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The elF1A C-terminal domain promotes initiation
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Translation initiation factor 1A stimulates 40S-binding of
the eukaryotic initiation factor 2 (eIF2)/GTP/Met-tRNAM®!
ternary complex (TC) and promotes scanning in vitro.
elF1A contains an OB-fold present in bacterial IF1 plus
N- and C-terminal extensions. Truncating the C-terminus
(AC) or mutating OB-fold residues (66-70) of eIF1A re-
duced general translation in vivo but increased GCN4
translation (Gecd™ phenotype) in a manner suppressed by
overexpressing TC. Consistent with this, both mutations
diminished 40S-bound TC, eIF5 and elIF3 in vivo, and AC
impaired TC recruitment in vitro. The assembly defects
of the OB-fold mutation can be attributed to reduced
40S-binding of eIF1A, whereas AC impairs eIF1A function
on the ribosome. A substitution in the C-terminal helix
(98-101) also reduced 43S assembly in vivo. Rather than
producing a Ged™ phenotype, however, 98-101 impairs
GCN4 derepression in a manner consistent with defective
scanning by reinitiating ribosomes. Indeed, 98-101 allows
formation of aberrant 48S complexes in vitro and increases
utilization of non-AUG codons in vivo. Thus, the OB-fold is
crucial for ribosome-binding and the C-terminal domain of
elF1A has eukaryotic-specific functions in TC recruitment
and scanning.
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Introduction

Translation initiation begins with the binding of Met-tRNAM®*
to the 40S ribosomal subunit in a ternary complex (TC) with
eukaryotic initiation factor 2 (eIF2) and GTP. This reaction is
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stimulated in vitro by elF1, elF1A and elF3 (Hinnebusch,
2000; Algire et al, 2002; Majumdar et al, 2003; Kolupaeva
et al, 2005). The 43S preinitiation complex (PIC) thus formed
binds to the 5'-end of mRNA and scans the leader until Met-
tRNAM® base-pairs with an AUG, triggering GTP hydrolysis
by elF2 in a reaction stimulated by eIF5 (Hershey and
Merrick, 2000). Biochemical evidence indicates that mamma-
lian elF1 and eIF1A promote scanning and formation of a 48S
complex at the start codon (Pestova et al, 1998). elF2, elF5,
elF1 and eIF3 have been implicated in AUG selection, as
mutations in these factors permit increased initiation at a
UUG codon in yeast (Donahue, 2000; He et al, 2003; Valasek
et al, 2004). Consistent with this, eIF1 inhibits 48S assembly
at near-cognate triplets or AUGs in a poor context in vitro
(Pestova and Kolupaeva, 2002).

While biochemical studies have implicated eIF3, elF1 and
elF1A in 40S-binding of TC, their relative importance in vivo
and functions in 43S assembly are poorly understood. The TC
in yeast cells is linked to eIF3, eIF5 and elF1 in a multifactor
complex (MFC) (Asano et al, 2000), and evidence is accu-
mulating that these interactions promote cooperative binding
of MFC components to the 40S ribosome in vivo (Asano et al,
2001; Valasek et al, 2002, 2003; Nielsen et al, 2004; Singh
et al, 2004). We presented genetic evidence that eIF1A is
required for wild-type (WT) binding of TC to 40S subunits in
yeast, as deleting the C-terminal domain and adjacent 39
helix of eIF1A (the A108-153 mutation) increased translation
of GCN4 mRNA in cells lacking protein kinase GCN2 (Olsen
et al, 2003). GCN4 translation is normally induced in amino-
acid-starved cells by phosphorylation of elF2 (Hinnebusch,
1996). The ensuing reduction in TC concentration allows 40S
subunits that translate the first upstream open-reading frame
(uORF1) and resume scanning to bypass the three remaining
UORFs and reinitiate downstream at GCN4. In nonstarved WT
or gcn2A cells, by contrast, a high level of TC ensures that all
40S subunits scanning downstream from uORF1 quickly
rebind TC, reinitiate at uORFs 2, 3 or 4 and dissociate from
the mRNA without translating GCN4 (Hinnebusch, 1996).
Importantly, the derepressed GCN4 translation in gcn2A
cells (Ged™ phenotype) produced by the A108-153 mutation
was suppressed by overexpressing the TC. This suggested
that the rate of TC binding to 40S subunits scanning down-
stream from uORF1 was reduced by AI108-153, allowing a
fraction to bypass uORFs 2-4 and reinitiate at GCN4 instead
(Olsen et al, 2003). However, this interpretation was not
confirmed biochemically; nor was it determined whether
A108-153 impairs 40S-binding of eIF1A or disrupts its bio-
chemical function in 43S assembly.

elF1A is related to bacterial IF1, and both proteins contain
the B-barrel ‘OB’-fold (Sette et al, 1997; Battiste et al, 2000),
while eIF1A also contains an a-helical domain and random-
coil N- and C-terminal extensions (NTD and CTD)
(Figure 1A). As IF1 binds to the A-site of the 30S subunit
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Figure 1 Phenotypes of el[F1A mutations. (A) Schematic representation of el[F1A domain organization, including the FLAG (FL) epitope,
amino-acid positions (above) and locations of key mutations (1-8; underlined below). (B) Growth of gcn2A strains harboring the indicated
mutant or WT FL-TIF11 alleles on SC medium lacking Leu (SC-L) at 30 or 37°C and on SC medium lacking leucine and histidine (SC-LH) and
containing 10 mM 3-AT at 30°C. Relative growth is summarized on a scale from (—) to (+ + + + +). The domain locations of the mutations
are listed on the left along with designations of selected mutations 1-8 as indicated in panel A. The far-right column (Expression) contains
results of Western analysis of WCEs from the same strains analyzed for growth phenotypes (except for the lethal alleles) using FLAG antibodies.
Separate probing of the blots with antibodies against elF2a ensured similar protein loading for each extract (not shown). Three FL-TIF11 alleles
(*) were expressed on hc plasmids; ND, not detectable. Four additional lethal alleles were identified for which no protein products were
detected: K64A, K67D, Q85A and HIRGKgy_s4AAAA (data not shown). (C) Predicted locations of residues altered by mutations 1-8 (described
in panel A) in the 3D structure of elF1A, designated red (viable alleles) or green (lethal alleles), as determined using MacPyMOL (DeLano,
2002).
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(Moazed et al, 1995; Carter et al, 2001), the OB-fold in eIF1A
most likely binds to the A-site of 40S subunits in eukaryotes.
To assign its functions to specific residues, we mutated
conserved surface-exposed residues in the OB-fold, a-helical
domains, NTD and CTD of yeast elF1A, reasoning that such
residues would mediate eIF1A interactions with the ribosome
or other elFs. From genetic and biochemical analysis of
substitutions in the OB-fold and helical domain, and of the
A108-153 mutation described previously, we conclude that
the OB-fold plays a key role in ribosome-binding while the
helical domain and CTD function in 43S assembly and
scanning.

Results

Mutagenesis of conserved surface residues

of yeast elF1A

Using the 3D structure of human eIF1A (Battiste et al, 2000)
and sequence alignments of elF1A from different species, we
constructed mutations of conserved surface-exposed residues
in the OB-fold and o-helical domains of yeast elF1A
(Figure 1), in most cases substituting three to five contiguous
residues with alanines. We also made consecutive blocks of
Ala substitutions in the NTD and CTD. All mutations were
generated in an FL-TIF1l allele on a single-copy plasmid,
bearing the TIFII promoter and coding sequences for FLAG
(FL) epitope at the 5’-end of the ORF (Olsen et al, 2003). The
mutant alleles were used to replace episomal WT TIF1l
(TIF11%) in a tiflIA gen2A strain by plasmid-shuffling.

Eight of the clustered substitutions were lethal (Figure 1B
and legend), preventing eviction of TIF1I* from the strain.
Western analysis of whole-cell extracts (WCEs) from strains
harboring both FL-tagged mutant alleles and untagged
TIF11™" with FL antibodies showed that four of the lethal
alleles (altering residues 60-64, 67 or 85) produced no
detectable protein and were not studied further. The other
four lethal alleles produced WT levels of protein (Figure 1B),
implying that they disrupt an essential function of e[F1A. We
compared the 40S-binding of WT and two of the FL-tagged
mutants containing the lethal substitutions R62D or
NE;;s-117AA in cells expressing untagged elF1A using a
chemical crosslinking assay described below. The OB-fold
mutation R62D strongly reduced 40S-binding of eIF1A to only
~17% of WT, whereas the CTD mutation NE;;s_;;7AA im-
paired 40S-binding by <30% (data not shown). A nonlethal
OB-fold mutation discussed below decreased 40S-binding
more so than did NEj;;_;;,AA, suggesting that the latter
probably disrupts an essential function of eIF1A carried out
on the ribosome.

Western analysis of the 22 nonlethal tif11 mutants after
eviction of TIFI11 " showed that all but three produced WT
levels of elF1A (Figure 1B). The three exceptional alleles,
DGNKs3_ssAANA, RDFQDg,_gsAAAAA and  A108-153,
required overexpression to compensate for reduced steady-
state levels, and when present on high-copy (hc) plasmids,
produced protein levels ~ 3-fold higher than WT. All subse-
quent analysis was conducted with the hc versions of these
alleles.

The viable mutants containing only FL-tagged alleles were
compared to the FL-TIF11* strain for growth on complete
medium (SC) and on SC lacking histidine and containing 3-
aminotriazole (3-AT), an inhibitor of histidine biosynthesis.

©2005 European Molecular Biology Organization
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The gcn2A mutation in these strains blocks induction of
GCN4 translation and attendant derepression of histidine
biosynthetic enzymes regulated by GCN4. Mutations that
derepress GCN4 translation independently of elF2 phosphor-
ylation suppress the 3-AT-sensitive phenotype (3-ATS) of
gen2A cells, producing a Ged™ phenotype. All but three of
the 21 nonlethal substitutions produced a slow-growth phe-
notype (Slg™) on SC, and five of these conferred 3-AT-resis-
tance (3-AT®) (Figure 1B). The AI08-153 deletion produced
both Slg~ and 3-AT® phenotypes, as reported previously
(Olsen et al, 2003).

The RKKVW;e_,0AAAVA and A 108-153 mutations
disrupt PIC assembly by different mechanisms

Among the new Gcd™ alleles, RKKVWgs_ ,0AAAVA was of
interest because it restored growth on 3-AT medium while
strongly impairing growth on SC (Figure 2B). Indeed,
RKKVWs_,,AAAVA elicits greater depletion of polysomes
and accumulation of 80S monosomes than does A108-153
(Figure 2A), indicating a strong defect in translation initia-
tion. (Henceforth, we abbreviate RKKVWgs_,0AAAVA and
A108-153 as 66-70 and AC, respectively.) Importantly, the
3-ATR/Gced™ phenotype of 66-70 was suppressed by over-
expressing all three eIF2 subunits and tRNAM® from an hc
plasmid (hc-TC) (Figure 2B, cf. rows 4-5), as observed for AC
(Olsen et al, 2003) (cf. rows 6-7). Hence, both 66-70 and AC
appear to derepress GCN4 by reducing TC binding to scanning
40S ribosomes. Note that overexpressing TC also reduces the
derepression of GCN4 that occurs when TC recruitment is
impaired by eIF2 phosphorylation in starved GCN2% cells
(Dever et al, 1995). We quantified the Gecd™ phenotype of the
66-70 mutant by assaying a GCN4-lacZ reporter containing all
four uORFs, which is normally expressed at low levels in
gen2A cells owing to the absence of elF2a phosphorylation.
The 66-70 strain showed ~ 5-fold greater GCN4-lacZ expres-
sion than did the TIF1I * gcn2A strain (Figure 2C), whereas
AC produced ~ 8-fold derepression of GCN4-lacZ expression,
in accordance with previous results (Olsen et al, 2003).
Derepression of GCN4-lacZ in a GCN2 TIFI1I strain treated
with 3-AT was considerably higher (15-fold; data not shown),
indicating that these mutations only partially suppress reini-
tiation at uORFs 2-4. As discussed below, this probably
occurs because elF1A mutations produce multiple initiation
defects with offsetting effects on GCN4 translation.

The 3-AT® phenotypes of the other four Ged™ mutations
described in Figure 1 were not suppressed by hc-TC (data not
shown). Presumably, these mutations allow a fraction of the
40S subunits that have rebound TC to leaky-scan past uORF4
and reinitiate at GCN4. This class of mutations was not
analyzed further.

To obtain biochemical support for our interpretation of the
genetic results on the 66-70 and AC mutants, we measured
binding of eIF2 to 40S PICs in WCEs of cells treated with
formaldehyde. This treatment crosslinks factors to 40S ribo-
somes in vivo, minimizing dissociation of PICs during sedi-
mentation through sucrose gradients without addition of
heparin as a stabilizing agent (Nielsen et al, 2004). The
crosslinks are reversed by heating prior to resolving the
fractions by SDS-PAGE for Western analysis. Typical results
of this assay are shown in Figure 2D and the results of
replicate experiments are quantified in Figure 2E.
(Henceforth, we use the term 40S-binding to describe the
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Figure 2 The 66-70 and AC mutations produce general reductions in translation initiation, derepressed translation of GCN4 and decreased 43S
complex formation in vivo. (A) Polysome profiles of gcn2A strains harboring WT (H2999), 66-70 (H3580) or AC (H3002) alleles of TIFI1I-FL
after culturing in SC-L medium to ODggo~ 1 and crosslinking cells with 1% (v/v) HCHO. WCEs were resolved by sedimentation through 4.5-
45% sucrose gradients and gradients were scanned at A,s,. The polysome/monosome ratios (P/M, means+s.e., n=3) are indicated for each
strain. (B) Slg™ and Ged™ phenotypes were assayed by spotting serial 10-fold dilutions of the gcn2A strains described in (A) and isogenic GCN2
TIF11 strain H1642 (harboring YCplaclll), on SC-L or SC-LH + 10 mM 3-AT at 30°C. (C) Expression of the chromosomal GCN4-lacZ reporter
depicted schematically was measured in the strains described in (A) grown in SC-L medium. B-Galactosidase activity in units (U) of nmol
ONPG cleaved/min/mg was measured in WCEs from three three independent transformants and the mean and s.e. (n = 6) values were plotted
in the histogram. (D) 43S assembly was measured in the strains described in (A) after crosslinking cells with HCHO, as described in (A). WCEs
were resolved by sedimentation through 7.5-30% sucrose gradients and gradient fractions were subjected to Western analysis using the
indicated antibodies. In all, 1 and 0.2% aliquots of each input WCE (IN) were analyzed in parallel. The fractions containing free 40S subunits
are boxed. (E) Initiation factor binding to 40S subunits in the experiment shown in (D), and in two replicate experiments, was quantified by
calculating the ratio of the 40S signal in the mutant relative to the WT. The results are means+s.e. (n = 3). The line at y=1.0 indicates the WT
level of binding.
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association of factors with either free 40S subunits or 43S/48S
PICs, which cannot be distinguished in this assay.)

The 40S-binding of the 66-70 mutant protein was reduced
to <50% of WT, whereas the AC protein bound at a greater
than WT level, probably reflecting its overexpression (Figures
2D and E). Interestingly, 66-70 also reduced the 40S-binding
of the TC components elF2a and elF2y, elF3 and elF5 to
<50% of WT. Similar results were obtained for the AC
mutant (Figures 2D and E). (We chose not to quantify the
40S-binding of eIF1 in these experiments because it is over-
expressed in the mutants and it frequently does not show an
obvious peak in the 40S fractions of WT cells.) The total
amounts of elF3i, elF2y and eIF5 over the entire gradient
were somewhat lower in the 66-70 and AC mutants versus
WT (Figure 2D), even though these factors were present at
WT levels in the WCEs applied to the gradients (cf. ‘IN’
lanes). Hence, it appears that the unbound factors are more
susceptible to degradation during centrifugation in the mu-
tant extracts. This phenomenon was described previously for
mutations in the ¢/NIP1 subunit of eIF3 (Valasek et al, 2004).
Despite the reductions in total levels of elF3i, elF2y and elF5
in the gradients, their distributions were altered such that the
proportions in the 40S fractions were reduced with corre-
sponding increases in fractions closer to the top of the
gradient (Supplementary Figures S1 and S2). Thus, it appears
that eIF1A is required for optimal 40S-binding of TC, elF3 and
elF5, and that both 66-70 and AC impair these assembly
reactions in vivo.

In accordance with the fact that hc-TC suppressed the
Gcd™ phenotypes of 66-70 and AC, hc-TC restored 40S-
binding of elF2a and elF2y to WT or higher levels in both
mutants, and eIF3i binding in the 66-70 strain (cf. Figures 3A
and B; quantification in Figure 3C). By contrast, hc-TC did not
rescue 40S-binding of eIF5 in either mutant (Figure 3C). The
large amounts of elF2 subunits in the extracts containing hc-
TC made it somewhat difficult to discern 40S-binding of eIF2
from trailing of eIF2 from the upper fractions into the 40S
fractions. To confirm our conclusions, we resedimented the
40S fractions from gradients similar to those shown in Figures
3A and B and quantified the factors that cosedimented a
second time with the 40S subunits. The results in Figure 3D
confirm that 66-70 and AC impair 40S-binding of elF2, eIF3
and eIF5, and also that hc-TC restores 40S-binding of elF2,
but not elF5, by mass action. Hence, elF1A promotes elF5
recruitment independent of its effect on TC, and it enhances
elF3 recruitment by mechanisms both TC-dependent
(evident in 66-70 cells) and TC-independent (evident in AC
cells).

The fact that hc-TC did not restore WT 40S-binding of eIF5
in both mutants fits with our finding that the Slg™ phenotypes
of these mutants were not suppressed by hc-TC (Figure 2B),
indicating a rate-limiting defect distinct from TC recruitment.
Consistent with this, overexpressing elF5 partially suppressed
the Slg™ phenotype of 66-70 (Figure 3E) and increased 40S-
binding of eIF5, but did not alter 40S-binding of other factors
or of the mutant elF1A itself (Supplementary Figure S3).
Thus, reduced 40S-binding of eIF5 is partly responsible for
the strong initiation defect in 66-70 cells. Overexpressing
elF5 did not reduce the Slg~ phenotype of the AC mutant,
indicating an additional rate-limiting defect in this strain.
As shown below, AC impairs ribosomal scanning and AUG
recognition.

©2005 European Molecular Biology Organization
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The 40S-binding of eIF1A was reduced by 66-70 to ~50%
of the WT level (Figures 2D and E). From the crystal structure
of the IF1-30S complex (Carter et al, 2001), it can be
predicted that this mutation substitutes OB-fold residues
that interact with the A-site of the 40S subunit. Hence, the
defects conferred by 66-70 could result from diminished
ribosome binding of the mutant eIF1A. Supporting this
idea, introducing 66-70 on an hc plasmid partly suppressed
its Slg™ and 3-AT®/Gcd™ phenotypes (Figure 4A) and pro-
duced a greater than WT level of 40S-binding by the mutant
elF1A protein (Figures 4B and C) Thus, the 40S-binding
defect of the 66-70 protein can be corrected by mass action.
The hc 66-70 allele also increased 40S-binding of elF2, elF3
and elF5 compared to that seen with sc 66-70, albeit not to
WT levels (Figures 4B and C). The residual 43S assembly
defects and Slg™ phenotype (Figure 4A) in cells with hc 66-70
suggest that elF1A function in PIC assembly is impaired by
this mutation apart from its effects on 40S-binding of eIF1A
itself.

To determine whether 66-70 impairs direct contact be-
tween elF1A and the 40S subunit, we analyzed its effect on
binding of fluorescently tagged eIF1A to purified 40S ribo-
somes. Tetramethylrhodamine (TAMRA)-labeled WT elF1A
was prebound to 40S subunits and unlabeled mutant or WT
elF1A was added to compete for binding of labeled elF1A.
The decrease in fluorescence anisotropy as a function of the
concentration of mutant proteins allowed us to calculate the
Ky for each mutant (Maag and Lorsch, 2003). As shown in
Figures 4D and E, the 66-70 mutant has a K5 ~90-fold greater
than that of WT elF1A, whereas the AC mutant binds to 40S
subunits with WT or higher affinity. These data indicate that
66-70, but not AC, reduces the intrinsic affinity of eIF1A for
the 40S ribosome.

We also asked whether the AC and 66-70 mutations impair
the rate of PIC assembly in vitro. Preformed TC containing
[3°S]-Met-tRNAM®! was incubated with 40S subunits, eIF1, a
model mRNA, and either mutant or WT eIF1A, and the
fraction of labeled [>°S]-Met-tRNAM®' bound to 40S subunits
was measured with a native gel assay (Algire et al, 2002). As
shown in Figure 4F, AC greatly reduced the rate of TC binding
to 40S subunits in this assay. The AC mutant retains some
activity, as the rate of TC binding was >2-fold higher than in
the absence of e[F1A and reached the same end point given
by WT protein after 20min (data not shown). The 66-70
protein also showed a strong defect in TC binding; however,
this defect was suppressed when using a concentration of 66—
70 protein large enough to overcome its 40S-binding defect
(10 uM) (Figure 4F). These findings support the idea that AC
decreases the ability of 40S-bound eIF1A to stimulate TC
recruitment, whereas 66-70 primarily impairs 40S-associa-
tion of the mutant protein.

TC overexpression suppresses the Slg~ and 43S
assembly defects in the helical domain DEARgg_19:AAAA
mutant

Unlike the 66-70 and AC mutations, the DEARgg_;0;AAAA
substitution in the helical domain (Figure 1C, #6; abbreviated
below as 98-101) produced a Slg™ phenotype that is partially
suppressed by hc TC (Figure 5A). Consistent with this, hc-TC
decreased polysome runoff and accumulation of 80S mono-
somes in this mutant (Figure 5C; cf. last two profiles). In vivo
analysis of 43S complexes revealed >50% reductions in
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Figure 3 Overexpression of TC restores WT binding of TC, but not elF5, in the 66-70 and AC mutants. (A, B) 43S assembly was measured
in HCHO crosslinked cells of the gcn2A strains described in Figure 2A transformed with empty vector YEp24 (A) or p1780-IMT (hc-TC) (B),
exactly as described in Figure 2. ‘A’ indicates the AC product; ‘*’ indicate that darker exposures of the indicated panels were presented. (C) The
results in (A) and (B) were quantified as in Figure 2E, showing the means+s.e. from three experiments. (D) 40S fractions from gradients
similar to (A) and (B) were subjected to resedimentation through a second sucrose gradient. Western analysis of gradient fractions containing
40S peaks in each strain is shown. (E) Overexpression of elF5 (TIF5) partially suppresses the Slg™ phenotype of the 66-70 mutant. Serial 10-fold
dilutions of the gen2A strains from Figure 2A transformed with empty vector YEp24 or hc TIFS plasmid YEpTIFS5-U were spotted on SC-U and

grown at 30°C as i

40S-bound elF2 subunits and also reductions in 40S-binding
of eIF3 (by ~40%), eIF5 (by 80%) and elF1A itself (by 55%),
suggesting that 98-101 causes a broad defect in 43S assembly
(Figures 6A and B, cf. TIF11/vector and 98-101/vector, and

6 The EMBO Journal

ndicated.

6C). (As described above, there were reduced levels of elF2,
elF3 and elF1A in fractions at the top of the gradient, but
these reductions were not evident in the input WCEs, sug-
gesting that they arise from degradation of unbound factors in
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Figure 4 Overexpressing the 66-70 mutant diminishes its Slg~ and Ged™ phenotypes, and the mutant is defective for 40S-binding in vitro.
(A) Serial dilutions of gcn2A strains carrying the WT (H2999) or 66-70-tif11-FL alleles on sc or hc plasmids (strains H3580 and H3581,
respectively), and H1642 transformed with YCplaclll, were spotted on SC-L and SC-LH+ 10mM 3-AT and grown at 30°C. (B, C)
Overexpressing the 66-70 mutant partially suppresses its 43S assembly defect. 43S assembly was measured in HCHO crosslinked cells of
the strains described in (A) and quantified as described in Figure 2. (D) The 66-70 mutation reduces the affinity of e[F1A for 40S subunits
in vitro. Dissociation of preformed 40S/elF1A-TAMRA complex in the presence of increasing concentrations of unlabeled WT or mutant elF1A
and 1puM elF1 was measured by the decrease in fluorescence anisotropy. (E) Ky values (nM) were calculated from the curves in (D) and
reported as means +s.e. (F) Rate of TC binding to 40S subunits is reduced by AC in vitro. Binding of TC to 40S subunits as a function of time (in
reactions also containing elF1, model mRNA and 1 pM WT or mutant elF1A) was measured as the fraction of [?°S]-Met-tRNAM® associated with
the 40S in a native gel assay. The apparent TC-binding defect in the 66-70 mutant is suppressed by increasing its concentration to 10 uM.

the mutant extract during centrifugation.) Consistent with the mutant elF1A were diminished by hc-TC in this strain
partial suppression of the growth defect in 98-101 cells by hc- (Figures 6A and B, cf. 98-101/vector and 98-101/hc-TC).
TC, the 40S-binding defects of elF2, eIF3 and elF5, and the The fact that eIF3 and eIF5 recruitment was not fully rescued
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Figure 5 The 98-101 mutation confers a general initiation defect partially suppressed by hc-TC and also a Gen™ phenotype. (A) Serial dilutions
of GCN2 strains H3583 and H3584 transformed with vector YEp24 or hc-TC plasmid p1780-IMT were spotted on SC-U and grown at 30°C for 2
days. (B) Serial dilutions of GCN2 strains containing sc WT TIF11-FL (H3583) or tif11-98-101-FL on an sc (H3584) or hc (H3585) plasmid were
spotted on SC-L and grown at 30°C for 3 days. (C) Polysome profiles of the TIF11 and 98-101 transformants described in (A) were determined as
described in Figure 2A. (D) The Gen™ phenotype of the 98-101 allele is not caused by impaired reinitiation or by leaky-scanning of uORF1. The
GCN_2 strains H3583 and H3584 harboring plasmids p180, pM199 or pM226, containing GCN4-lacZ reporters depicted schematically in (i), (ii)
and (iii), respectively, were assayed for -galactosidase activity after culturing in the absence (U) or presence (I) of 0.5 png/ml SM for reporter
(i), or in the absence of SM for reporters (ii) and (iii). Units of specific activity are means +s.e. (n=6). (E) The 98-101 mutation confers a Gen™
phenotype. GCN2 strains H3583 and H3584, together with H1642 harboring YCplac1ll and H2999, were spotted on SC-L, and SC lacking Leu,
Ile and Val (SC-LIV) + 1 ug/ml SM, and grown at 30°C for 3-4 days. (F) The 98-101 mutation does not reduce elF2a phosphorylation. The GCN2
strains H3583 and H3584 were grown to ODggo~1 in SC (U, uninducing) or SC-IV (I, inducing) medium and 0.5 pg/ml SM was added to the
latter for 3h at 30°C. WCEs were subjected to Western analysis using antibodies specific for e[F2o. phosphorylated on Ser-51 (elF2a-P; upper
panel) and antibodies against total elF2a lower panel), and the mean ratios of e[F2a-P/elF2a were calculated and normalized to the WT ratio in
each medium from two independent experiments.

by hc-TC in the 98-101 mutant indicates that this mutation
also impairs 40S-binding of these factors by a TC-independent
mechanism.

Although 98-101 reduces 40S-binding of elF1A in vivo by
~60% (Figure 6C), analysis of recombinant 98-101 protein
in vitro revealed no reduction in its intrinsic affinity for the
40S subunit (Figures 4D and E). This suggests that the
impaired 40S-binding of the 98-101 protein in vivo results
from defective interactions with other elFs that promote PIC

8 The EMBO Journal

assembly, rather than loss of a direct contact between eIlF1A
and the 40S subunit. This interpretation is supported by the
fact that hc-TC increased binding of the 98-10I protein in
parallel with that of elF3 and eIF5 (Figures 6B and C).
Overexpression of the 98-101 protein from an hc plasmid
fully suppressed its 40S-binding defect, giving 240+70% of
WT binding (data not shown), but did not diminish the
growth defect (Figure 5B) or 40S-binding defects of elF2,
elF3 or elF5 produced by this mutation (increases of <20%
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Figure 6 The 98-101 allele confers a defect in 43S assembly that is rescued by TC overexpression. (A-C) 43S assembly was measured in HCHO
crosslinked cells of strains H3583 and H3584 bearing empty vector or hc-TC plasmid p1780-IMT, as described in Figure 2. The results quantified

in panel C are means+s.e., n=3.

compared to sc 98-101). Together, our findings suggest that
98-101 impairs a biochemical function of the helical domain
required for WT PIC assembly in vivo rather than disrupting a
critical contact between elF1A and the ribosome.

The 98-101 mutation increases, rather than decreases, the
rate of TC binding to 40S subunits in the reconstituted system
containing purified elF1, TC and mutant elF1A (Figure 4F).
Thus, 98-101 does not disrupt an inherent function of el[F1A
in promoting TC recruitment in the manner observed for the
AC mutation. To reconcile this conclusion with our finding
that TC recruitment is impaired in 98-101 cells, and that hc-
TC suppresses this defect (Figure 6), we suggest that the
deficits in eIF5 and eIF3 recruitment produced by 98-101

©2005 European Molecular Biology Organization

in vivo decrease TC recruitment indirectly because of coupled
40S-binding by these factors in the context of the MFC.
Overexpressing TC compensates for these defects in elF5
and elF3 recruitment and thereby restores 40S-binding of
all three MFC components through mass action and coopera-
tive binding to the 40S subunit.

Evidence that the 98-101 and AC mutations produce
defects in scanning and AUG selection

Even though the 98-101 mutation reduces TC recruitment
in vivo, it does not elicit a Gecd™ phenotype (Figure 1B). This
suggests that the mutation produces a postassembly defect
that suppresses the derepression of GCN4 translation

The EMBO Journal 9
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expected from impaired TC recruitment. A similar phenom-
enon has been described for mutations in eIF5 that produce
multiple defects in the initiation pathway by disrupting the
MFC (Nielsen et al, 2004; Singh et al, 2005). Supporting this
interpretation, 98-101 produces a Gcn~ phenotype in a
GCN2™ strain, decreasing GCN4-lacZ expression to ~30%
of WT in response to Ile/Val starvation (Figure 5D, construct
i) and conferring sensitivity to an inhibitor of isoleucine/
valine biosynthesis (sulfometuron methyl (SM)) (Figure S5E).
The Gen™ phenotype of the 98-101 mutant does not arise
from diminished elF2a phosphorylation in the starved cells
(Figure 5F).

One explanation for a Gen™ phenotype in cells containing
ample phosphorylated elF2a is that ribosomes leaky-scan
through the uORF1 AUG and initiate first at uORFs 2, 3 or 4
instead. Following translation of these uORFs, the ribosomes
dissociate from the mRNA and fail to reach the GCN4 start
codon. To address this possibility, we assayed a GCN4-lacZ
reporter containing only an elongated version of uORF1 that
overlaps the GCN4 start codon (Figure 5D, construct iii).
Expression of this construct is normally very low because
nearly all 40S ribosomes translate uORF1 but fail to reinitiate
at GCN4, as elongating uORF1 destroys its ability to retain 40S
subunits that resume scanning after termination (Grant et al,
1994). Leaky-scanning of the elongated uORF1 in response to
the 98-101 mutation would be expected to increase expres-
sion of this reporter; however, we observed decreased repor-
ter expression instead (~30% of WT; Figure 5D, iii). Thus,
98-101 leads to lower, rather than higher, leaky-scanning
through uORF1.

Another possible explanation for the Gen™ phenotype of
98-101 is that it impairs the ability of 40S subunits to resume
scanning and reinitiate at GCN4 following translation of
uORF1. This mechanism can also be eliminated because
98-101 does not decrease expression of the GCN4-lacZ repor-
ter containing only WT uORF1 (Figure 5D, construct ii). This
last finding, that eliminating uORFs 2-4 suppresses the
deleterious effect of 98-101 on GCN4 translation, strongly
suggests that the Gen™ phenotype results from the inability of
rescanning 40S subunits to bypass uORFs 2-4 even when TC
recruitment is diminished by elF2a phosphorylation. A Gen™
phenotype with the same characteristics was observed pre-
viously when the distance between uORFs 1 and 4 was
expanded to provide increased time for rebinding of TC
before the rescanning 40S subunits reach uORF4 (Abastado
et al, 1991). Hence, 98-101 may mimic the effect of increased
uORF1-4 separation by reducing the rate of 40S scanning
between uORFs 1 and 4. A reduced efficiency of scanning
could also explain the decrease in leaky-scanning past elon-
gated uORF1 produced by 98-101 (Figure 5D, iii), as a
structural impediment to scanning was shown previously to
reduce leaky-scanning through an AUG codon (Kozak, 1990).

We sought next to obtain biochemical evidence that the
98-101 mutation decreases the efficiency of ribosomal scan-
ning. Mammalian elF1A participates with elF1 in allowing
the 43S complex to scan from the 5'-end of mRNA and form a
stable 48S complex at the start codon in reactions containing
purified ribosomes, elFs and B-globin mRNA. Inhibition of
primer extension by reverse transcriptase is used to map the
leading edge of the ribosome in the 48S complexes (toe-
printing) (Pestova et al, 1998). We first demonstrated that
yeast elF1A can substitute for mammalian elF1A in such

10 The EMBO Journal

reactions, and then examined the effects of e[F1A mutations
on this activity.

With all human factors except eIF1A present, a significant
proportion of 48S complexes were formed with the AUG
codon in the P-site, yielding toe-prints 16 nucleotides (nt)
downstream of the start codon (complex II) (Figure 7A). A
sizable fraction of aberrant complexes also occurred with toe-
prints 16 nt from a near-cognate GUG codon. Smaller propor-
tions of aberrant complexes near the 5'-terminus (complex I)
or with toe-prints 7nt upstream of complex II (designated
complex III) also formed in the absence of eIF1A.
Supplementation with WT yeast or human eIF1A eliminated
or strongly suppressed formation of complex I and the GUG
complex, while yeast elF1A also suppressed complex III
(Figure 7A). Thus, WT yeast elF1A functions efficiently in
this assay to promote nearly exclusive formation of 48S PICs
at the AUG codon.

Interestingly, the 98-101 and AC proteins allowed forma-
tion of complex I and the GUG complex at levels ~50% of
that observed in the absence of elF1A, whereas a different
yeast mutant (GRRGK;,_;,AAAAA) showed WT inhibition of
these aberrant complexes. The latter finding is significant
because the GRRGK;, ;;,AAAAA mutant showed a lower
affinity for 40S ribosomes in the binding assays of Figures
4D and E than did the 98-101 mutant (data not shown).
Hence, it is unlikely that the mutant phenotypes of 98-101 (or
AC) in the toe-print assays arise from reduced 40S-binding of
mutant elF1A proteins. We interpret these results to indicate
that 98-101, and AC decrease the propensity of the 43S
complex to scan the mRNA, increasing the stability of aber-
rant 48S complexes upstream of the AUG start codon (Battiste
et al, 2000).

Finally, we asked whether the 98-101 or AC mutations lead
to increased utilization of a near-cognate start codon in vivo.
This defect can be detected by increased initiation at a UUG
triplet in the 5’-end of the HIS4 ORF, allowing expression of
the his4-303 allele lacking the normal AUG start codon. The
resulting histidine auxotrophy indicates a Sui~ (suppressor
of initiation codon mutation) phenotype (Donahue, 2000).
The AC mutation strongly suppressed the His™ phenotype of
his4-303, conferring a robust Sui~ phenotype (Figure 7C).
Furthermore, we found that AC is lethal in the presence of a
dominant Sui~ allele of TIF5 encoding a hyperactive form of
elF5 that likely produces a Sui™ phenotype by increasing GTP
hydrolysis at UUG codons (Huang et al, 1997). The synthetic
lethality of the SUIS tif11-AC combination may result from an
intolerable level of initiation at near-cognate start codons.
Although the 98-101 mutation did not suppress the His™
phenotype associated with his4-303 (data not shown), it
produced a 2.4-fold increase in translation of a his4-lacZ
reporter containing UUG versus AUG as the start codon
(Figure 7B). Hence, we believe that 98-101 also confers a
Sui~ phenotype, but weaker than that of AC.

Discussion

Our finding that the AC and 66-70 mutations derepress GCN4
translation in a manner suppressed by TC overexpression
provides genetic evidence that elF1A promotes TC recruit-
ment in vivo. Consistent with this, we showed that both
mutations impair binding of TC, eIF3 and eIF5 to 40S sub-
units in vivo, and that the defects in TC recruitment can be
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Figure 7 C-terminal mutations in eIF1A cause scanning/AUG recognition defects in vitro and in vivo. (A) Toe-printing analysis of 48S
complexes on B-globin mRNA in reaction mixtures containing 40S subunits and mammalian translation initiation factors in the absence or
presence of elF1A, as indicated. See text for explanation of different complexes labeled on the left. (B) The 98-101 mutation increases
utilization of a UUG start codon in vivo. Strains H3583 and H3584 carrying plasmids YCp50-HIS4-AUG-lacZ or YCpS50-HIS4-UUG-lacZ were
grown in SC-U medium and assayed for B-galactosidase activity. The specific activities+s.e. (n=6) determined for the YCp50-HIS4-UUG-lacZ
versus YCp50-HIS4-AUG-lacZ transformants were measured in three independent experiments and used to calculate the mean ratios +s.e.
(n=3) shown in the histogram. (C) The AC mutation suppresses the His~ phenotype conferred by the his4-303 allele. Serial 10-fold dilutions of
strains H3583 and H3586 were spotted on SC lacking leucine and histidine and grown at 30°C for 2 days (SC, upper panel) or 14 days (SC-H,

lower panel).

overcome through mass action by overexpressing the TC.
Both mutations also conferred reduced rates of TC binding to
40S subunits in a reconstituted in vitro assay, although the
defect produced by 66-70 was suppressed by using elevated
levels of the mutant protein to compensate for its defect in
40S-binding. In agreement with this last result, the Slg™ and
Ged™ phenotypes and defects in PIC assembly produced by
66-70 in vivo were diminished by overexpressing the mutant
protein. Thus, the TC recruitment defect and attendant dere-
pression of GCN4 conferred by 66-70 arise largely from its
defect in 40S-binding. This conclusion fits with the prediction
from the 30S-IF1 complex (Carter et al, 2001) that residues
66-70 in the OB-fold of eIF1A are close to the A-site of the 40S
subunit. The AC mutation, by contrast, impairs 43S assembly
even though the mutant elF1A is bound to 40S subunits at
WT or greater levels. Hence, the C-terminal extension or

©2005 European Molecular Biology Organization

adjacent 31y helix eliminated by AC appears to have an
important biochemical function in TC recruitment.

Whereas overexpressing TC reduced the Ged™ phenotypes
and TC recruitment defects in the 66-70 and AC mutants, it
did not suppress their Slg~ phenotypes nor restore 40S-
binding of eIF5 or elF3 (in the AC mutant) to WT levels. By
contrast, overexpressing elF5 rescued 40S-binding of eIF5
and diminished the growth defect in 66-70 cells. These
results indicate that eIF1A promotes 40S-binding of eIF5
and elF3 independent of its role in TC recruitment. Hence,
we conclude that elF1A independently promotes the 40S-
binding of multiple constituents of the yeast MFC. As no
direct physical interactions between eIlF1A and MFC compo-
nents have been described, the molecular basis for the
stimulatory effects of eI[F1A on MFC recruitment remains to
be defined.
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The 98-101 substitution in the o-helical domain was the
only mutation that conferred a growth defect suppressible by
hc-TC, and the mutation also impaired 40S-binding binding of
TC, elF3 and elF5 in vivo in a manner largely corrected by
overexpressing TC. The 98-101 mutation impairs 40S-binding
of elF1A itself in vivo, and while this defect was corrected by
overexpressing the mutant protein, the Slg~ phenotype and
reductions in PIC assembly were not simultaneously sup-
pressed. Hence, we conclude that the helical domain of elF1A
has an important function in promoting recruitment of the
MFC to the 40S subunit.

The recombinant 98-101 protein exhibits WT affinity for
40S ribosomes in vitro, indicating that reduced 40S-binding
by this mutant in vivo does not reflect loss of a contact
between elF1A and the ribosome. Similarly, 98-101 did not
reduce the rate of TC binding to 40S subunits in the recon-
stituted assay, suggesting that the intrinsic function of elF1A
in TC recruitment is not impaired by this mutation. To
reconcile these in vitro and in vivo findings, we suggest that
98-101 indirectly impairs TC recruitment in vivo by reducing
40S-binding of elF3 and elF5, thereby disrupting the coupled
association of factors in the MFC with the ribosome. We
further suggest that 40S-binding of eIF1A is coupled to that of
the MFC, so that the 98-101 mutation indirectly impairs 40S-
binding of elF1A by diminishing recruitment of MFC compo-
nents. Indeed, we recently obtained evidence that depleting
elF5 from cells impairs eIF1A recruitment in vivo (A
Jivotovskaya, K Nielsen and AGH, unpublished observa-
tions). We suggest that overexpressing TC most likely restores
40S-binding of the MFC in the 98-10I mutant by driving the
assembly of a TC-elF5 binary complex on the ribosome by
mass action. This in turn would stimulate recruitment of
elF3, as interaction with elF2 increases the affinity of eIF5 for
elF3 (Singh et al, 2004).

Apart from its role in PIC assembly, we found that the
C-terminal domain of eIF1A also functions in scanning and
AUG recognition. Toe-print analysis of 48S assembly in a
reconstituted mammalian system revealed that both the
98-101 and AC mutations increase formation of aberrant
complex [ and the 48S complexes at an upstream GUG on

Table I Plasmids used in this study

B-globin mRNA. As suggested previously (Battiste et al,
2000), formation of these aberrant complexes could result
from a decreased rate of ribosomal scanning. Consistent with
these findings, the 98-101 and AC mutations appeared to
increase utilization of non-AUG triplets as start codons on
HIS4 mRNA in vivo (Sui~ phenotype).

A slower rate of scanning can also explain why the defect
in TC recruitment conferred by 98-101 in vivo does not
produce a Ged™ phenotype. In fact, this mutant displays a
Gen™ phenotype in GCN2 cells that can be attributed to the
failure of 40S ribosomes rescanning downstream from uORF1
to bypass uORFs 2-4 even though TC levels are reduced by
elF2a phosphorylation. This type of Gen™ defect was ob-
served previously when the distance between uORFs 1 and 4
was expanded, increasing the time required for scanning 40S
subunits to reach uORF4 after terminating at uORF1. This
alteration compensates for the delay in TC binding elicited by
elF2a phosphorylation and ensures that nearly all 40S sub-
units rebind TC before reaching uORF4 and, hence, fail to
reinitiate at GCN4 (Abastado et al, 1991). Thus, we suggest
that the 98-101 mutation mimics the effect of lengthening
the uORF1-4 interval and produces a Gen™ phenotype by
decreasing the rate of scanning.

It might be expected that the AC mutation would also
confer a Gen™ phenotype, given that it produced a scanning
defect in the toe-print assay comparable to that of 98-101.
In fact, we found that AC does confer sensitivity to SM and
a modest (20%) reduction in GCN4-lacZ expression in a
GCN2™ strain under starvation conditions, without lowering
elF2a phosphorylation (data not shown). Perhaps the defect
in TC binding produced by AC outweighs the scanning defect
and suppresses the expected Gen™ phenotype. In 98-101
cells, by contrast, the scanning defect would outweigh
the deficit in TC binding and suppress the expected Gcd™
phenotype.

Support for this interpretation came recently from the
analysis of mutations in the eIF5-CTD that destabilize the
MFC and produce Ged™ phenotypes at 30°C but Gen™ phe-
notypes at a higher temperature (36°C) where the mutations
have a stronger effect on initiation. It was proposed that

Plasmid Description Source or reference
YCplaclll sc LEU2 cloning vector Gietz and Sugino (1988)
YEplac181 hc LEU2 cloning vector Gietz and Sugino (1988)
p3392 sc URA3 TIFII in YCplac33 Olsen et al (2003)
p3499 sc LEU2 TIF11-FL in YCplaclll Olsen et al (2003)
p3604 hc LEU2 tif11-A108-153-FL in YEplac181 Olsen et al (2003)
p4399 sc LEU2 tif11-RKKVWs_,0AAAVA-FL in YCplaclll This study

p4443 hc LEU2 tif11-RKKVWgs_,0AAAVA-FL in YEplac181 This study

p4398 sc LEU2 tifl1-DEARog_10;AAAA-FL in YCplaclll This study

p4444 hc LEUZ tifl11-DEARgg ;0 AAAA-FL in YEplac181 This study

pl1780-IMT hc URA3 SUL2, GCDI1, SUI3, IMT4 in YEp24 Asano et al (1999)
YEp24 hc URA3 cloning vector Parent et al (1985)
YEpTIFS5-U hc URA3 TIFS-FL in YEplac195 Valasek et al (2004)
YEplac195 hc URA3 Gietz and Sugino (1988)
p4385 hc TRP1 SUI2, GCDI1, SUI3, IMT4 in YEp24, ura3:: TRP1:kan® This study

YEplacl12 hc TRP1 Gietz and Sugino (1988)
p180 sc URA3 GCN4-lacZ with WT leader Hinnebusch (1985)
PM199 sc URA3 GCN4-lacZ with uORF1 only Grant et al (1994)
PM226 sc URA3 GCN4-lacZ with uORF1 extending into GCN4 Grant et al (1994)

p367 sc URA3 AUG-HIS4-lacZ Donahue and Cigan (1988)
p391 sc URA3 AUU-HIS4-lacZ Donahue and Cigan (1988)
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Strain Genotype Source
H1642 MATa ura3-52 leu2-3 leu2-112 trplA63

<GCN4-lacZ, TRP1> Dever et al (1992)
H2809 MATa ura3-52 leu2-3 leu2-112 trplA63 gen2A tifl1A

<GCN4-lacZ, TRP1>p3392 (sc TIF11, URA3) Choi et al (2000)
H2999 MATa ura3-52 leu2-3 leu2-112 trp1A63 gen2A tifl1A

< GCN4-lacZ, TRP1>p3499 (sc TIF11-FL, LEU2) Olsen et al (2003)
H3002 MATa ura3-52 leu2-3 leu2-112 trpIA63 gen2A tif11A

<GCN4-lacZ, TRP1>p3604 (hc tif11-A108-153-FL, LEU2) Olsen et al (2003)
H3580 MATa ura3-52 leu2-3 leu2-112 trpIA63 gen2A tifl1A

<GCN4-lacZ, TRP1>p4399 (sc tifl1-RKKVWs_,0AAAVA-FL, LEU2) This study
H3581 MATa ura3-52 leu2-3 leu2-112 trp1A63 gen2A tifl1A

< GCN4-lacZ, TRP1>p4443 (hc tif11-RKKVWs_,0AAAVA-FL, LEU2) This study
H3582 MATa ura3-52 trpl1A63 leu2-3, leu2-112

his4-303 (ATT) tifl1A p3392 (sc TIF11, URA3) This study
H3583 MATa ura3-52 trp1A63 leu2-3, leu2-112

his4-303 (ATT) tifl1Ap3499 (sc TIF11-FL, LEU2) This study
H3584 MATa ura3-52 trpl1A63 leu2-3, leu2-112

his4-303 (ATT) tifl1Ap4398 (sc tifl1-DEARgg_;0,AAAA-FL, LEU2) This study
H3585 MATa ura3-52 trp1A63 leu2-3, leu2-112

his4-303 (ATT) tifl1A p4444 (hc tifl1-DEARgg_10;AAAA-FL, LEU2) This study
H3586 MATa ura3-52 trplA63 leu2-3, leu2-112

his4-303 (ATT) tifl1A p3604 (hc tif11-A108-153-FL, LEU2) This study

impaired TC recruitment at 30°C produces the Ged™ pheno-
type but more severe disruption of the MFC at 36°C elicits a
scanning defect (leaky-scanning of uORF1 in this case) that
outweighs the effect of reduced TC recruitment on GCN4
translation (Singh et al, 2005). We suggest that the AC and
98-101 mutations can be likened to these eIF5-CTD mutations
at 30 and 36°C, respectively, in terms of their relative effects
on TC recruitment versus scanning. Singh et al (2005) also
showed that certain eIF5-CTD mutants display a Ged™ pheno-
type only when elF1 is overexpressed, apparently because
elF1 overexpression exacerbates a moderate defect in TC
recruitment to the point where it outweighs the scanning
defects produced by these eIF5 mutations, thus derepressing
GCN4. Consistent with this, we found that eIF1 overexpres-
sion reveals a Ged™ phenotype in the 98-101 mutant and
exacerbates the Ged™ phenotype of AC (data not shown).
Our results show that the a-helical domain and random-
coil CTD of elF1A, regions not present in bacterial IF1,
stimulate binding of TC and other MFC components to the
40S subunit and promote efficient scanning and AUG selec-
tion. Residues 66-70 in the OB-fold, by contrast, likely
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