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Promotion of Met-tRNAMe! Binding to Ribosomes
by yIF2, a Bacterial IF2 Homolog in Yeast
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Delivery of the initiator methionine transfer RNA (Met-tRNAM®') to the ribosome is a key
step in the initiation of protein synthesis. Previous results have indicated that this step
is catalyzed by the structurally dissimilar translation factors in prokaryotes and eu-
karyotes—initiation factor 2 (IF2) and eukaryotic initiation factor 2 (elF2), respectively. A
bacterial IF2 homolog has been identified in both eukaryotes and archaea. By using a
combination of molecular genetic and biochemical studies, the Saccharomyces cerevi-
siae IF2 homolog is shown to function in general translation initiation by promoting
Met-tRNAMet binding to ribosomes. Thus, the mechanism of protein synthesis in eu-
karyotes and prokaryotes is more similar than was previously realized.

A universally conserved step in gene ex-
pression is the initiation of protein synthe-
sis at an AUG codon by using a specific
initiator tRNAMet (tRNAM). In pro-
karyotes, the methionine linked to the
tRNAMet is formylated (fMet-tRNAMe),
and the translation factor IF2 facilitates the
AUG codon-dependent binding of fMet-
tRNAMe® to the small (30S) ribosomal sub-
unit (1). Selection of the correct AUG
initiation codon is mediated by base-pairing
interactions between 16S ribosomal RNA
(rRNA) and the Shine-Dalgarno sequence
of complementary nucleotides located 5" of
the start site. In eukaryotes, the heterotri-
meric translation factor elF2 forms a stable
ternary complex with guanosine triphos-
phate (GTP) and Met-tRNAMet, which can
then stably bind to 40S ribosomal subunits
(2). This 43S preinitiation complex binds
near the 5’ end of an mRNA and then
scans in a 3’ direction and selects the AUG
start site through base-pairing interactions
between the AUG codon of the mRNA
and the anticodon of the tRNAMet (3).
Several translation factors, including elF2,
are also thought to play an important role
in AUG start site selection (4).

[F2 from Escherichia coli is a single
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polypeptide chain of 97.3 kD and contains
a consensus GTP binding domain near the
center of the protein. Saccharomyces cerevi-
size has an open reading frame (ORF) on
chromosome I (YALO35w) that is similar to
prokaryotic IF2 proteins (5). We refer to
the protein product of this gene, previously
designated FUNI12 (6), as yIF2 for yeast
IF2. The full-length 1002—amino acid yIF2
protein sequence shows 27% identity and
48% similarity with IF2 from E. coli. An [F2
homolog, as well as homologs of all three
elF2 subunits, were also identified in the
archaeon Methanococcus jannaschii (7). The
archaeal protein is truncated at its NH,-
terminus; however, the NH,-terminal re-
gions of E. coli IF2 and yIF2 are dispensable
for cell viability (8, 9). The discovery of IF2
homologs in all three kingdoms suggests a
greater conservation in the mechanism of
translation initiation than had been antic-
ipated. We disrupted one copy of FUNI12 in
a diploid yeast strain (10) and identified, by
tetrad analysis, two spores with wild-type
growth rates and two funl2A spores with a
severe slow-growth phenotype on rich me-
dium. Therefore, FUN12 is critically impor-
tant but nonessential for growth in yeast.
Mitochondrial protein synthesis is very sim-
ilar to prokaryotic translation, and null mu-
tations in the yeast gene IFMI encoding
mitochondrial IF2 cause a respiratory-defi-
cient phenotype (11). In contrast, the slow-
growing funl2A strains were able to grow
on nonfermentable carbon sources (9),
demonstrating that FUN12 is not required
for mitochondrial protein synthesis. To de-
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termine whether the slow-growth pheno-
type in the funl2A strains resulted from a
defect in cellular translation initiation, we

-analyzed polysome profiles by velocity sed-

imentation of cell extracts in sucrose gradi-
ents (12). As expected, distinct 40S and
608 ribosomal subunit peaks, as well as 80S
monosome and polysome peaks, could be
detected in the wild-type FUNI12 extract
(Fig. 1A, upper panel). The isogenic
funl2A strain showed a dramatic reduction
in the larger polysomes and a corresponding
increase in the B80S monosome peak
(Fig.1A, lower panel). The polysome-to-
monosome ratio in the funl2A strain was
reduced by 70% compared with the ratio in
the isogenic wild-type strain (Fig. 1A). The
80S monosomes that accumulated in the
funl2A strain appear to be inactive 80S
particles composed of 40S and 60S subunits
but lacking mRNA because, when these
extracts were sedimented in high-salt su-
crose gradients, the 80S particles dissociated
into 40S and 60S subunits (9). In contrast,
the 80S monosomes in the wild-type
FUNI12 extract were relatively stable in the
high-salt gradients (9), as expected for
translationally active 80S ribosomes (13).
The reduction in large polysomes and the
increase in 80S monosomes in the funl2A
strain are indicative of a translation initia-
tion defect. Consistent with yIF2 function-
ing in general translation initiation, indi-

Table 1. Stimulation of first peptide bond synthe-
sis by yIF2 and elF2 in a reconstituted system from
rabbit reticulocytes. The AUG-directed synthesis
of methionyl-puromycin was assayed as de-
scribed in (76). Each reaction mixture contained
ribosomes -and, where indicated, translation fac-
tors (elF1A, elF5, and elF5A) purified from rabbit
reticulocytes. The GST-yIF2 fusion protein (5 ng) .
and the GST control protein (5 png) were purified
from yeast crude extracts (758); elF2 (5 pg) was
purified from rabbit reticulocytes. The GST-yIF2
fusion protein lacks the NH-terminal region of
yIF2 with the GST protein fused directly to the GTP
pbinding domain of yIF2. Results shown are typical
of three independent assays.

Methionyl-puromycin

Additions synthesis (pmol)
elF2 (alone) 0.05
elF2 + factors 0.59
GST-yIF2 (alone) 0.08
GST-yIF2 + factors 0.54
GST + factors 0.02
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rect immunofluorescence analysis with im-
munopurified polyclonal antibodies re-
vealed a diffuse cytoplasmic localization for

yIF2 (9).
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Fig. 1. Translation initiation defect in strains lacking
FUNT12. (A) Polysome profile analysis of wild-type
FUN12 and fun12A strains. Extracts were pre-
pared from the fun12A strain J133 (70) carrying the
low-copy number plasmid pC479 (24) containing
wild-type FUN72 (upper panel) or the vector
pRS316 only (lower panel). Extracts were centri-
fuged on 7 to 47% sucrose gradients for 2.5 hours
at 39,000 rpm in an SW41 rotor. Gradients were
fractionated while they were being scanned at 254
nm; the absorbance profiles are shown with the top
of the gradient at the left. Positions of 40S, 60S,
and 80S ribosomal species are indicated. Ratios of
polysomes (P) to monosomes (M) were calculated
by measuring the area under the 80S peak and the
polysomes (up to the point where the absorbance
tracing terminated). (B) yIF2 is required for efficient
protein synthesis in yeast in vitro translation assays.
In vitro translation extracts from the wild-type and
fun12A strains described in (A) were prepared and
incubated with 200 ng of luciferase MRNA and the
indicated amounts of recombinant GST or GST-
yIF2 fusion protein or purified yeast elF2 (75).
Translational activity was determined by measuring
luminescence after 15 min of incubation at 26°C.
Results are representative of at least three inde-
pendent experiments. Extract from the wild-type
cells was about 1.25-fold more concentrated than
extract from the fun72A strain.
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To determine whether yIF2 was direct-
ly involved in translation, we examined
the translational activities of whole cell
extracts from isogenic FUNI2* and
funl2A strains. Protein synthesis was mea-
sured in crude S30 extracts with capped
and polyadenylated firefly luciferase
(LUC) mRNA synthesized in vitro (14).
In control experiments the amount of
translation of LUC mRNA, measured by a
luciferase assay, in both the wild-type and
funl2A extracts was dose dependent for
mRNA and increased linearly with time
for up to 20 min; however, in both exper-
iments the funl2A extract was less active
than the wild-type extract (9). As shown
in Fig. 1B, in the absence of added pro-
teins, wild-type extract had about 15-fold
greater translational activity than did the
funl2A extract.

The translation initiation defect in the
funl2A strain could occur because yIF2
functions directly in translation initiation
or indirectly by altering the expression or
function of the cellular translational ma-
chinery. When a recombinant glutathione
S-transferase (GST)~yIF2 fusion protein
(15) was added to the in vitro translation
extract from the funl2A strain, we observed
a dose-dependent recovery in translational
activity (Fig. 1B). This recovery was specif-
ic for added yIF2, as addition of GST or
purified yeast elF2 failed to stimulate trans-
lation in extracts from the funl2A strain
(Fig. 1B). In addition, the in vitro and the
in vivo functions of yIF2 were both depen-
dent on an intact GTP binding domain (9).
Based on immunoblot analyses, the 200 ng
of recombinant yIF2 required to restore
translational activity in the funl2A extract
was roughly equal to the amount of yIF2
present in the extract from the wild-type
strain (9). The addition of excess ylF2 or
elF2 to the wild-type extract had no effect
on translation (Fig. 1B) (9). Thus, yIF2
appears to be a general translation factor.

Both IF2 and elF2 can promote Met-
tRNAMet hinding to the small ribosomal
subunit (I, 16). To determine whether yIF2
has a similar activity, we examined its abil-
ity to catalyze the synthesis of the dipeptide
methionyl-puromycin by using a reconsti-
tuted mammalian translation system. In this
assay the AUG-dependent conversion of
[PH]Met-tRNAM¢t to methionyl-puromycin
as directed by rabbit reticulocyte ribosomes
and ancillary factors was monitored. As
shown in Table 1, addition of elF2 resulted
in >25-fold stimulation in methionyl-puro-
mycin synthesis compared with assay mix-
tures containing the control protein GST.
Recombinant GST-ylF2 fully substituted
for elF2 in the stimulation of methionyl-
puromycin synthesis (Table 1); in titration
experiments, elF2 and yIF2 showed similar

specific activities (17). In addition, yIF2
showed the same dependency as elF2 for
the translation factors elF1A, elF5, and
elF5A, indicating that yIF2 functions in the
standard translation initiation pathway.
Whereas these results suggest that yIF2 and
elF2 are functionally interchangeable in
binding Met-tRNAM® to the ribosome, the
polysome profile analyses and the in vitro
translation experiments demonstrated that
yIF2 is required for general translation ini-
tiation, even in the presence of elF2.
Genetic analyses provide additional ev-
idence that ylF2 functions in general
translation initiation and facilitates Met-
tRNAM binding to ribosomes. The severe
slow-growth phenotype of funl2A strains
was partially suppressed by introduction of a
high—copy number plasmid carrying the
yeast IMT4 gene that encodes tRNAMet
(Fig. 2A). This suppression was specific for
tRNAMet because overexpression of elonga-
tor tRNAMet failed to suppress the slow-
growth phenotype of the funl2A strain (Fig.
2A). Thus, the yIF2 role to deliver Met-
tRNAMe o the ribosome can be partially
compensated by increasing the abundance
of Met-tRNAM in the cell. Co-overex-
pression of all three subunits of elF2 exac-
erbated the growth defect in the funl2A
strain (Fig. 2A), demonstrating that elF2
and yIF2 are not functional isozymes and
that the two proteins perform distinct func-
tions in the translation initiation pathway.
We propose that the overexpressed elF2
further inhibits translation in the funl2A
strain by sequestering other initiation fac-
tors in nonproductive complexes. Overex-
pression of yIF2 did not cause any notice-
able phenotypes in yeast nor was it able to
suppress defects caused by mutations in the
genes encoding elF2 subunits (9).
Regulated translation reinitiation at four
short upstream (u) ORFs in the GCN4
mRNA leader governs the expression of
GCN4 in yeast [reviewed in (18)]. In wild-
type cells GCN4 expression was increased
about ninefold under amino acid starvation
(DR) conditions; however, this derepres-
sion was completely blocked in the funl2A
strain (Fig. 2B). This defect was due to
altered translational regulation because the
funl2A had little or no effect on GCN4
expression from a reporter that lacked the
uORFs (Fig. 2B). Ribosomes are thought to
translate uORF1 in the GCN4 mRNA and
then resume scanning; translation reinitia-
tion at uORFs 2 to 4 depends on high levels
of elF2:GTP-Met-tRNAM® ternary com-
plexes. Only ribosomes that bypass uORFs 2
to 4 without reinitiating are competent to
translate GCN4. Therefore, the block in
GCN4 expression in the funl2A strain
could be due to a failure to reinitiate any
translation after uUORF1 or an inability to

SCIENCE ¢ VOL. 280 * 12 JUNE 1998 ¢ www.sciencemag.org



Fig. 2. Genetic evidence for A
translation initiation defects
infun12A strains. (A) Overex-
pression of initiator tRNAMet
alleviates the slow-growth
phenotype of fun12A strains.
The fun12A strain J129 (25)
was transformed with the
high-copy number plasmid
YEp24 (vector); pC44, YEp24
carrying IMT4 encoding yeast
tRNAMet; nCGS42-EMT, high-
copy number plasmid carry-
ing EMT4 encoding yeast

tRNAMet

tRNAMet

elongator tRNAMet [tRNAMet (26)]; p1780, YEp24 carrying genes encoding a,
B, and vy subunits of yeast elF2 [elF2(aBy) (27)]; pC479, low—copy number
plasmid carrying wild-type FUN12 as indicated. Transformants were
streaked on minimal SD medium supplemented only with the required nutri-
ents and incubated 5 days at 30°C. (B) Defective GCN4 translational control
inafun12A strain. Isogenic FUN12* and fun12A strains were constructed by
transforming the fun12A strain J129 with either the low-copy number FUN12
plasmid pC480 (FUN12*) or the vector pRS315 (fun12A). The resulting
strains were then transformed with plasmids containing GCN4-lacZ fusions
with the wild-type leader (p180), a leader lacking all four uORFs (p227), or

bypass uORFs 2 to 4. The funl2A had no
effect on GCN4 expression from a reporter
containing only uORF1 (Fig. 2B), demon-
strating that lack of yIF2 does not result in
a general defect in translation reinitiation.
We propose that the defect in GCN4 ex-
pression in the funl2A strain results from
increased translation of uORFs 2 to 4 either
because of ribosomes scanning past the
UOREFI AVG start codon without initiating
translation or because of an increased rela-
tive affinity of reinitiating ribosomes versus
free 40S subunits for binding ternary com-
plexes. This in vivo defect in GCN4 expres-
sion in the funl2A strain is consistent with
our biochemical analyses, indicating that
yIF2 functions along with elF2 in delivering
Met-tRNAM to the ribosome.

It has been thought that eukaryotes and
prokaryotes use different mechanisms and
structurally distinct protein factors to deliv-
er the Met-tRNAM¢t to the ribosome during
translation initiation (1, 19). The identifi-
cation of yIF2 suggested two possibilities:
yIF2 may function independently of elF2 to
translate a subset of cellular mRNAs or it
may act with elF2 in virtually all initiation
events. Although FUN12 was not essential
for cell viability, the funl2A strain had a
severe slow-growth phenotype and poly-
some profiles showed defects in general
translation initiation. This translation de-
fect was also observed in extracts from the
funl2A strain for an mRNA with no spe-
cialized features, and translational activity
could be fully restored by the addition of
recombinant yIF2. On the basis of these
findings, we propose that yIF2 is a general
translation factor that works in conjunction
with elF2 to promote binding of Met-
tRNAMt to the small ribosomal subunit.
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yIF2 may bind to the 40S ribosomal subunit
and direct binding of the elF2-GTP-Met-
tRNAMet ternary complex to the ribosomal
P site, or it may bind after elF2 and stabilize
binding of ternary complexes or the Met-
tRNAMet to the 40S ribosomal subunit. The
biochemical characteristics of yIF2 de-
scribed here are similar to those described

“for translation factor elF2A from rabbit re-

ticulocytes (16, 20). In addition, we have
identified expressed sequence tags from
mammalian c¢DNA libraries that show
strong sequence similarity to IF2 (9). Al-
though further experiments are necessary to
determine whether the mammalian FUN12
homolog and elF2A are the same protein,
the identification of IF2 homologs in yeast
and archaea suggests that IF2 is universally
conserved. Thus, this central step of the
translation initiation pathway, delivery of
Met-tRNAMet to the ribosome, and the IF2
factors that promote this step in various
organisms may represent one of the most
conserved elements in gene expression
throughout evolution.
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The Ubiquitin-Related Protein RUB1 and Auxin
Response in Arabidopsis

J. C. del Pozo, C. Timpte,* S. Tan, J. Callis, M. Estellet

The AXR1 (auxin-resistant) protein, which has features of the ubiquitin-activating enzyme
E1, is required for normal response to the plant hormone auxin in Arabidopsis thaliana.
ECR1 functions together with AXR1 to activate members of the RUB/NEDDS8 family of
ubiquitin-related proteins. Extracts from mutant seedlings lacking AXR1 did not promote
formation of the RUB-ECR1 thiolester, indicating that AXR1 is the major activity in this
tissue. AXR1 was localized primarily to the nucleus of dividing and elongating cells,
suggesting that the targets of RUB modification are nuclear. These results indicate that
auxin response depends on RUB modification of one or more nuclear proteins.

Plant growth and development depends on
the coordinated action of several phytohor-
mones. One of these hormones, indole-3-
acetic acid (IAA or auxin), has been impli-
cated in the control of diverse developmen-
tal processes (1). Auxin regulates these pro-
cesses by promoting changes in cell division
and cell elongation (2). Recessive muta-
tions in the AXRI gene result in decreased
auxin response, including reduced auxin-
induced gene transcription (3). A screen for
suppressors of the axrl phenotype resulted
in identification of the SARI gene. By ge-
netic criteria, SARI acts downstream of
AXRI (4). Mutations in another gene,
TIR1, also result in a defect in auxin re-
sponse (5). Genetic studies indicate that
AXRI and TIRI function in the same or
overlapping pathways.

The molecular characterization of AXRI
and TIRI implicates the ubiquitin pathway
in auxin response. AXRI encodes a protein
related to the NH,-terminal half of the
ubiquitin-activating enzyme, El (6), and
proteins related to AXR1 can be found in
yeast and mammals (7). Despite extensive
similarity with El, all lack the active-site
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cysteine required for thiolester bond forma-
tion with ubiquitin. TIRI encodes an F-box
protein related to yeast Grrlp and human
SKP2 (5). F-box proteins have been shown
to function in a ubiquitin-ligase complex
(E3) called the SCF (for Skpl Cdc53 F-
box). These results suggest that auxin re-
sponse is mediated by ubiquitin or a ubig-
uitin-like protein modification.

Ubiquitin (UBQ) is one of the most
conserved proteins among eukaryotes. Co-
valent attachment of UBQ to other pro-
teins targets them for degradation by the
26S proteosome (8). UBQ is activated by
El in an adenosine 5’-triphosphate (ATP)-
dependent reaction in which a thiolester
bond is formed between the COOH-termi-
nus of UBQ and a cysteine within the E1l
enzyme. The UBQ moiety is transferred to a
cysteine residue on a UBQ-conjugating en-
zyme (E2). Finally, UBQ is covalently at-
tached to a target protein by an isopeptide
linkage directly from the E2 or by a UBQ-
protein ligase such as the SCF (9).

Two conserved families of UBQ-related
proteins (Smt3p/SUMO and RUB/NEDDS)
have also been identified (10). In Saccharo-
myces cerevisiae, activation of Smt3p is per-
formed by the El-like heterodimer Aoslp/
Uba2p rather than E1 (I1). Aoslp is a
member of the AXR1 family, while Uba2p
is similar to the COOH-terminal half of E1
and contains the active-site cysteine.
Smt3p is conjugated in vivo to other pro-
teins, but these targets are yet to be identi-
fied (11). A protein related to Smt3p in
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