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Selection of the AUG start codon for translation in eukaryotes is governed by codon-anticodon interactions
between the initiator Met-tRNAi

Met and the mRNA. Translation initiation factor 2 (eIF2) binds Met-tRNAi
Met to

the 40S ribosomal subunit, and previous studies identified Sui� mutations in eIF2 that enhanced initiation
from a noncanonical UUG codon, presumably by impairing Met-tRNAi

Met binding. Consistently, an eIF2�-
N135D GTP-binding domain mutation impairs Met-tRNAi

Met binding and causes a Sui� phenotype. Intragenic
A208V and A382V suppressor mutations restore Met-tRNAi

Met binding affinity and cell growth; however, only
A208V suppresses the Sui� phenotype associated with the eIF2�-N135D mutation. An eIF2�-A219T mutation
impairs Met-tRNAi

Met binding but unexpectedly enhances the fidelity of initiation, suppressing the Sui�

phenotype associated with the eIF2�-N135D,A382V mutant. Overexpression of eIF1, which is thought to
monitor codon-anticodon interactions during translation initiation, likewise suppresses the Sui� phenotype of
the eIF2� mutants. We propose that structural alterations in eIF2� subtly alter the conformation of Met-
tRNAi

Met on the 40S subunit and thereby affect the fidelity of start codon recognition independent of Met-
tRNAi

Met binding affinity.

A key fidelity step in protein synthesis is the selection of the
translation start site on an mRNA. Ribosomes bind to the
mRNA near the 5� cap and scan in a 3� direction in search of
a start codon. Selection of the AUG start site for translation
initiation in eukaryotes is dependent on the base-pairing inter-
action between the AUG codon on the mRNA and the CAU
anticodon of the initiator Met-tRNA, which is bound to the
ribosome. In addition several eukaryotic translation initiation
factors (eIFs), including eIF1, eIF1A, eIF2, eIF3, and eIF5,
play important roles in start site selection. The binding of the
Met-tRNAi

Met to the P site of the 40S ribosomal subunit is
facilitated by the factor eIF2 (12, 13). The heterotrimeric eIF2
complex, consisting of the core � subunit, which contains sep-
arate binding sites for the �- and �-subunits, binds the initiator
Met-tRNAi

Met in a GTP-dependent manner, forming a ternary
complex (TC). The eIF2� and its archaeal homolog, aIF2�, are
structurally analogous to EF-Tu (in eukaryotes, eEF1A) and
consist of three distinct domains: a GTP-binding domain (G
domain), domain II, and domain III (Fig. 1A). Like the tRNA-
binding pocket in EF-Tu, the �-barrel domains II and III pack
against the G domain in aIF2� to form the Met-tRNAi

Met

binding pocket, where the 3� (aminoacyl) end of the Met-
tRNAi

Met directly contacts domain II (24, 25).
The G domain of eIF2�/aIF2�, like the G domains of Ras

and related small GTPases, the translational GTPases, and the
heterotrimeric G proteins, contains Switch I (marked by a
conserved Thr residue in the G2 sequence motif) and Switch II

(containing the G3 Asp-X-X-Gly sequence motif) elements
(Fig. 1A) that directly contact the bound nucleotide and un-
dergo structural rearrangements in response to the presence of
GTP versus GDP (20, 23–25, 27, 30). In EF-Tu the Switch
elements undergo dramatic structural rearrangements, includ-
ing the refolding of Switch I from a �-hairpin structure to a
short �-helix upon GTP binding. This movement of the Switch
elements in EF-Tu upon GTP binding triggers the reorienta-
tion of domains II and III from an open to a closed structure
and formation of the tRNA-binding pocket (20, 23). In con-
trast, the three domains of aIF2� are closely packed in the
closed conformation in the presence of GDP or GTP (25, 32).
As GTP binding to eIF2 is essential for Met-tRNAi

Met binding,
it is believed that the modest structural changes in the two
Switch elements of eIF2� upon GTP binding enable formation
of the Met-tRNAi

Met-binding pocket.
The eIF2 plays a key role in the early steps of translation

initiation and interacts with other translation factors to form
critical preinitiation complexes. The eIF2 binds Met-tRNAi

Met

to the P site of the 40S ribosomal subunit, and binding of the
factors eIF1, eIF1A, eIF3, and eIF5 generates a 43S preinitia-
tion complex (12, 13). This 43S complex is recruited to the 5�
end of an mRNA and then scans along the mRNA in a 3�
direction until the anticodon of the Met-tRNAi

Met base pairs
with an AUG codon. The factor eIF5 interacts with the G
domain of eIF2� to trigger GTP hydrolysis to GDP�Pi, and
the factor eIF1 is positioned near the P site of the 48S complex
and is thought to monitor the interaction between Met-
tRNAi

Met and the AUG codon (1, 2, 4, 17, 18, 21). Reposition-
ing of eIF1 upon proper codon-anticodon interaction converts
the 43S complex from a scanning-competent “open” state to a
“closed” nonscanning state and is coupled with the release of
Pi from eIF2 (4, 18, 21, 22). Following dissociation of the
eIF2-GDP binary complex from the 48S complex and joining
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FIG. 1. Growth and Gcd� and Sui� phenotypes associated with the N135D mutation in Switch I of eIF2� and its intragenic suppressors.
(A) Schematic of eIF2�. eIF2� is divided into three domains based on sequence homology with structurally characterized EF-Tu and aIF2�. The
locations of conserved G domain sequence motifs G1/P-loop, G2, G3/DXXG, and G4/NKXD are indicated along with the locations of the
structurally important and nucleotide-sensitive Switch I and Switch II elements. Above the schematic are sequence alignments around the sites
of the eIF2�-N135D mutation in Switch I and the suppressor mutations T115A, A208V, A219T, and A382V. The mutated residues in yeast
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of the 60S ribosomal subunit, the resulting 80S monosome
enters the elongation phase of protein synthesis. Notably, like
many but not all G proteins, eIF2� binds GDP with higher
affinity than GTP (16). In order for eIF2 to function in addi-
tional rounds of translation initiation, eIF2-GDP must be re-
cycled to eIF2-GTP in a reaction accelerated by the guanine
nucleotide exchange factor eIF2B (13).

Two in vivo assays have been used to study eIF2� function in
the yeast Saccharomyces cerevisiae. The first assay monitors the
translation of the GCN4 mRNA, which encodes a transcrip-
tional activator of amino acid biosynthetic enzyme genes (14).
The expression of GCN4 is controlled by the abundance of
eIF2 TCs. Four short open reading frames (ORFs) in the
GCN4 mRNA leader restrict the flow of scanning ribosomes to
the GCN4 ORF. In wild-type (WT) cells, phosphorylation of
eIF2 by the kinase GCN2 inhibits the activity of eIF2B and
results in a reduction of TC levels. This lowering of TC abun-
dance enables ribosomes scanning the GCN4 mRNA leader
following translation of uORF1 to bypass the inhibitory
uORFs 2 to 4 and reinitiate translation at the GCN4 AUG
codon. In contrast, GCN4 expression is constitutively re-
pressed in yeast lacking GCN2 (14). However, mutations in
eIF2 that impair TC formation, for example, by lowering eIF2
abundance or decreasing the affinity of eIF2 for Met-tRNAi

Met,
constitutively derepress GCN4 expression in the absence of
GCN2 function (Gcd� phenotype) (9, 14, 31). Thus, the
eIF2�-N135K mutation impairs Met-tRNAi

Met binding (15), in-
duces the expression of a GCN4-lacZ reporter gene, and en-
ables gcn2� cells to grow on medium containing 3-aminotria-
zole, an inhibitor of histidine biosynthesis.

The second assay monitors the effects of eIF2� mutations on
start codon recognition at the HIS4 gene in yeast. Donahue
and colleagues identified yeast mutants that bypassed the re-
quirement for the normal HIS4 gene AUG start codon and
were able to grow on medium lacking histidine. Analysis of
these mutants revealed that alterations in the eIF2� (SUI2),
eIF2� (SUI3), eIF1 (SUI1), eIF5 (TIF5), and eIF2� (GCD11/
SUI4) genes enabled translation to initiate at the UUG codon
encoding the third amino acid in the HIS4 protein (3, 5, 7, 8,
15, 33). Biochemical analysis of the eIF2�-N135K mutant re-
vealed a defect in Met-tRNAi

Met binding (15). This defect was
not due to impaired GTP binding, as might have been expected

due to the location of the mutation in the Switch I element of
the G domain. Rather, the eIF2�-N135K mutation increased
the dissociation rate of Met-tRNAi

Met from the active GTP-
bound eIF2 complex (15). Additional biochemical analyses,
including studies on the eIF2� and eIF5 mutant factors, led to
the proposal that mutations that weaken Met-tRNAi

Met binding
to eIF2 or mutations that accelerate GTP hydrolysis by eIF2
induce premature release of Met-tRNAi

Met from eIF2 on the
scanning 40S subunit and enable ribosomes to initiate transla-
tion from the non-AUG codon in the HIS4 mRNA (15).

Supporting this idea, Hannig and coworkers’ examination of
spontaneous Gcd� mutants of GCD11 revealed a Sui� pheno-
type in strains expressing eIF2�-R510H (9). Intriguingly, there
was no correlation between the Gcd� and Sui� phenotypes
associated with the various eIF2� mutants. Several GCD11
mutants strongly derepressed GCN4 expression, yet they did
not enhance expression of a HIS4 reporter containing a UUG
start codon. In contrast, the gcd11-R510H mutant moderately
derepressed GCN4 expression, and it strongly stimulated
translation of the mutant his4UUG-lacZ reporter (9). As the
R510H mutation maps to the tRNA-binding domain III of
eIF2�, this mutation has been proposed to weaken Met-
tRNAi

Met binding to eIF2. These findings reinforce the notion
that impaired binding of Met-tRNAi

Met to eIF2 enables release
of eIF2 from Met-tRNAi

Met on the scanning 40S ribosome in
the absence of AUG codon recognition and thus allows trans-
lation initiation at a noncognate UUG codon.

To further examine the role of eIF2� and its Switch elements
in translation initiation and, more specifically, in start site
selection, we first generated the Switch I eIF2�-N135D mu-
tant. This mutation significantly impaired yeast cell growth and
conferred a Sui� phenotype as previously reported for the
lethal eIF2�-N135K mutation (15). In addition, biochemical
and molecular analyses revealed that the eIF2�-N135D muta-
tion impaired Met-tRNAi

Met binding. Next, we screened for
intragenic suppressors of the growth defect of the eIF2�-
N135D strain. Interestingly, an A382V suppressor mutation
restored wild-type Met-tRNAi

Met binding but did not rescue the
Sui� phenotype. This novel Sui� mutation in eIF2� that does
not impair Met-tRNAi

Met binding, combined with the suppres-
sion of the Sui� phenotype by overexpression of eIF1, leads us
to propose that the conformation of Met-tRNAi

Met in the eIF2

(S. cerevisiae) eIF2� are depicted in bold and aligned with the corresponding sequences from archaeal (Methanococcus jannaschii and Pyrococcus
abyssi) aIF2�, human eIF2�, and Escherichia coli translation elongation GTPase EF-Tu. (B) Growth rate analysis of yeast expressing WT and
mutant forms of eIF2�. Derivatives of yeast strain J292 expressing the indicated WT or mutant form of eIF2� from low-copy-number plasmids and
carrying either a high-copy-number (H.C.) IMT4 plasmid expressing tRNAi

Met (�; H.C. tRNAi
Met; pC1683 [24]), or an empty vector (-) were grown

to saturation, and 4-�l volumes of serial dilutions (with optical densities at 600 nm of 1.0, 0.1, 0.01, 0.001, and 0.0001) were spotted on minimal
medium with essential nutrients (SD) and incubated for 3 days at 30°C. The doubling times during exponential growth in liquid SD medium are
shown in parentheses. (C) Gcd� phenotypes. A WT GCN4-lacZ reporter construct (p180) was introduced into the WT and mutant eIF2� strains
described for panel A and carrying either an empty high-copy-number vector or a high-copy-number plasmid expressing tRNAi

Met. Transfor-
mants were grown to an A600 of 0.7 in SD medium, whole-cell extracts were prepared, and �-galactosidase activity (nmol of o-nitrophenyl-�-D-
galactopyranoside cleaved per min per mg) was measured for three independent transformants. Means and standard errors are plotted. For the
H.C. vector data (black bars), P was 	0.0002 for WT versus N135D and for N135D versus N135D,A208V or N135D,A219T; P was 	0.003 for
N135D versus A219T or N135D,A382V. (D) Sui� phenotypes. HIS4AUG-lacZ or his4UUG-LacZ reporters were introduced into the strains described
for panel C. �-Galactosidase activities were measured from one to four independent transformants and were used to calculate the mean
UUG/AUG ratio 
 the standard error. White and black bars denote transformants carrying a high-copy-number IMT4 plasmid and empty vector,
respectively; gray bars denote transformants carrying neither the high-copy-number plasmid nor vector. For H.C. vector data (black bars), P was
	0.003 for WT versus N135D, for N135D versus A219T, and for N135D versus N135D,A208V or N135D,A219T or N135D,A219T,A382V; P was
�0.09 for N135D versus N135D,A382V.
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TC and on the scanning ribosome plays a critical role in se-
lecting the translation start site in a manner governed by eIF1.

MATERIALS AND METHODS

Detailed descriptions of plasmid and yeast strain constructions and details of
the suppressor screening are presented in the supplemental material.

Protein purification and biochemical assays. For purification of eIF2, yeast
strain J293 was cotransformed with a high-copy-number LEU2 plasmid express-
ing His8-GCD11 (wild type or mutant) and high-copy-number pC2887 expressing
eIF2�, eIF2�, and tRNAi

Met. Six-liter cultures of the transformants were grown in
synthetic complete (SC)-His-Leu medium to an A600 of 2.0, and the cells were
harvested, flash frozen in liquid nitrogen, and then broken using a micromill.
Protein purification using Ni2�-affinity chromatography was performed as de-
scribed previously (16).

Nitrocellulose filter binding assays using [3H]GDP (11.5 Ci/mmol; 1 mCi/ml) or
[3H]GTP (7.5 Ci/mmol; 0.5 mCi/ml) and purified eIF2 were performed as described
previously (16). Initiator tRNAi

Met was prepared by in vitro transcription, aminoacy-
lated using [3H]Met (84.0 Ci/mmol; 5 mCi/ml), and [3H]Met-tRNAi

Met binding to
eIF2 was assessed using filter binding assays as described previously (16). For anal-
ysis of eIF2 GTPase activity, eIF2 ternary complexes were formed in the presence of
[�-33P]GTP (3,000 Ci/mmol; 10 mCi/ml) and Met-tRNAi

Met. Ternary complexes were
mixed with eIF1, eIF1A, eIF5, 40S subunits, and AUG codon, and the rate of GTP
hydrolysis was assessed as described elsewhere (2).

Assays of �-galactosidase activity in whole-cell extracts from strains containing
the GCN4-lacZ reporter plasmid p180, or the HIS4AUG-lacZ (p367) or his4UUG-lacZ
(p391) reporter plasmids (a kind gift from Tom Donahue, Indiana University), were
performed as described previously (19).

RESULTS

The eIF2�-N135D mutation impairs Met-tRNAi
Met binding,

derepresses GCN4 expression, and enhances initiation at a
UUG codon. The Thr137 residue in eIF2�, part of the con-
served G2 sequence motif (Fig. 1A), corresponds to the uni-
versally conserved Switch I Thr found in all G proteins. Via its
backbone, this Thr directly contacts the �-phosphate of GTP,
and through its side chain it helps coordinate the Mg2� ion
required for nucleotide binding (27, 30). To examine the role
of the Switch I element in eIF2�, we mutated Asn135, located
two residues before the Thr137 in Switch I, to Lys (N135K),
Asp (N135D), and Ala (N135A). Introduction of plasmids
encoding these mutant forms of eIF2� in place of a plasmid
encoding the WT gene in the gcd11� strain J212 resulted in
growth defects. Cells expressing eIF2�-N135D exhibited a
marked slow-growth phenotype (Fig. 1B, compare rows 1 and
3), whereas the N135A mutation slightly impaired cell growth
rates (data not shown). As observed previously (15), the eIF2�-
N135K (SUI4) mutant was recessive lethal (data not shown).
Western analyses revealed that eIF2�-N135D was expressed at
levels comparable to WT eIF2� (Fig. 2A, compare lanes 1 to
4). Moreover, overexpression of eIF2�-N135D from a high-

FIG. 2. Analysis of eIF2� expression in vivo and purification of WT and mutant eIF2 complexes. (A) Western blot analysis of eIF2� expression.
Whole-cell extracts (20 and 40 �g) of strains described in Fig. 1B were subjected to immunoblot analysis using anti-yeast eIF2� (upper panel, gray
arrowhead) or anti-yeast eIF2Bε (GCD6) antiserum (lower panel, open arrowhead). Immune complexes were visualized using enhanced chemi-
luminescence, and the amount of eIF2� was quantified relative to the eIF2Bε loading control. The amount of the eIF2� mutants relative to WT
(100%) is summarized above the lanes. (B) Purification of eIF2 complexes containing WT or mutant eIF2� subunits. eIF2 complexes were purified
from strains overexpressing eIF2�, eIF2�, eIF2�, and His8-eIF2� (WT or mutant) as described in Materials and Methods. Two different amounts
(0.5 and 2 �g) of the eIF2 complexes were resolved by 4 to 20% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and visualized by
staining with GelCode blue. The positions of the eIF2� subunit (gray arrowhead) and eIF2� and eIF2� subunits (open arrowhead, doublet) are
indicated.
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copy-number plasmid resulted in a much more severe slow-
growth phenotype (see Fig. S2, right panel, in the supplemen-
tal material). These results indicate that the Switch I mutation
in eIF2�-N135D impairs cell growth by altering eIF2 function
and not by lowering eIF2 protein levels in the cell.

The previous studies on the eIF2�-N135K mutant revealed a
defect in Met-tRNAi

Met binding and suggested altered GTPase
properties for the mutant factor (15). To examine the bio-
chemical properties of the eIF2 complex containing eIF2�-
N135D, we purified WT and mutant eIF2 complexes from
strains overexpressing eIF2�, eIF2�, and His-tagged versions
of WT or mutant eIF2�. As shown in Fig. 2B (lanes 1 to 4), the
WT and mutant eIF2 complexes were purified to near homo-
geneity. As the N135D mutation is in the Switch I element, the
mutation may affect guanine nucleotide binding or hydrolysis.
Nitrocellulose filter binding assays were used to monitor the
binding of GTP and GDP to the eIF2 complexes. As observed
previously (16), WT eIF2 bound GTP with a Kd of �2 �M,
which corresponds to an �100-fold-lower affinity than for
GDP (Kd, �26 nM) (Table 1; see also Fig. S3 and S4 in the
supplemental material). The eIF2�-N135D mutation did not
significantly alter the affinity for GTP (Kd, �1.6 �M) or GDP
(Kd, �30 nM). To examine the impact of the N135D mutation
on eIF2 GTPase activity, WT or mutant TCs were formed in
the presence of [�-33P]GTP and then incubated with 40S sub-
units, initiation factors eIF1 and eIF1A, and AUG codon.
Addition of the factor eIF5 triggered GTP hydrolysis with
similar rates for WT eIF2 (0.29 s�1) and the N135D mutant
(0.22 s�1) (Table 1; see also Fig. S6 in the supplemental ma-
terial). Thus, the N135D mutation in eIF2� did not markedly
affect guanine nucleotide binding or hydrolysis by eIF2, and
the mutant factor was competent to bind the 40S subunit and
form 43S complexes (data not shown). In contrast, the N135D
mutation impaired Met-tRNAi

Met binding to eIF2. Whereas
WT eIF2 bound Met-tRNAi

Met with a Kd of �5 nM, the Kd for
Met-tRNAi

Met binding to the N135D mutant form of eIF2 was
elevated roughly fourfold (Kd, �21 nM) (Table 1; see also Fig.
S5 in the supplemental material). Supporting this biochemical
defect in Met-tRNAi

Met binding, significantly less Met-tRNAi
Met

coprecipitated with eIF2�-N135D than with WT eIF2� from
crude yeast extracts (see Fig. S1 in the supplemental material).
Moreover, the slow-growth phenotype of yeast expressing the
eIF2�-N135D mutant was partially suppressed by overexpres-
sion of the IMT4 gene encoding tRNAi

Met (Fig. 1B, row 2).
Given the defect in Met-tRNAi

Met binding, we next examined

whether the eIF2�-N135D mutation would affect GCN4 ex-
pression in yeast cells. As shown in Fig. 1C, the eIF2�-N135D
mutation increased expression of a GCN4-lacZ reporter �20-
fold in cells grown in amino acid-complete medium, in which
GCN4 expression is normally repressed (Gcd� phenotype).
This derepression of GCN4-lacZ expression was blocked in
reporters containing only uORF4 (data not shown), indicating
the eIF2�-N135D mutation does not cause ribosomes to sim-
ply skip over the uORFs in the GCN4 mRNA leader. Thus,
impaired assembly of the TC in the eIF2�-N135D strain likely
blocked efficient reinitiation at the inhibitory uORFs in the
GCN4 mRNA leader, allowing more ribosomes to reinitiate
translation further downstream at the GCN4 ORF. At odds
with this simple interpretation, overexpression of tRNAi

Met did
not suppress the derepression of GCN4-lacZ expression (Fig.
1C), although this treatment partially suppressed the slow-
growth phenotype associated with the eIF2�-N135D mutation
(Fig. 1B). This apparent paradox likely reflects the greater
sensitivity of GCN4 expression than of general growth of the
cells to changes in TC levels, as GCN4 is fully derepressed in
WT cells by a level of eIF2� phosphorylation that does not
inhibit growth. Alternatively, it is possible that the eIF2� mu-
tation affects eIF2 function in another way that alters GCN4
expression.

We asked next whether the N135D mutation in eIF2� con-
ferred a Sui� phenotype. In cells expressing WT eIF2�, ex-
pression of a HIS4-lacZ reporter with a UUG start codon is
less than 5% the level observed with a reporter containing an
AUG start codon (UUG/AUG ratio, 0.04) (Fig. 1D). The
eIF2�-N135D mutation increased the UUG/AUG ratio nearly
threefold (Fig. 1D), indicating that like the N135K mutation,
the eIF2�-N135D mutation confers a Sui� phenotype. Inter-
estingly, overexpression of tRNAi

Met enhanced the Sui� phe-
notype associated with the eIF2�-N135D mutation (Fig. 1D).
This latter finding suggests that the Sui� phenotype is not
simply due to decreased Met-tRNAi

Met binding affinity, but
instead may reflect an altered property of the scanning 43S
complex.

Isolation of intragenic suppressors of the eIF2�-N135D mu-
tation. To gain further insights into the role of the Switch I
element in eIF2� and more specifically into the effect of the
N135D mutation on eIF2� function, we screened for intragenic
suppressors of the eIF2�-N135D mutation. A plasmid carrying
the eIF2�-N135D mutant gene was subjected to random mu-
tagenesis, and then the library of mutant plasmids was

TABLE 1. Summary of biochemical properties of eIF2 complexes containing WT or mutant eIF2� subunitsa

eIF2� GDP Kd (nM) GTP Kd (�M) Met-tRNAi
Met

Kd (nM)
GTPase hydrolysis

rate (s�1)

WT 25.88 (
3.18) 2.00 (
0.12) 5.31 (
0.92) 0.29 (
0.01)
N135D mutant 30.35 (
6.29) 1.60 (
0.17) 20.62 (
6.89) 0.22 (
0.02)
A208V mutant 39.07 (
9.54) 1.15 (
0.03) 1.14 (
0.33) 0.20 (
0.02)
N135D-A208V mutant 36.72 (
3.50) 1.43 (
0.05) 3.49 (
0.66) 0.19 (
0.02)
A219T mutant �500 �10 15.02 (
4.07) 0.29 (
0.01)
N135D-A219T mutant �500 �10 3.91 (
0.53) 0.52 (
0.11)
A382V mutant 37.82 (
8.98) 1.30 (
0.07) 5.11 (
1.46) 0.20 (
0.01)
N135D-A382V mutant 33.08 (
3.44) 1.72 (
0.01) 4.76 (
0.67) 0.24 (
0.01)

a Dissociation constants (Kd) for GDP, GTP, and Met-tRNAi
Met and the rate of GTP hydrolysis were determined as described in Materials and Methods (see also Fig.

S3 to S6 in the supplemental material). All values are the means (
 standard deviations) of at least two independent experiments.
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screened to identify mutations that suppressed the slow-growth
phenotype associated with the eIF2�-N135D mutation. Four
suppressor mutations were identified: Thr115 to Ala, Ala208 to
Val, Ala219 to Thr, and Ala382 to Val (Fig. 1A). Using the
structure of the EF-Tu–GDPNP–Phe-tRNAPhe complex (20)
to model the locations of the suppressor mutations, the T115A
suppressor is located immediately after the G1 motif
(GXXXXGKTT), which is involved in �-phosphate binding,
and the A208V suppressor is located near the end of Switch II
at the C terminus of helix �2 (Fig. 1A; see also Fig. 4A, panel
3, below). The A219T suppressor is in �-sheet �7 at the base of
the GTP-binding site, and the A382V suppressor resides in
domain II in close proximity to the binding site for the ami-
noacyl, CCA-3� end of Met-tRNAi

Met (Fig. 1A; see also Fig. 4A,
panel 2, below). As shown in Fig. 1B, the A208V mutation was
slightly better than the A219T and A382V suppressors in res-
cuing the growth defect associated with the N135D mutation in
eIF2�. Interestingly, whereas yeast expressing the eIF2�-
A382V or eIF2�-A208V single mutants grew like strains ex-
pressing WT eIF2�, the eIF2�-A219T single mutant conferred
a slow-growth phenotype (Fig. 1B).

Western analyses revealed that the various eIF2� single and
double mutants were expressed close to the level of WT eIF2�,
although the expression of the eIF2�-N135D,A219T mutant
was significantly reduced (Fig. 2A). Importantly, overexpres-
sion of the eIF2� mutants in yeast did not enhance the sup-
pressor phenotype (see Fig. S2 in the supplemental material),
and overexpression of eIF2�-A219T exacerbated the growth
defect, as observed for eIF2�-N135D. These results indicate
that the suppressor phenotypes are not related to eIF2� pro-
tein levels. To further characterize the eIF2� suppressors and
gain insights into the suppression mechanism, we overex-
pressed and purified eIF2 complexes containing the eIF2�
suppressor proteins as described earlier. Analysis of the vari-
ous eIF2 complexes by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis revealed comparable purities and integri-
ties for all of the proteins (Fig. 2B). In the following sections
we describe the genetic and biochemical characterization of
the various mutant eIF2 complexes.

Coupling between the Switch I and Switch II elements in
eIF2� governs Met-tRNAi

Met binding and the fidelity of start
codon recognition. The A208V suppressor mutation is located
in the Switch II element (Fig. 1A). Introduction of the single
A208V mutation in eIF2� resulted in a WT growth phenotype,
and like the eIF2�-N135D,A208V double mutant, the growth
of the eIF2�-A208V mutant was slightly inhibited by overex-
pression of tRNAi

Met (Fig. 1B). The GTP- and GDP-binding
properties and the GTPase activity of the eIF2 complex con-
taining eIF2�-A208V were comparable to WT eIF2 (Table 1).
Thus, despite its location in the critical G domain Switch II
element, the A208V mutation does not substantially affect the
interaction of eIF2 with guanine nucleotides. However, eIF2
complexes containing the eIF2�-A208V mutation bound Met-
tRNAi

Met with nearly fivefold-higher affinity than did WT eIF2
complexes (Table 1). Importantly, the A208V mutation re-
stored Met-tRNAi

Met-binding affinity in the eIF2�-N135D,
A208V complex to levels comparable to WT eIF2 (Table 1)
and likewise restored Met-tRNAi

Met binding to eIF2 in crude
cell extracts (see Fig. S1 in the supplemental material). Thus,
the Switch II A208V mutation enhances Met-tRNAi

Met-binding

affinity in otherwise-WT eIF2 and suppresses the Met-
tRNAi

Met-binding defect associated with the Switch I N135D
mutation. These results are consistent with the notion that
physical and/or functional interactions between the Switch I
(N135D) and Switch II (A208V) elements in eIF2� influence
the formation of the Met-tRNAi

Met-binding pocket in eIF2.
Consistent with the biochemical findings, the eIF2�-

N135D,A208V mutation suppressed the Gcd� (Fig. 1C) and
Sui� (Fig. 1D) phenotypes observed with the original eIF2�-
N135D mutation. Moreover, the single eIF2�-A208V mutation
had practically no impact on the expression of the GCN4-lacZ
and the his4UUG-lacZ reporters compared to strains expressing
WT eIF2 (Fig. 1C and D). The ability of the A208V mutation
to enhance the Met-tRNAi

Met-binding affinity of the eIF2�-
N135D mutant in vitro supports the notion that ternary
complex formation governs the Gcd� phenotype, while Met-
tRNAi

Met release from eIF2 during scanning governs the Sui�

properties associated with these eIF2 mutations. We propose
that the A208V mutation alters the structure of the Switch II
element and either (i) directly enhances Met-tRNAi

Met binding
by creating new contacts with the tRNA and/or (ii) indirectly
restores Met-tRNAi

Met binding by repositioning the Switch I
element.

The eIF2�-A219T mutation impairs Met-tRNAi
Met binding

but does not confer a Sui� phenotype. The A219T suppressor
mutation is located in the G domain at the base of the GTP-
binding site (Fig. 1A; see also Fig. 4A, below). The main chain
of Ala219 is in close proximity to the conserved His111 in the
G-1 [GXXXHGK(S/T)] sequence motif. As the G-1 sequence
motif, or P-loop, interacts with the �-phosphate of GTP and
helps coordinate the Mg2� ion required for GTP binding, the
A219T mutation might indirectly affect nucleotide binding via
alterations in the structure of the P-loop. Consistent with this
prediction, the eIF2 complexes containing either the eIF2�-
A219T or the eIF2�-N135D,A219T mutant exhibited severe
defects in GDP and GTP binding. The Kd values were outside
the range to be measured accurately in our assays, but we
estimate that GDP- and GTP-binding affinities were de-
creased at least 20- and 5-fold, respectively (Table 1). As GTP
binding is required for Met-tRNAi

Met binding to eIF2, Met-
tRNAi

Met-binding assays were performed in the presence of
excess GTP (2 mM). Under these conditions, the A219T mu-
tation suppressed the Met-tRNAi

Met-binding defect associated
with the N135D mutation in eIF2� (Table 1). Thus, despite a
defect in GTP binding, these results suggest that the A219T
mutation suppresses the deleterious affects of the N135D mu-
tation by restoring Met-tRNAi

Met binding. Supporting this no-
tion, the GTP concentration in yeast cells (�600 to 1,500 �M)
(6) is sufficiently high to overcome the nucleotide-binding de-
fect of the eIF2�-N135D,A219T complex.

Interestingly, introducing the A219T mutation alone into
eIF2� resulted in a slow-growth phenotype that was sup-
pressed by overexpression of tRNAi

Met (Fig. 1B). Consistently,
biochemical analysis of eIF2 containing this mutant subunit
revealed a defect in Met-tRNAi

Met binding (Kd, �15 nM, com-
pared to 5 nM for WT eIF2). These results are consistent with
previous studies, which showed that Met-tRNAi

Met binding sta-
bilized GTP binding to eIF2 (16) and that overexpression of
tRNAi

Met could rescue the yeast cell growth defects associated
with certain G domain mutations in eIF2� (10).
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Further characterization of the eIF2�-N135D,A219T and
eIF2�-A219T mutants revealed WT or nearly WT GTPase
activities (Table 1), and both proteins were competent for 43S
complex formation (data not shown). Interestingly, the eIF2�-
A219T single mutant showed a more dramatic Gcd� pheno-
type than the double mutant (Fig. 1C), which correlates with
the significantly impaired Met-tRNAi

Met binding by eIF2 com-
plexes containing the eIF2�-A219T mutant subunit (Table 1).
This Gcd� phenotype is also consistent with the ability of
overexpressed tRNAi

Met to suppress the slow-growth phenotype
in the eIF2�-A219T mutant strain.

The mutual cosuppression by the eIF2�-N135D and eIF2�-
A219T mutations is intriguing. Strains expressing either single
mutant grew slowly, and the growth defect was suppressed by
overexpression of tRNAi

Met (Fig. 1B). Moreover, the eIF2�-
N135D,A219T double mutant grew faster than either single
mutant (Fig. 1B). Thus, we propose that the N135D and
A219T mutations impair eIF2� function and eIF2 Met-
tRNAi

Met-binding activity via different but mutually comple-
mentary changes to the eIF2 G domain structure.

Given the effects of the A219T mutation on Met-tRNAi
Met

binding, we next examined the impact of this mutation on start
codon fidelity. Whereas the eIF2�-N135D mutation impaired
Met-tRNAi

Met binding and conferred a Sui� phenotype, the
eIF2�-N135D,A219T double mutant restored Met-tRNAi

Met

binding and suppressed the Sui� phenotype (Table 1 and Fig.
1D). Interestingly, although the single A219T mutation in
eIF2� impaired Met-tRNAi

Met binding to a similar extent as the
N135D mutation (Table 1), the A219T mutation did not confer
a Sui� phenotype (Fig. 1D). Thus, weaker binding of Met-
tRNAi

Met to eIF2 does not always enhance translation initiation
at a non-AUG codon and confer a Sui� phenotype. To resolve
this apparent paradox, we tested whether the A219T mutation
conferred an off-setting Ssu� (suppressor of Sui�) phenotype
that suppressed the Sui� phenotype associated with decreased
Met-tRNAi

Met binding. While the gcd11-A219T mutation failed
to suppress the strong Sui� phenotype (increased UUG/AUG
ratio) associated with either the dominant SUI3-2 mutation in
eIF2� or the dominant SUI5 mutation in eIF5 (data not
shown), the A219T mutation did suppress the Sui� phenotype
associated with the eIF2�-N135D,A382V double mutant (Fig.
1D). Interestingly, as will be described in the next section, the
A382V mutation suppresses the Met-tRNAi

Met-binding defect but
not the Sui� phenotype associated with the eIF2�-N135D muta-
tion. Thus, the eIF2�-N135D,A382V double mutant confers a
Sui� phenotype despite WT Met-tRNAi

Met-binding activity (Fig.
1D and Table 1). The suppression of this Sui� phenotype in the
eIF2�-N135D,A219T,A382V triple mutant (Fig. 1D) reveals an
underlying Ssu� (suppressor of Sui�) property of the A219T
mutation and provides an explanation for the lack of a Sui�

phenotype in the eIF2�-A219T single mutant despite its poor
Met-tRNAi

Met-binding property. While the previously described
Sui� phenotypes of eIF2� mutants were attributed to reduced
binding affinity for Met-tRNAi

Met, our identification of eIF2� mu-
tations that enhance (A219T) or weaken (N135D, A382V) start
codon fidelity, independent of effects on Met-tRNAi

Met binding,
indicates a more direct role for eIF2 in AUG recognition.

The A382V suppressor mutation restores the Met-tRNAi
Met -

binding activity but does not suppress the Sui� phenotype of
the eIF2�-N135D mutant. The A382V suppressor mutation

resides in domain II of the eIF2� subunit, near to the proposed
binding site for the 3� end of Met-tRNAi

Met (Fig. 1A; see also
Fig. 4A, panel 2, below). Yeast expressing either the eIF2�-
N135D,A382V or the eIF2�-A382V mutant subunit grew with
nearly WT growth rates (Fig. 1B), and cell growth was not
affected by overexpression of tRNAi

Met. Biochemical analysis of
eIF2 complexes containing a WT eIF2� subunit, the suppres-
sor mutant eIF2�-A382V subunit, or the double mutant eIF2�-
N135D,A382V subunit revealed similar binding affinities for
GDP, GTP, and Met-tRNAi

Met (Table 1), and the mutant eIF2
complexes were competent to bind the ribosome and form 43S
complexes (data not shown). Moreover, the three eIF2 com-
plexes hydrolyzed GTP at similar rates (Table 1). Thus, the
A382V mutation suppressed the Met-tRNAi

Met-binding defect
associated with the eIF2�-N135D mutation. Despite this res-
toration of Met-tRNAi

Met binding, the eIF2�-N135D,A382V
mutant exhibited a Gcd� phenotype (Fig. 1C). This derepres-
sion of GCN4 expression might be due to the poorer expres-
sion of the eIF2�-N135D,A382V mutant protein (Fig. 2A,
lanes 11 to 12) (80% of WT eIF2�) or possibly a defect in the
rate of 43S complex formation.

In addition to the Gcd� phenotype, the eIF2�-N135D,A382V
mutant, but not the eIF2�-A382V mutant, enhanced translation
initiation at the UUG codon in the his4UUG-lacZ reporter con-
struct (Fig. 1D). This significant Sui� phenotype, comparable in
magnitude to that observed with the original eIF2�-N135D mu-
tant, was not affected by overexpression of tRNAi

Met (Fig. 1D).
Thus, despite restoring Met-tRNAi

Met-binding affinity and sup-
pressing the slow-growth phenotype associated with the eIF2�-
N135D mutation, the A382V mutation failed to suppress the Sui�

phenotype. We favor the notion that the A382V mutation in
conjunction with the N135D mutation alters ribosomal scanning
and AUG selection, resulting in a Sui� phenotype that is inde-
pendent of Met-tRNAi

Met binding. As the A382V mutation is
adjacent to residues making key contacts with the CCA end of
Met-tRNAi

Met (see Fig. 4A, panel 2, below), one possibility is that
the suppressor mutation alters the local conformation in domain
II and thereby stabilizes the interaction with Met-tRNAi

Met. How-
ever, this subtly altered conformation of Met-tRNAi

Met in the
ternary complex (and subsequently in the 48S complex) may af-
fect start codon recognition, leading to enhanced utilization of
UUG as a start codon. Finally, as the eIF2�-A382V mutation did
not confer a Sui� phenotype in the absence of the N135D mu-
tation (Fig. 1D), the proposed altered Met-tRNAi

Met-binding con-
formation in the eIF2�-N135D,A382V complex likely depends on
structural alterations introduced by both mutations.

Overexpression of eIF1 suppresses the Sui� phenotype of
the eIF2�-N135D and the eIF2�-N135D,A382V mutants. The
ability of both the A219T and the A382V mutations to sup-
press the slow-growth phenotype associated with the eIF2�-
N135D mutation (Fig. 1B), yet their different impacts on Met-
tRNAi

Met-binding affinity (Table 1) and the Sui� phenotype
(Fig. 1D), led us to consider alternative models for how the
eIF2� mutations affect start codon recognition. Recently it has
been revealed that the factor eIF1 plays a central role in AUG
codon selection. eIF1 binds in close proximity to the Met-
tRNAi

Met in the P site of the 40S ribosomal subunit (17), and
proper base-pairing of the anticodon of the Met-tRNAi

Met in
the 48S complex with the AUG start codon on an mRNA
induces a repositioning or release of eIF1 from the P site (18,
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28). Coupled with this repositioning of eIF1, Pi is released
from the eIF2-GDP-Pi complex in the 48S complex (1). The
release of Pi, and the proposed accompanying release of eIF2-
GDP, establishes the start site of translation initiation (1, 4,
28). Given the importance of eIF1 in monitoring the codon-
anticodon interaction during translation initiation, it is likely
that eIF1 plays a pivotal role in manifesting the Sui� pheno-
type. Supporting this hypothesis, it has previously been shown
that overexpression of eIF1 can suppress the Sui� phenotype
associated with mutations in eIF3, eIF5, and eIF4G (11, 29).
Moreover, the Sui� phenotype of several eIF1 mutants was
associated with an increased rate of dissociation of eIF1 from
the 48S complex (4).

To further explore the mechanism underlying the Sui� phe-
notype of the eIF2� mutants, and the involvement of eIF1 in
this process, we examined the impact of eIF1 overexpression
on the growth and Sui� phenotypes of the eIF2� mutants. As
shown in Fig. 3B, overexpression of eIF1 suppressed the Sui�

phenotype of the eIF2�-N135D and the eIF2�-N135D,A382V
mutants. This result suggests that premature repositioning or
release of eIF1 from the 48S complex might contribute to the
Sui� phenotype in these mutants. Examination of initiation
complexes in extracts from formaldehyde-treated cells express-
ing WT eIF2� or eIF2�-N135D revealed no differences in the
amount of eIF1 bound to 40S subunits (see Fig. S7 in the
supplemental material), suggesting that the eIF2� mutation
does not induce significant release of eIF1 from the 48S com-
plex. As an alternative, overexpression of eIF1 might by mass
action drive the equilibrium governing the open and closed
conformations of the scanning 40S subunit to the open state
and cause the scanning 40S subunits to bypass the UUG
codons in the Sui� mutants. Consistent with this latter notion,
overexpression of eIF1 reduced the already low UUG/AUG
ratio in cells expressing WT eIF2� as well as those expressing
the eIF2�-N135D,A208V double mutant (Fig. 3B). In addi-
tion, overexpression of eIF1 failed to suppress the Gcd� phe-
notype (Fig. 3C) and growth defects (Fig. 3A) of the eIF2�-
N135D and the eIF2�-N135D,A382V mutants. We conclude
that overexpression of eIF1 specifically suppressed the Sui�

phenotype associated with the eIF2� mutations but that pre-
mature repositioning of eIF1 likely did not contribute to the
general growth defect and Gcd� phenotype in the eIF2� mu-
tants.

FIG. 3. Overexpression of eIF1 suppresses the Sui� phenotype of
eIF2� mutants. (A) Growth rate analysis of yeast expressing WT or
mutant forms of eIF2� and overexpressing eIF1. Derivatives of yeast
strain J292 expressing WT eIF2�, eIF2�-N135D, or eIF2�-N135D,
A382V and carrying either an empty vector (-), a high-copy-number
(H.C.) plasmid expressing eIF1 (�, pC2888), or a high-copy-number

plasmid expressing tRNAi
Met (bottom two rows) were serially diluted,

spotted on SD medium, and incubated for 3 days at 30°C as described
for Fig. 1B. The doubling times during exponential growth in liquid SD
medium are shown in parentheses. (B) Suppression of the Sui� phe-
notype by overexpression of eIF1. Derivatives of yeast strain J292
expressing the indicated forms of eIF2� and carrying either a high-
copy-number plasmid expressing eIF1 or an empty vector were trans-
formed with the HIS4AUG-lacZ or his4UUG-LacZ reporters, and �-ga-
lactosidase activities and UUG/AUG ratios were determined as
described for Fig. 1D. For comparisons in the absence and presence of
eIF1, P was �0.002 for WT, �0.006 for N135D,A208V, and 	0.006 for
N135D and for N135D,A382V. (C) The GCN4-lacZ reporter p180 was
introduced into the strains described for panel B, and �-galactosidase
activities were measured and plotted as described for Fig. 1C.
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DISCUSSION

Previous work established the critical role of eIF2 in select-
ing the start codon for translation. Mutations that stimulate
initiation at a UUG codon in the HIS4 mRNA have been
identified in all three subunits of eIF2 as well as in the factor
eIF5, which stimulates the GTPase activity of eIF2 (3, 7, 15).
These previous studies indicated that reduced Met-
tRNAi

Met-binding affinity or hyperactive GTP hydrolysis by
eIF2 facilitated initiation at the non-AUG codon (15). In this
work we expand on these previous studies and isolate intra-
genic suppressor mutations that restore yeast cell growth in
strains expressing the eIF2�-N135D mutant that impairs Met-
tRNAi

Met binding and increases translation initiation at a UUG
codon. The first and second suppressors we described (A208V
and A219T) restored Met-tRNAi

Met binding, yeast cell growth,
and AUG codon fidelity for initiation. The third suppressor
mutation (A382V) restored Met-tRNAi

Met affinity and yeast cell
growth but did not restore AUG codon fidelity. Interestingly,
introduction of the A219T mutation into WT eIF2� impaired
Met-tRNAi

Met binding but did not confer a Sui� phenotype.
While the A208V suppressor supports the model linking de-
creased Met-tRNAi

Met binding with increased initiation at a
UUG codon, the A382V suppressor and the independent
A219T mutation differ from this paradigm and suggest that
eIF2� influences start codon selection in multiple ways. The
finding that overexpression of eIF1 suppressed initiation at the
non-AUG codon in both the original eIF2�-N135D mutant
and the eIF2�-N135D,A382V suppressor mutant suggests that
eIF2� mutations may affect eIF1 function to regulate start
codon selection.

The biochemical characterization of the eIF2�-N135D mu-
tant indicated that the Switch I element of eIF2� is involved in
Met-tRNAi

Met binding by eIF2. The mutant eIF2 complex ex-
hibited a fourfold decrease in Met-tRNAi

Met-binding affinity
but no significant defect in guanine nucleotide binding or hy-
drolysis. Moreover, the slow-growth phenotype of the eIF2�-
N135D mutant was partially suppressed by overexpression of
the IMT4 gene encoding tRNAi

Met. As mutation of Asn135
either to negatively charged Asp (in this work) or to positively
charged Lys (15) lowered Met-tRNAi

Met-binding affinity, it is
unlikely that the Met-tRNAi

Met-binding defect was due to
charge repulsion of the phosphate groups in the tRNAi

Met.
Likewise, modeling of Met-tRNAi

Met bound to the eIF2 com-
plex places Asn135 remote from the tRNA (Fig. 4A, panels 1
and 2). We favor a model in which the eIF2�-N135D mutation
alters the conformation of the Switch I region and indirectly
perturbs the Met-tRNAi

Met-binding pocket.
Further supporting the notion that the Switch I mutation

altered the Met-tRNAi
Met-binding pocket, the eIF2�-N135D

mutation conferred a Sui� phenotype. While the Sui� pheno-
type of the eIF2�-N135K mutation was previously attributed to
reduced Met-tRNAi

Met-binding affinity (15), we propose that
the conformation of Met-tRNAi

Met within the eIF2 ternary
complex, which dictates the geometry of codon-anticodon in-
teraction, may also be playing a role in the Sui� phenotype.
Accordingly, the altered Switch I conformation in the eIF2�-
N135D mutant restricts the Met-tRNAi

Met to bind in an altered
conformation and with weak affinity (Fig. 4B, panel 2). This
altered geometry may enhance the selection of noncognate

codon-anticodon interactions by the scanning ribosome, while
the decreased Met-tRNAi

Met affinity will result in the Met-
tRNAi

Met being released from eIF2 into the ribosomal P site in
the absence of the correct codon-anticodon interaction. Thus,
mutations in the components, like eIF2, of the scanning 48S
complex that alter the geometry of, and bypass the require-
ment for perfect complementarity in, the codon-anticodon in-
teraction cause a Sui� phenotype enabling translation to ini-
tiate at a non-AUG codon.

The intragenic suppressors of the eIF2�-N135D mutation
provide further support to the notion that the conformation of
Met-tRNAi

Met on eIF2 plays a critical role in start codon selec-
tion. The A208V mutation in the Switch II element suppressed
both the growth defect and the Sui� phenotype associated with
the eIF2�-N135D mutation but not the lethal phenotype asso-
ciated with the eIF2�-N135K mutation (data not shown). We
propose that the A208V mutation alters the structure of the
Switch II element and (i) directly enhances Met-tRNAi

Met bind-
ing by creating new contacts with the tRNA and/or (ii) indi-
rectly restores Met-tRNAi

Met binding by repositioning the
Switch I element (Fig. 4A). Consistent with the former model,
eIF2 complexes containing the eIF2�-A208V mutation bound
Met-tRNAi

Met with higher affinity than did WT eIF2 (Table 1;
see also Fig. S5 in the supplemental material). Moreover, over-
expression of tRNAi

Met exacerbated the growth defect in strains
expressing eIF2�-A208V (Fig. 1B), perhaps due to excessive
Met-tRNAi

Met binding. In contrast, the latter model is sup-
ported by the physical and functional interactions observed
between the Switch I and Switch II elements in eIF5B (26) and
other G proteins (30). The Switch I and II elements in eIF2�
are �4.5 Å apart (Fig. 4A, panel 3), and the mutation in Switch
II may directly or indirectly cause the reorientation of Switch I
into a more favorable position. Thus, the A208V mutation in
Switch II may enable the Switch I element containing the
N135D mutation to adopt a conformation favorable for Met-
tRNAi

Met binding and high-fidelity AUG codon recognition
(Fig. 4B, panel 3).

Two of the intragenic suppressor mutations in eIF2� uncou-
ple Met-tRNAi

Met-binding affinity and the Sui� phenotype. The
eIF2�-N135D,A382V suppressor mutation located in domain
II restored Met-tRNAi

Met-binding affinity without suppressing
the Sui� phenotype, while the eIF2�-A219T mutation (in the
absence of the N135D mutation) impaired Met-tRNAi

Met bind-
ing yet did not confer a Sui� phenotype (Table 1 and Fig. 2; see
also Fig. S5 in the supplemental material). The A382V sup-
pressor is located near the residues in domain II that are
predicted to make polar contacts with the CCA end of Met-
tRNAi

Met (Fig. 4A, panel 1). We propose that the A382V mu-
tation restores a productive Met-tRNAi

Met-binding pocket,
thereby rescuing the Met-tRNAi

Met-binding defect and the
growth defect associated with the eIF2�-N135D mutation.
However, the Met-tRNAi

Met remains in an altered conforma-
tion (Fig. 4B, panel 5), thus affecting the geometry of the
codon-anticodon interaction and lowering the fidelity of AUG
codon recognition. It is noteworthy that the proposed reposi-
tioning of Met-tRNAi

Met on the eIF2 mutants is likely to be
quite subtle and beyond the resolution of most commonly
available techniques. While the Sui� mutations enhance initi-
ation at the noncognate UUG codon, they do not promote
initiation at other near-cognate codons (CUG or GUG), sug-
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FIG. 4. Models depicting the locations of eIF2� mutations and their impacts on Met-tRNAi
Met binding and start codon selection. (A) Model

of eIF2� mutations on the structure of the EF-Tu–GDPNP–Phe-tRNA complex. (1) Ribbon representation of the EF-Tu ternary complex (PDB
ID code 1TTT), showing Phe-tRNA (orange) and GDPNP (cyan) bound to the EF-Tu. The EF-Tu G domain is depicted in brown, while domains
2 and 3 are marine blue and green, respectively. The lime sphere represents Mg2�. The side chains of key residues are depicted as sticks, with
Asn135 in blue and the sites of suppressor mutations in green. The dashed box indicates the region shown in panels 2 and 3. (2) Model focusing
on the locations of the N135D mutation (blue) in the Switch I element (warm pink), the A382V mutation (green) in domain 2, and the A219T
mutation (green) in the G domain. (3) A different orientation of the structure in panel 2, rotated to reveal the location of the A208V suppressor
mutation (green) in the Switch II element (magenta) of the G domain. (B) Hypothetical models depicting the impacts of eIF2� mutations on Met-
tRNAi

Met binding and start codon selection. (1) In WT complexes, Met-tRNAi
Met binds to eIF2 with high affinity (upward arrow in key below image)

and in an optimum conformation that favors AUG codon recognition (base-pairing between the anticodon of the tRNA and the AUG codon of
the mRNA. (2) The eIF2�-N135D Switch I mutation impairs Met-tRNAi

Met binding (pink; downward arrows in key) and lowers the stringency for
AUG recognition (loss of base pair contact between the Met-tRNAi

Met and the first nucleotide of the codon). The Met-tRNAi
Met is bound in an

altered conformation relative to its position on WT eIF2 (light gray). We propose that in this 48S complex eIF1 fails to properly monitor the
codon-anticodon interaction and Met-tRNAi

Met selects UUG as the start codon. (3) The A208V mutation in eIF2�-N135D,A208V stabilizes Met-
tRNAi

Met binding (red; upward arrows in key) and restores the proper positioning of the Met-tRNAi
Met in the 48S complex, resulting in a high-fidelity

codon-anticodon interaction and suppression of the Sui� phenotype. (4) The eIF2�-A219T mutation weakens the affinity for Met-tRNAi
Met (pink);

however, the Met-tRNAi
Met is positioned in the WT conformation, resulting in good codon-anticodon interactions and no Sui� phenotype. (5) The A382V

mutation in domain 2 of eIF2�-N135D,A382V stabilizes Met-tRNAi
Met binding (red); however, the Met-tRNAi

Met is bound in an altered conformation,
as observed with the original eIF2�-N135D mutant. The improper position of Met-tRNAi

Met in the 48S complex results in a failure of eIF1 to properly
monitor the codon-anticodon interaction, and Met-tRNAi

Met selects UUG as the start codon, resulting in a Sui� phenotype.

6886



gesting that the Sui� mutations subtly affect base-pairing be-
tween the Met-tRNAi

Met anticodon and the mRNA codon.
In contrast to the A382V mutation, the A219T mutation in

the G domain (Fig. 4A) impaired Met-tRNAi
Met and GTP bind-

ing; however, no Sui� phenotype was observed. Interestingly,
the A219T and the original N135D mutations both impair
Met-tRNAi

Met binding and cause a slow-growth phenotype in
yeast that can be suppressed by overexpression of tRNAi

Met.
When combined, the N135D and A219T mutations mutually
suppress their growth and Met-tRNAi

Met-binding defects. We
propose that the N135D and A219T mutations alter the struc-
ture of the Met-tRNAi

Met-binding pocket in compensatory
manners. Both mutations weaken Met-tRNAi

Met binding; how-
ever, when the mutations are combined, a high-affinity binding
site for Met-tRNAi

Met reforms. Moreover, while the N135D
mutation impairs both the affinity and orientation of Met-
tRNAi

Met binding to eIF2, causing a Sui� phenotype, the
A219T mutation confers a hyperaccuracy, Ssu�, phenotype
(Fig. 1D). The A219T mutation suppressed the Sui� pheno-
type of the original eIF2�-N135D mutant and the eIF2�-
N135D,A382V mutant (Fig. 1D) but not the dominant Sui�

phenotypes of the eIF2�-S264Y (SUI3-2) and eIF5-G31R
(SUI5) mutants (data not shown). Similar, though stronger,
Ssu� mutations in eIF1 were found to decrease the dissocia-
tion rate of eIF1 from the 48S complex (4) and to require
AUG recognition to convert the scanning-competent “open”
48S complex to the nonscanning “closed” complex (18, 21). We
propose that the A219T mutation induces the Met-tRNAi

Met to
bind in an orientation (Fig. 4B, panel 4) that restricts the
open-to-closed transition of the 48S complex to perfect codon-
anticodon interactions. Taken together, our suppressor studies
indicate that both the positioning and affinity of Met-tRNAi

Met

on eIF2 are important determinants of start codon recognition.
The factor eIF1 plays a critical role in the fidelity of start

codon selection. Mutations in the SUI1 gene encoding eIF1
were first identified as conferring a Sui� phenotype by enhanc-
ing initiation at a UUG codon (3, 33). Subsequent studies
revealed that eIF1 prevents initiation at non-AUG codons
during scanning (1, 4, 22). This checkpoint role of eIF1 disso-
ciation from the 48S complex in selecting the start site for
translation initiation is mechanistically linked to the conver-
sion of the open to closed form of the 48S complex (18, 21).
Our data provide additional evidence supporting this check-
point role of eIF1. Overexpression of eIF1 suppressed the Sui�

phenotypes associated with the eIF2�-N135D and eIF2�-
N135D,A382V mutations (Fig. 3B). However, overexpression
of eIF1 did not suppress the growth defect or Gcd� pheno-
types in these mutants (Fig. 3A and C), consistent with the
notion that these phenotypes are due to the defect in Met-
tRNAi

Met-binding affinity. The suppression of the Sui� pheno-
types of the eIF2� mutants by overexpression of eIF1 is con-
sistent with the previous reports that overexpression of eIF1
suppresses the Sui� phenotype due to mutations in eIF5, eIF3,
and eIF2� (11, 29). Thus, our data support the findings from
these other studies and demonstrate the critical role of eIF1 in
governing translation start site selection.
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