these mRNAs that are in either good or bad context. The position of these initiation codons
are shown to the left of appropriate reference lanes (C,T,A,G) in panels B–D, which show cDNA sequences derived using the same
primer as for toeprinting.
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for the ability of 43S complexes to distinguish between
“good” and “bad” contexts. Omission of eIFs 4A, 4B, and
4F had an overall stronger inhibitory effect on 48S com-
plex formation on both of these mRNAs [in particular,
on (CAA)n-AUGbad-GUS mRNA] compared with 48S
complex formation on (CAA)n-GUS mRNA. This fact
can be explained by the possible existence of weak sec-
ondary structures in mutated 5�-UTRs.
However, omission of eIF1 from reactions very

strongly increased 48S complex formation on the up-
stream “bad” context AUG codon of (CAA)n-AUGbad-
GUS mRNA (Fig. 5E, lanes 2,3). Delayed addition of eIF1
after 5�-incubation to 48S complexes that had been pre-
assembled on this codon in the absence of eIF1 led to
dissociation of these complexes, so that the distribution
of 48S complexes between the first and second AUG
codons of this mRNA in this reaction resembled exactly
the distribution of 48S complexes that was observed
when eIF1 was present in reactions from the beginning
(Fig. 5E, lane 4). This result shows that in addition to
enabling ribosomal complexes to reject codon–anticodon
mismatches (Fig. 3B,D), eIF1 also plays the principal role
in enabling 43S complexes to distinguish between initia-
tion codons in “good” and “bad” contexts.

Discriminating role of eIF1 in 48S complex formation
at 5�-proximal AUG codons

Ribosomes initiate translation inefficiently at the first
AUG in an mRNA if it is located very close to the cap
even if it has a favorable context (Sedman et al. 1990;
Kozak 1991b). The molecular basis for discrimination
against 5�-proximal AUG triplets is unknown. We inves-
tigated translation and 48S complex formation on deriva-
tives of (CAA)n-GUS mRNA containing additional AUG
codons located 1, 2, 4, or 8 nt from the 5� terminus of the
mRNA (Fig. 6A). Translation from AUG triplets located
1 or 2 nt from the 5� terminus of the mRNA was very
inefficient, so that almost all initiation events took place
at the GUS initiation codon (Fig. 6B, lanes 2,3). The ef-
ficiency of translation from the novel upstream AUG
codon increased significantly when its spacing from the
5�-end of the mRNA was increased to 4 nt, and initiation
occurred much more often when it had the favorable con-
text accAUGa than the unfavorable context cuuAUGa
(Fig. 6B, lanes 4,5). Initiation at the 5�-proximal AUG
triplet increased further when its separation from the
5�-end was increased from 4 to 8 nt (Fig. 6B, lane 6).
48S complexes did not form on the AUG triplets 1 and

2 nt downstream from the 5�-end of mRNA in the pres-
ence of eIFs 1, 1A, 2, 3, 4A, 4B, and 4F, although forma-
tion of 48S complexes on the GUS AUG codon was very
efficient in these reactions (Fig. 7A, lane 6, B, lane 6).
However, when eIF1 was omitted from reactions, 48S
complexes formed very efficiently on these two 5�-proxi-
mal AUG triplets but did not form at all on the GUS
AUG codon (Fig. 7A, lane 1, B, lane 1). These 5�-proximal
48S complexes could be formed on omission of eIFs 1 and
1A, and even in the presence of only eIF2 and eIF3, in all
instances without 48S complex formation on the GUS

AUG codon (Fig. 7A, lanes 2,3, B, lanes 2,3). Omission of
eIF1A in addition to eIF1 even slightly increased 48S
complex formation on 5�-proximal AUG triplets (Fig. 7A,
lane 2, B, lane 2). 48S complex formation on these 5�-
proximal AUGs depended completely on eIF3 (Fig. 7E).
These 5�-proximal 48S complexes could be formed at
high Mg++ concentration, in contrast with scanning-de-
pendent assembly of 48S complexes on the GUS initia-
tion codon (Fig. 7F, cf. lanes 3 and 6) and the �-globin
initiation codon (Pestova et al. 1998a). We have previ-
ously noted similar resistance to high Mg++ concentra-
tions for the formation of complex I on �-globin mRNA
and for 48S complex formation on encephalomyocarditis
virus (EMCV) and CSFV IRESs (Pestova et al. 1998a),
none of which involve scanning. However, unlike com-
plex I on �-globin mRNA, 48S complexes formed on the
5�-proximal AUGs of (CAA)n-GUS mRNAs were stable
and resistant to delayed addition of competitor EMCV
RNA (Fig. 7F, lane 4).
The delayed addition of eIF1 to 48S complexes as-

sembled in its absence on 5�-proximal AUG triplets sepa-
rated from the 5�-end of mRNA by 1 or 2 nt also led to
the complete dissociation of these complexes and to the

Figure 6. Initiation of translation from 5�-proximal initiation
codons. (A) Sequences of the 5�-UTRs of 1nt-AUG-(CAA)n-
GUS, 2nt-AUG-(CAA)n-GUS, 4nt-AUGgood-(CAA)n-GUS, 4nt-
AUGbad-(CAA)n-GUS, and 8nt-AUGgood-(CAA)n-GUS mRNAs,
showing the AUG initiation codons in bold. (B) Products of
translation in RRL of these mRNAs and of (CAA)n-GUS
mRNA, as indicated. Translation was performed under standard
conditions. 5�AUG and GUS indicate the products of transla-
tion that were initiated at upstream 5�-proximal initiation
codons and at the GUS initiation codon, respectively.
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formation of 48S complexes exclusively on the GUS ini-
tiation codon (Fig. 7A, lane 5, B, lane 5).
In the absence of eIF1, 48S complexes also assembled

efficiently on AUG triplets 4 nt downstream from the
5�-end whether they had “good” or “bad” context and did
not form at all on the GUS AUG codon (Fig. 7C, lanes

3,5). However, this situation was completely reversed on
inclusion of eIF1 in assembly reactions: 48S complexes
formed on the GUS AUG codon, did not assemble at all
on the “bad” context AUG codon, and assembled ex-
tremely inefficiently on the “good” context AUG codon
(Fig. 7C, lanes 2,4). 48S complexes were formed on an

Figure 7. Factor dependence of initiation codon selection on derivatives of (CAA)n-GUS mRNA containing 5�-proximal initiation
codons. (A–F) Toeprinting analysis of 48S complex formation on mRNAs containing 5�-proximal initiation codons, as indicated, in
reactionmixtures containing 40S subunits, GMP-PNP, ATP, aminoacylated total tRNA, and translation components as indicated. eIF1
was included at the beginning of each assembly reaction except where indicated in panels A and B. Encephalomyocarditis virus
(EMCV) competitor mRNA (5 µg) was added to a reaction after 5 min of incubation where indicated on panel F. MgAc (8 mM) was
added to reactions where indicated on panel F. Full-length cDNA is labeled E. The label “48S GUS” indicates the position of toeprints
caused by 48S complexes assembled on the GUS initiation codon; other labels such as 48S (1 nt AUG) indicate 48 complexes assembled
at the indicated 5�-proximal initiation codon in these mRNAs. The positions of initiation codons are shown to the left of appropriate
reference lanes (C,T,A,G) in panels A–D and F, which also show cDNA sequences derived using the same primer as for toeprinting.
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AUG triplet in “good” context located 8 nt downstream
from the 5�-end of (CAA)n-GUS mRNA both in the pres-
ence and in the absence of eIF1; 48S complexes also
formed on the GUS AUG codon in the presence of eIF1
(Fig. 7D, lanes 2,3).
Taken together, these results indicate that the antico-

don loop of initiator tRNA in a 43S complex is able to
inspect mRNA from the very first nucleotide and to es-
tablish codon–anticodon base-pairing interactions with
an AUG triplet separated by just 1 nt from the 5�-end of
an mRNA. However, this mRNA is most likely not cor-
rectly fixed in the mRNA binding cleft of the 40S sub-
unit, and the presence of eIF1 allows 43S complexes to
sense that it is incorrect. Eight 5�-proximal nucleotides
are sufficient for proper fixation of the initiation codon
and flanking sequences in 48S complexes, which provide
resistance to eIF1-induced destabilization.

Subunit joining protects 48S complexes
assembled on 5�-proximal AUG codons
from eIF1-induced destabilization

48S complexes assembled on 5�-proximal initiation
codons in the presence of eIFs 1A, 2, 3, 4A, 4B, and 4F
were stable in conditions of sucrose density gradient cen-
trifugation and joined extremely efficiently with 60S
subunits to form 80S ribosomes in a reaction mediated
by eIFs 5 and 5B (Fig. 8A). It has been suggested that eIF1
can act on ribosomes during the elongation cycle, be-
cause mutations in eIF1 have been reported to increase
ribosomal frame-shifting (Cui et al. 1998). The possibil-
ity that eIF1 could destabilize 80S complexes assembled
on a 5�-proximal AUG was assayed by toeprinting analy-
sis. 48S complexes and 80S complexes yield an identical
pattern of toeprints unless translocation of the latter oc-
curs (Anthony and Merrick 1992). Preincubation of 48S
complexes assembled on an AUG triplet only 1 nt from
the 5�-end of (CAA)n-GUS mRNA with 60S subunits,
eIF5, and eIF5B did not change the position of toeprints
but made ribosomal complexes resistant to destabiliza-
tion by delayed addition of eIF1 (Fig. 8B, lanes 3,4). In a
direct competition experiment, translation components
required for 48S complex formation on this AUG triplet
were incubated with increasing amounts of eIF1 in the
presence or absence of 60S subunits, eIF5, and eIF5B. At
the same concentrations of eIF1, more ribosomal com-
plexes were formed at the 5�-proximal AUG triplet in the
presence of 60S subunits, eIF5, and eIF5B than in their
absence (Fig. 8C, cf. lanes 2–6 and 7–11). This experi-
ment confirmed that subunit joining to 48S complexes
assembled on 5�-proximal AUGs occurred in competi-
tion with eIF1-induced destabilization of these com-
plexes. Protection by the 60S subunit of complexes as-
sembled on 5�-proximal AUGs could explain the appar-
ent paradox that in the presence of eIF1, formation of
stable 48S complexes at 5�-proximal initiation codons
did not occur in the in vitro reconstituted system,
whereas initiation occurred weakly at these codons in
RRL.
Because 48S complexes assembled on 5�-proximal

AUGs could be protected from eIF1-induced destabiliza-
tion by joining to a 60S subunit, we wished to determine
whether or not the aberrant complex I assembled on
�-globin mRNA could similarly be protected. Complex I
was preassembled on globin mRNA under standard con-
ditions (Pestova et al. 1998a) and then incubated with
60S subunits, eIF5, and eIF5B. Complex I did not form
80S ribosomes efficiently (Fig. 8D) in conditions under
which 80S ribosomes readily formed on the correct
�-globin initiation codon (Fig. 8D). As a result, addition
of 60S subunits, eIF5, and eIF5B to reaction mixtures did
not protect complex I from destabilization by eIF1 (Fig.
8E, lane 4). These results and the observation that 48S
complexes assembled on 5�-proximal AUGs are intrinsi-
cally stable (Fig. 7F, lane 4) whereas complex I does not
resist challenge by a competitor RNA (Pestova et al.
1998a) indicate that these complexes have completely
different natures. 48S complexes at 5�-proximal AUGs
are assembled correctly, whereas complex I is assembled
aberrantly.

Discussion

The mechanism of ribosomal scanning has remained ob-
scure because of a lack of appropriate experimental sys-
tems to investigate many of its aspects. Here we have
used a series of mRNA templates with defined structures
and an initiation system reconstituted in vitro from in-
dividual purified components to investigate the factor
requirements for 5�-end-dependent ribosomal attach-
ment to mRNA, ribosomal scanning on the 5�-UTR, and
initiation codon recognition.

Ribosomal attachment

We found that 48S complex formation on unstructured
5�-UTRs is 5�-end-dependent and can occur in the ab-
sence of ATP or factors eIF4A, 4B, and 4F, which are
associated with ATP hydrolysis. However, in such con-
ditions, 48S complex formation required the presence of
eIFs 1 and 1A. The initiation AUG codon on (CAA)n-
GUS mRNA is separated from the 5�-end by 68 nt, and
48S complex formation on this mRNA should involve
scanning. Therefore, the requirements for eIF1, and to a
smaller extent for eIF1A, for 48S complex formation on
(CAA)n-GUS mRNA may reflect their requirement for
scanning rather than for attachment of 43S complexes to
the 5�-end of mRNA. The fact that 48S complexes could
be assembled on 5�-proximal AUGs of derivatives of
(CAA)n-GUS mRNA containing additional AUG codons
located 1 or 2 nt from the 5� terminus of the mRNA in
the absence of eIF4A, eIF4B, eIF4F, and eIF1 and eIF1A,
allowed us to conclude that 43S complexes comprising
only a 40S subunit, the eIF2 ternary complex, and eIF3
are capable of ATP-independent, 5�-end-dependent at-
tachment to mRNA. The component of the 43S complex
that is responsible for the specificity of its interaction
with the 5�-end of mRNA is not known. eIF3 is thought
to bind at a site at the 5�-end of capped mRNAs after the
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mRNA has been “prepared” by eIF4F (Carberry and Goss
1991), so eIF3 may be able to bind directly to the 5�-end
of an mRNA if it is already appropriately unstructured.
In our experiments, 5�-proximal AUGs were followed by
at least 42 unstructured nucleotides. Additional experi-
ments are required to determine the exact number of
unstructured nucleotides that is sufficient for attach-

ment of 43S complexes to the 5�-end of mRNA indepen-
dently of eIF4A, eIF4B, eIF4F, and ATP.
Attachment of 43S complexes to a structured 5�-UTR

requires the participation of eIFs 4A, 4B, and 4F. Analysis
of ribosomal attachment to capped and uncapped ver-
sions of the same mRNA promoted by either eIF4F or
eIFs 4A and 4G697–1076 (which lacks the eIF4E-binding

Figure 8. Differences between 48S complexes assembled on cap-proximal initiation codons and “complex I” aberrantly assembled on
natural capped globin mRNA in subunit joining activities and in protection by 60S subunits from eIF1-induced destabilization. (A,D)
Sucrose density gradient centrifugation of 48S and 80S complexes assembled on [32P]-labeled (A) GG-AUG-(CAA)n-GUS mRNA and
(D) globin mRNA from purified translation components as indicated. Sedimentation was from right to left. (B,E) Effect of inclusion of
eIF1 at indicated times to assembly reactions that contained (B) G-AUG-(CAA)n-GUS mRNA and (E) �-globin mRNA, GTP, amino-
acylated tRNA, and other translation components as indicated. (C) Effect of inclusion of increasing amounts (0.05 µg, lanes 3,8; 0.15
µg, lanes 4,9; 0.45 µg, lanes 5,10; 1 µg, lanes 6,11) of eIF1 in assembly reactions that contained G-AUG-(CAA)n-GUS mRNA, GTP,
aminoacylated tRNA, and other translation components as indicated. Lanes 2 and 7 did not contain added eIF1.
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site) with or without competition (total tRNA versus
purified initiator tRNA) indicated that the cap-eIF4E in-
teraction primarily functions to enhance binding of
eIF4F to the 5�-end of an mRNA. The fact that in the
absence of competition we were able to assemble 48S
complexes on capped mRNA using eIF4A and a trun-
cated form of eIF4G (amino acid 697–1076) is in com-
plete agreement with a recent report that a truncated
form of eIF4G can support translation of capped mRNA
(Ali et al. 2001). Increasing the number of unstructured
nucleotides at the 5�-end of a structured 5�-UTR en-
hanced its ability to support 48S complex formation in
the absence of a cap in conditions of competition (Fig.
4A), consistent with previous reports (Kozak 1980a). Be-
cause 43S complexes alone are able to bind to the 5�-end
of an unstructured 5�-UTR and the number of unstruc-
tured 5�-terminal nucleotides required for binding inde-
pendently of eIF4A, eIF4B, eIF4F, and ATP is unknown,
it is difficult to say exactly which process is most influ-
enced by the presence of increasing numbers of unstruc-
tured 5�-terminal nucleotides. It could be binding of
eIF4A/4G, binding of 43S complex by itself, or both of
these processes. However, we favor the first possibility.
It is also worth noting that complex I (Pestova et al.
1998a) can be assembled only on capped �-globin mRNA
and only in the presence of eIF4F but not eIF4A/4G. This
result emphasizes the role of the cap-eIF4E interaction in
stabilizing ribosomal complexes assembled on the 5�-end
of mRNA when ribosomal scanning does not occur be-
cause of the absence of eIF1. What is even more inter-
esting is that in the absence of the cap-eIF4E interaction,
43S complexes were able to scan the 5�-UTR even in the
absence of eIF1 (Fig. 4C, lane 9). This result could be
explained by the possibility that attachment of 43S com-
plexes to the 5�-end of mRNA occurs differently with
and without the cap-eIF4E interaction. It is also possible
that for processive scanning, the initial cap-eIF4E inter-
action has to be broken and this does not happen in the
absence of eIF1. At present we have no experimental data
to support any of these hypotheses.

Ribosomal scanning

Although 43S complexes containing only eIF2 and eIF3
can bind to mRNA without eIF1 and form 48S com-
plexes on 5�-proximal AUG triplets only 1–2 nt down-
stream from the 5�-end (Fig. 7A,B), these complexes are
not capable of scanning in its absence (Fig. 2D). Results
presented here indicate that a 43S complex minimally
comprising a 40S subunit, eIF1, the eIF2 ternary com-
plex, and eIF3 is intrinsically capable of scanning with-
out any requirement for ATP hydrolysis or for factors
associated with ATP hydrolysis that could act as ribo-
somal translocases. This minimal scanning complex re-
quires that the 5�-UTR is essentially unstructured. Its
ability to scan is enhanced by eIFs 1A, 4A, 4B, and 4F. In
the presence of eIFs 4A, 4B, and 4F, scanning becomes
less dependent on eIFs 1 and 1A. eIFs 1, 1A, 4A, 4B, and
4F all contribute to the processivity of scanning, al-
though most likely by different mechanisms. Although

eIFs 4A, 4B, and 4F can restructure mRNA, eIFs 1 and 1A
being part of 43S complexes may influence the structure
of the mRNA binding cleft of the 40S subunit and/or the
position of initiator tRNA in these complexes. eIFs 4A,
4B, 4F, and ATP became essential if even very weak hair-
pins were introduced internally in the 5�-UTR (Fig. 3).
All these data indicate that although 43S complexes are
intrinsically capable of movement on unstructured 5�-
UTRs by a mechanism of linear diffusion or transient
dissociation-reassociation, in normal circumstances
their movement on structured 5�-UTRs requires RNA
helicases.
One of the factors that enhanced ribosomal scanning

through weak hairpins is eIF4F, and significantly, eIF4A
and eIF4B did not promote scanning except in its pres-
ence. This result provides the first evidence that eIF4F
plays a role in scanning, as well as in ribosomal recruit-
ment to mRNA, and indicates that eIF4A and eIF4B are
not able to support scanning in the absence of eIF4F. A
significant unresolved question is whether the unwind-
ing of secondary structure in the 5�-UTR and ribosomal
scanning are coupled processes and, if so, which compo-
nents of the eIF4F complex are associated with the scan-
ning ribosome. Is the eIF4E-cap interaction broken as the
ribosome begins to scan or does eIF4F remain attached to
the cap throughout the scanning process so that it is only
displaced with other factors during subunit joining? Data
presented here indicate that the eIF4E-cap interaction is
not broken immediately after ribosomal attachment (Fig.
4C). If eIF4F remains associated with the ribosome after
it begins scanning, cycling of eIF4A through the eIF4F
complex (Yoder-Hill et al. 1993) may provide a mecha-
nism to couple RNA unwinding and scanning and ensure
the processivity of both processes. RNA unwinding by
either eIF4A or eIF4F alone is nonprocessive (Rogers et
al. 2001). An advantage of simultaneous binding of eIF4F
to the cap and to the recruited ribosome as it scans from
the 5�-end to the initiation codon is that it would facili-
tate rebinding of this scanning ribosomal complex to the
same mRNA if its dissociates prematurely. However, it
would also have the disadvantage of binding only one
40S subunit to the 5�-UTR of an mRNA at all times.

Initiation codon selection

In the absence of eIF1, 43S complexes retained their abil-
ity to move along mRNA, although at a reduced level.
However, in the absence of eIF1, scanning 43S com-
plexes could not discriminate between cognate and non-
cognate initiation codons and arrested at AUU and GUG
triplets. This result is consistent with earlier findings
that some mutations in yeast eIF1 enhance initiation on
a UUG triplet (Yoon and Donahue 1992).
A 40S subunit, eIF1, the eIF2 ternary complex, and

eIF3 were sufficient for assembly of a scanning ribosomal
complex that is able to discriminate between initiation
codons in good and bad contexts. Of these three factors,
eIF1 played the critical role in discrimination, and with-
out it scanning complexes were arrested at good and bad
context initiation codons with similar efficiency. Most
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remarkably, eIF1 was able to dissociate 48S complexes
preassembled at an upstream initiation codon with bad
context, resulting in formation of a stable complex at the
next downstream codon in good context.
In the absence but not in the presence of eIF1, 48S

complexes were efficiently assembled on 5�-proximal
AUG triplets 1, 2, and 4 nt downstream from the 5�-end.
However, the delayed addition of eIF1 to 48S complexes
preassembled on these AUGs also resulted in dissocia-
tion of these complexes. Therefore, eIF1 plays the major
role in initiation codon selection during the scanning
process. It is also responsible for the dissociation of in-
correctly assembled ribosomal complexes. The mecha-
nism of dissociation of aberrant ribosomal complexes by
eIF1 is unknown. After binding of eIF1 to such ribosomal
complexes, they could either continue to scan along
mRNA searching for the correct initiation codon or dis-
sociate from mRNA. If the latter scenario is correct, it is
also not clear which component of the complex (initia-
tor tRNA, mRNA, initiation factors?) is released first,
thereby triggering dissociation of the whole complex.

Functions and mechanism of action of eIF1

The data presented here provide significant new insights
into the function of eIF1 in initiation. First, they confirm
its importance for ribosomal scanning, in which eIF1
acts synergistically with eIF1A (Pestova et al. 1998a).
This function is particularly important in the absence of
eIFs 4A, 4B, and 4F, indicating complementary roles of
eIFs 1/1A and eIFs 4A/4B/4F in promoting the processiv-
ity of scanning. We also found that eIF1 acts in several
circumstances to maintain the fidelity of initiation
codon selection. eIF1 plays the principal role in enabling
43S complexes to distinguish between initiation codons
in “good” and “bad” contexts, it destabilizes ribosomal
complexes assembled on 5�-proximal AUG codons when
the 5�-UTR is <8 nt long, and omission of eIF1 from
assembly reactions yields complexes that cannot recog-
nize and reject mismatches between noncognate initia-
tion codons and the anticodon of initiator tRNA. These
activities of eIF1 are strikingly similar to activities of the
prokaryotic initiation factor IF3, which like eIF1 dis-
criminates against initiation at non-AUG codons (Hartz
et al. 1990) and at 5�-terminal AUG codons in leaderless
mRNAs (Tedin et al. 1999) and also promotes initiator
tRNA selection (Hartz et al. 1989, 1990). Only the C-
terminal domain of this factor (IF3-C) is required to ful-
fill these functions (Petrelli et al. 2001). Recent foot-
printing and directed hydroxyl radical cleavage analysis
data place IF3-C on the interface surface of the platform
of the 30S subunit in the vicinity of the ribosomal P site
(Dallas and Noller 2001). However, the precise position
of IF3-C on 30S subunit indicates an indirect role for this
factor in promoting discrimination of at least initiator
tRNA (Dallas and Noller 2001). On the other hand, bind-
ing of IF3 induces conformational changes in the decod-
ing site of the ribosome causing rearrangement of mRNA
on the 30S subunit (La Teana et al. 1995; Shapkina et al.
2000; Petrelli et al. 2001). Such ribosomal structural

changes induced by IF3 could be responsible for the dis-
criminatory role of the factor.
Recent studies have shown that prokaryotic IF1 is

structurally related to eukaryotic eIF1A (Sette et al.
1997; Battiste et al. 2000) and that prokaryotic IF2 and
eukaryotic eIF5B have related sequences and a common
function in promoting subunit joining (Pestova et al.
2000). The results reported here extend these observa-
tions. It will be interesting to determine whether eIF1
and IF3-C use similar mechanisms to discriminate
against initiation at noncognate sites.
Although it is possible that context nucleotides are

directly inspected by eIF1 in a scanning complex, we
propose an alternative model to account for the discrimi-
natory role of eIF1 in initiation codon selection in which
it acts indirectly by influencing the conformation of the
43S complex. According to this model, 43S complexes
can exist in two conformations: “closed” (in the absence
of eIF1) and “open” (in its presence). Potential conforma-
tional changes induced by eIF1 could cause changes in
positions of mRNA, initiator tRNA, or both on the 40S
subunit. In its “closed” scanning-incompetent confor-
mation, the anticodon loop of initiator tRNA can readily
establish partial base-pairing interactions with non-
AUG triplets. In its “open” scanning-competent form,
the anticodon loop of initiator tRNA can establish stable
interaction only with cognate AUG triplets surrounded
by proper nucleotide context. This model indicates that
context residues may interact directly with an rRNA or
protein component of the 40S subunit to ensure such
fixation of mRNA in the ribosomal mRNA binding cleft,
which helps to establish the codon–anticodon interac-
tion. Identification of the position of eIF1 on the 40S
subunit would allow one to discriminate between direct
and indirect mechanisms of action of eIF1.

Materials and methods

Enzymes and reagents

DNA restriction endonucleases and modifying enzymes were
from New England BioLabs. DNA oligonucleotides were from
Invitrogen and MWG Biotech. Avian myeloblastosis virus re-
verse transcriptase (AMV-RT) and RRL for in vitro translation
were purchased from Promega Corp. Native rabbit total tRNA
was from Novagen. Unlabeled nucleoside triphosphates and
RNasin RNase inhibitor were from Amersham Biosciences. Ra-
diochemicals [35S]methionine (44 TBq/mmole), [32P]UTP
(111TBq/mmole), [32P]pCp (110TBq/mmole), and [32P]dATP
(220TBq/mmole) were purchased from Amersham Biosciences
and ICN Radiochemicals.

Plasmids

(CAA)n-GUS (Wilson et al. 1990), XL-CSFV-NS� (Pestova et al.
1998b), and pBS-(�-globin) (Hellen et al. 1993) transcription vec-
tors and vectors for expression of recombinant eIF1 and eIF1A
(Pestova et al. 1998a), wild-type eIF4A (Pestova et al. 1996),
[R362Q] mutant eIF4A (Pestova et al. 1998b), eIF4B (Pestova et
al. 1996), eIF4GI697–969 and eIF4GI697–1076 (Lomakin et al. 2000),
eIF5, and eIF5B (Pestova et al. 2000) have been described previ-
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ously. Insertion and substitution mutants derived from (CAA)n-
GUS and pBS-(�-globin) were generated using PCR. All muta-
tions were confirmed by sequencing of the complete 5�-UTR
and adjacent coding region.

In vitro translation

XL-CSFV IRES-NS�, (CAA)n-GUS and 5�-stem-(CAA)n-GUS
mRNAs, and mRNAs of the (CAA)n-Stem-GUS and AUG-
(CAA)n-GUS series were transcribed using T7 RNA polymerase
and were translated in RRL under standard conditions in the
presence of [35S]methionine and in the presence or absence of
[R362Q] mutant eIF4A. Translation products were resolved by
electrophoresis using 12% polyacrylamide gel. The efficiency of
translation was determined by quantification of translation
products using a Molecular Dynamics PhosphoImager.

Assembly and analysis of ribosomal complexes

Escherichia colimethionyl-tRNA synthetase from E. coli strain
MRE 600 (American Type Culture Collection), ribosomal 40S
and 60S subunits, and native and recombinant translation ini-
tiation factors were purified as described (Pestova et al. 1996,
1998a,b, 2000; Lomakin et al. 2000). Individual, fully aminoac-
ylated rabbit initiator tRNA (Met-tRNAi

Met) was prepared and
purified exactly as described (Pestova and Hellen 2001). Ribo-
somal 48S complexes were assembled on (CAA)n-GUS, �-globin
mRNAs, and their derivatives and were analyzed by primer ex-
tension using the primers 5�-CGCGCTTTCCCACCAACG-3�

(complementary to GUS nt 97–114) and 5�-GCATTTGCAGAG
GACAGG-3� (complementary to �-globin nt 177–194), as appro-
priate, and AMV-RT in the presence of [32P]dATP, essentially as
described previously (Pestova et al. 1998a). Reaction mixtures
(40 µL) containing 0.3 µg of mRNAs, 6 pmole total, or individual
initiator aminoacylated tRNA, 5 pmole 40S subunits, 2 µg eIF2,
6 µg eIF3, 2 µg eIF4A, 1 µg eIF4B, 1 µg eIF4F, 0.3 µg eIF1, 0.3 µg
eIF1A, 0.5 µg eIF5, 0.5 µg eIF5B, and 7 pmole 60S subunits (as
indicated in figures) were incubated at 37°C for 7 min in a buffer
containing 20 mMTris at pH 7.5, 100 mMKAc, 2 mMDTT, 2.5
mM MgAc, 1 mM ATP, 0.4 mM GTP or GMPPNP, and 0.25
mM spermidine. cDNA products were analyzed by electropho-
resis through 6% polyacrylamide sequencing gels. 80S ribo-
somal complexes were assembled using factors and conditions
as described previously (Pestova et al. 2000). Native �-globin
mRNA was 3�-end-labeled with [32P]pCp using T4 RNA ligase.
[32P]-labeled GG-AUG-(CAA)n-GUS mRNA was transcribed in
vitro in the presence of [32P]UTP. Reaction mixtures (120 µL)
had the same buffer conditions and concentrations of transla-
tion components as those that were used for 48S complex for-
mation. Ribosomal complexes were resolved by centrifugation
through 10%–30% sucrose density gradients.
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