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The translation initiation GTPase eukaryotic translation initiation factor 5B (eIF5B) binds to the factor
elF1A and catalyzes ribosomal subunit joining in vitro. We show that rapid depletion of eIF5B in Saccharo-
myces cerevisiae results in the accumulation of elF1A and mRNA on 40S subunits in vivo, consistent with a
defect in subunit joining. Substituting Ala for the last five residues in eIF1A (eIF1A-5A) impairs eIF5B binding
to eIF1A in cell extracts and to 40S complexes in vivo. Consistently, overexpression of eIF5B suppresses the
growth and translation initiation defects in yeast expressing eIF1A-5A, indicating that eIF1A helps recruit
elF5B to the 40S subunit prior to subunit joining. The GTPase-deficient eIF5B-T439A mutant accumulated on
80S complexes in vivo and was retained along with eIF1A on 80S complexes formed in vitro. Likewise, eIF5B
and elF1A remained associated with 80S complexes formed in the presence of nonhydrolyzable GDPNP,
whereas these factors were released from the 80S complexes in assays containing GTP. We propose that eIF1A
facilitates the binding of eIF5B to the 40S subunit to promote subunit joining. Following 80S complex
formation, GTP hydrolysis by eIF5B enables the release of both eIF5B and eIF1A, and the ribosome enters the

elongation phase of protein synthesis.

The initiation of protein synthesis in eukaryotes is a com-
plex series of events orchestrated by initiation factors
(eIFs). In vitro studies using purified translation initiation
factors have led to the elucidation of the translation initia-
tion pathway in which the different factors associate with the
40S ribosomal subunit and guide the binding of Met-
tRNAM and mRNA. While the essential in vitro functions
of the different factors are well established, the precise
timing of factor binding to and release from the ribosome is
less well understood. Moreover, not all of the in vitro-
defined functions of the factors have been confirmed in vivo.
The first step in translation initiation involves the binding of
factor eIF2 to GTP and Met-tRNAM forming a ternary
complex. The ternary complex along with factors elFl,
elF1A, elF3, and eIF5 binds to the 40S ribosome, forming
the 43S complex (reviewed in reference 16). The 43S com-
plex then binds to an mRNA near the 5’ cap, forming a 48S
complex that scans along the mRNA in a 3’ direction in
search of an AUG start codon. In the 48S complex, some of
the eIF2-GTP is hydrolyzed to eIF2-GDP + P; (2). Upon
AUG codon recognition, GTP hydrolysis is completed, and
P; is released, converting the 48S complex from an open to
a closed complex with Met-tRNAM in the P site of the 40S
subunit (29). The release of P; from the 48S complex ap-
pears to be coupled with displacement of eIF1 from its
binding site near the P site (2, 22). In addition, the majority
of eIF2 either dissociates from or repositions on the 48S
complex following AUG codon recognition (32). Intrigu-
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ingly, factors eIF3, elF1, and eIF1A appear to be retained
on the 48S complex following eIF2 release (38).
Conversion of the 48S complex to a functional 80S ribosome
requires joining of the large 60S ribosomal subunit in a reac-
tion catalyzed by factor eIF5B (30). In the yeast Saccharomyces
cerevisiae, eIF5B is encoded by the nonessential FUN12 gene.
Cells lacking eIF5B display an extremely slow-growth pheno-
type, an altered polysome profile consistent with a defect in
translation initiation, and are unable to grow under amino acid
starvation conditions due to the failure to derepress translation
of the GCN4 mRNA (8). While in vitro reconstitution exper-
iments have demonstrated the role for eIF5B in promoting
subunit joining (3, 30, 36), in vivo data supporting this precise
function have not been reported. As elF3 and eIF1 are not
present on the 80S complex following subunit joining (38), it is
thought that these factors dissociate during subunit joining.
elF1A is a eukaryotic ortholog of the bacterial translation
initiation factor IF1, which binds in the ribosomal A site, and
elF5B is an ortholog of the factor IF2. Like bacterial IF1,
elF1A possesses a conserved B-barrel fold (5, 34); however,
the eukaryotic factor has in addition a helical element that
packs against the core domain and the N- and C-terminal
nonstructured tails. eIF1A functionally coordinates with elF1
and promotes 43S complex formation, as well as ribosomal
scanning and AUG start codon recognition (12, 23, 29). In
addition to these early roles in the translation pathway, eIF1A
physically and functionally interacts with eIF5B (9, 24, 28). The
C terminus of eIF1A binds to eIF5B, and structural analysis
revealed that the eIF1A C-terminal residues pack into a
groove formed by helices H13 and H14 in C-terminal domain
IV of elF5B (24). This eIF5B-eIF1A interaction appears to be
important for protein synthesis. First, overexpression of eIF1A
exacerbates the slow-growth phenotype in strains lacking
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elF5B (9). Second, deletion of or substitution of Ala for the
five C-terminal residues (DIDDI) in yeast eIF1A impairs 80S
complex formation and eIF5B ribosome-dependent GTPase
activity in vitro (1). Third, deletion of helix H14 impairs eIF5B
GTPase and ribosome-joining activities (1). As eIF1A binds to
the 40S subunit early in the translation initiation pathway, it
has been proposed that the eIF5B-eIF1A interaction helps
recruit eIF5B to the 48S complex. Following subunit joining,
GTP hydrolysis by eIF5B triggers a switch enabling release of
the factor from the 80S ribosome (36). The timing of eIF1A
release from the ribosome has not been examined, and it is
unknown whether the eIF5B-eIF1A interaction enables the
release of eIF1A in concert with eIF5B.

In this report we utilize a degron approach in which eIF5B
is tagged with an unstable ubiquitin fusion protein to rapidly
deplete eIF5B in yeast cells (11, 18). Analysis of translation
initiation complexes from these cells revealed the accumula-
tion of 48S complexes, providing in vivo evidence that eIF5B
promotes ribosomal subunit joining. Consistent with a direct
interaction between eIF5B and elF1A, C-terminal mutations
in these factors impaired the ability of eIF1A to recruit eIF5B
to the 48S complex. Finally, blocking GTP hydrolysis by eIF5B
led to the accumulation of both eIF1A and eIF5B on the 80S
products of subunit joining both in vivo and in vitro. Based on
these findings, we propose a model in which eIF1A helps
recruit eIF5B to the 48S complex to promote subunit joining
and that the subsequent release of eIF1A is dependent on GTP
hydrolysis and the release of eIF5B from the 80S ribosome.

MATERIALS AND METHODS

Plasmids and yeast strains. The plasmids and yeast strains employed in these
studies are listed in Table 1 and 2, respectively. The funl2-td integration plasmid
(pC2845) was constructed by inserting an Xhol-flanked PCR (primers JF1,
5'CCGCTCGAGATGGGGAAAAAGAGTAAAAAG3', and JF2, 5'CCGCTC
GAGCTTTCTGGTCAATAGCTTACC3') product containing the first 720 nu-
cleotides of the eIF5B open reading frame (ORF) into the Xhol site of pPPW66R
(17). Plasmid pC2846 was generated by subcloning the Eco47III-BamHI frag-
ment encoding AN-eIF5B-AH14 from pC2283 between the Smal and BamHI
sites, a modified version of the vector pEGKT (25) in which the Smal site
precedes the BamHI site. The kanMX4 gene was amplified by PCR using Smal
primers JF64 (5'TCCCCCGGGGGACTTGCCTCGTCCCCGCCGGGTCACG
CGGCC3') and JF65 (5'TCCCCCGGGGGAGAATCGACAGCAGTATAGC
GACCAGCATTC3') and then inserted into the Smal site in p180, creating the
GCN4-lacZ, KanMX plasmid pC2847.

The SacI-Sall fragment from pC1005 (9) encoding Flag-eIF5B was subcloned
between the same sites of the low-copy-number URA3 vector YCplac33, creating
pC1107. Next, an Eco47111 site was introduced at residues 28 to 29 of Flag-eIF5B
in pC1107. Deletion of the internal Eco47III fragment from the resulting plasmid
yielded plasmid pC1286 encoding AN-eIF5B. Derivatives of pC1107 and pC1286
encoding eIF5B-AH14 (pC2298) and AN-eIF5B-AH14 (pC2283), respectively,
were constructed by site-directed mutagenesis, deleting the residues encoding
Leu-975 to the C terminus (Glu-1002) of eIF5B.

Yeast strain J259 was generated by the integration of pC2845 (linearized with
Mscl) into the FUNI2 locus of strain YAJ42. The fun12::KanMX4 module from the
funI2A strain in the yeast genome deletion collection (Research Genetics) was
amplified by PCR using primers JF47 (5 TTTGGATCTTGGCACCTTTATAACG
AATGA3') and JF50 (5GCTAACTCCACGTCGTTCACTTTCTCTCGA3') that
hybridize ~1 kb upstream and downstream, respectively, of the FUNI2 ORF. The
PCR product was used to delete FUNI2 from strain J259, generating strain J260 by
selecting transformants on YEPD (yeast extract-peptone-dextrose) medium contain-
ing 0.2 glliter kanamycin. The RPLI6B gene (YNLO069c) encoding rpL16b was
deleted from strains J261, YAJ42, and J262 by transforming with a PCR product
obtained upon amplifying the rpl16b:KANMX4 cassette from the yeast genome
deletion collection by using primers JF38 (5'CGCTGCTGTCTTTGCATCCTTGA
CA3') and JF39 (5’ ATATGGTGAAAATTCGAAGTCTCTAZ3') that hybridize at
~1 kb 5" and 3', respectively, of the RPLI6B ORF. Standard techniques were
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TABLE 1. Plasmids used in this study

Plasmid Description® Source or
reference

pC2845  Integrating URA3 plasmid containing This study
Pcyp;-UBI-R-DHFR"-HA-fun12-td

YCplac33 sc URA3 backbone 13

pC1107  sc URA3 FUNI2-FL in YCplac33 backbone  This study

pC1217  sc URA3 AN-FUNI2-FL in YCplac33 36
backbone

pC2283  sc URA3 AN-funi2-AH14 in YCplac33 This study
backbone

pC2298  sc URA3 funi2-AH14 in YCplac33 backbone This study

pC1293  sc URA3 AN-funi2-T439A in YCplac33 36
backbone

pC1285  hc URA3 FUNI2-FL in YEplac195 backbone This study

p3499 sc LEU2 TIF11-FL in YCplacl11 backbone 12

p4409 sc LEU2 tif11-149AAAAA153-FL (5A) in 12
YCplacl11 backbone

pC1834  GST galactose-inducible vector backbone 25

pC1842  AN-FUNI2-FL in pC1834 backbone 36

pC2846  AN-funi2-AH14-FL in pC1834 backbone This study

pC1843  AN-funi2-T439A in pC1834 backbone 36

p180 sc URA3 GCN4-lacZ with WT leader 15

pC2847  sc URA3-KANMX4 GCN4-lacZ with WT This study
leader

p3498 sc LEU2 TIF11 FUNI2 in pRS315 backbone 28

“ Single-copy (sc) or high-copy-number (hc) plasmids.

employed for yeast transformations (14), gene replacement (33), plasmid shuffling
(7), and yeast medium preparation (35).

Sucrose density gradient analysis of ribosomal complexes. Formaldehyde
cross-linking of cells, whole-cell extract (WCE) preparation, and sucrose density
gradient analysis were performed as described previously (27). Briefly, cells were
grown to log phase, fixed with 1% formaldehyde, and then lysed with glass beads.
WCEs were separated on 4 to 45% sucrose gradients subjected to centrifugation
at 39,000 rpm for 2.5 h or on 7 to 30% sucrose gradients that were spun at 41,000
rpm for 5 h (for 40S complex resolution). For Western and Northern analyses,
gradients were fractionated, and 600-pl samples were collected. Proteins in
individual fractions were precipitated with ethanol, and washed pellets were
resuspended in 1X sodium dodecyl sulfate (SDS) loading buffer (Invitrogen),
followed by separation on 4 to 20% Tris-glycine polyacrylamide gels (Criterion,
Bio-Rad). Immunoblot analysis was performed using antibodies that recognize
the following yeast proteins: eIF5B (9), eIF1A (28), eIF3b, eIF5, elF2y (31),
elF2a (10), and RPS22 (kindly provided by Jan van’t Riet). RNA in individual
fractions was isolated as described elsewhere (17), and the mRNA probe was
directed against RPL14B (27).

43S-mRNA and 80S complex formation assays. 43S-mRNA complexes were
formed by incubating 3X TC (2.4 pM GDPNP-Mg>* or GTP-Mg**, 2.4 pM
elF2, 2.4 pM Met-tRNAM, 1X reaction buffer [30 mM HEPES-KOH, [pH 7.4,
100 mM potassium acetate, 3 mM magnesium diacetate, 2 mM dithiothreitol])
with 3X factor mixture (1.2 pM 40S, 2.4 pM elIF1, 1.2 pM eIF1A, 2.4 uM
mRNA) for 2 min at 26°C, followed by the addition of 3X initiation mixture (2.4
uM elF5, 6 mM GDPNP-Mg?", and 3 pM elF5B when appropriate), and
incubation for 20 min at 26°C. When 80S complexes were formed, 43S-mRNA
complexes were prepared with GTP-Mg®", and 1.2 uM 60S ribosomes were
included with 3X initiation mixture. After the 20-min incubation, 10 pl of the
reaction mixture was mixed with 2 pl of loading dye and run in duplicate on
native polyacrylamide gels. After running for 1 h at 25 W, the gels were analyzed
in the following way: one duplicate was electrotransferred onto nitrocellulose
paper at 300 mA for 2 h. Western blotting was performed as described above.
The other duplicate was stained with Coomassie blue for 5 min, and then the 48S
and 80S bands were located and excised with a razor blade. These gel slices were
mechanically sheared by hand in 2X SDS sample buffer, boiled, and then sub-
jected to SDS-polyacrylamide gel electrophoresis (PAGE), followed by Western
analysis.

Other biochemical methods. For glutathione S-transferase (GST) pulldown
assays, cells were grown in synthetic minimal (SD) medium, collected, resus-
pended in breaking buffer (20 mM Tris-HCI [pH 7.4], 1 mM magnesium acetate,
0.1% Triton X-100, 100 mM KCI), and lysed with glass beads as described
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TABLE 2. Yeast strains used in this study

Strain Genotype* Sr(e);lerrC:n(c)erz
YAJ42 MATo leu2-3,-112 ura3-52 trpl A gen2A ubrl::Pg 4, ;-UBRI-TRPI 17
J259 MAT« leu2-3,-112 ura3-52 trpI A gen2A ubrl::Pg,, -UBRI-TRPIP.y,p,-UBI-R-DHFR"-HA-fun12-td::URA3::fun12 This study
J260 MATw leu2-3,-112 ura3-52 trpl A gecn2A ubrl::Pg 4, ,~-UBRI-TRP1funl2:KANMX4 This study
J261 MATo leu2-3,-112 ura3-52 tipl A gen2A ubrl::Pg 4, -UBRI-TRP1rpl16b::KANMX4 This study
J262 MAT« leu2-3,-112 ura3-52 trpl A gen2A ubrl::Pg y; -UBRI-TRPIP yp;-UBI-R-DHFR"-HA-fun12-td::URA3::funl2 This study

pl16b::KANMX4

H2971 MATo ura3-52 leu2-3,112 funl2::hisG tifl1::hisG [p3498: sc TIF11 FUN12 LEU2] 28
J263 MATo ura3-52 leu2-3,112 funl2::hisG tifl1::hisG [pC1107: sc FUN12 URA3] [p3499: sc TIF11 LEU2] This study
J264 MAT« ura3-52 leu2-3,112 funl2::hisG tifl1::hisG [pC1107: sc FUNI2 URA3] [p4409: sc tif11-54 LEU2] This study
J265 MATo ura3-52 leu2-3,112 funl2::hisG tifl1::hisG [pC1285: hc FUNI2 URA3] [p3499: sc TIF11 LEU2] This study
J266 MATao ura3-52 leu2-3,112 funl2::hisG tifl1::hisG [pC1285: hc FUNI12 URA3] [p4409: tif11-54 LEU2] This study
J267 MATo ura3-52 leu2-3,112 funl2::hisG tifl1::hisG [pC1834: GST URA3] [p3499: sc TIF11 LEU2] This study
J268 MATo ura3-52 leu2-3,112 funl2::hisG tifl1::hisG [pC1834: GST URA3] [p4409: sc tifl1-54 LEU2] This study
J269 MATo ura3-52 leu2-3,112 funl2::hisG tifl1::hisG [pC1842: GST-AN-FUNI2 URA3] [p3499: sc TIF11 LEU2] This study
J270 MAT« ura3-52 leu2-3,112 funl2::hisG tifl1::hisG [pC1842: GST-AN-FUNI12 URA3] [p4409: sc tifl1-54 LEU2] This study
1271 MATo ura3-52 leu2-3,112 funl2::hisG tifl1::hisG [pC2846: GST-AN-funl2-AH14 URA3] [p3499: sc TIF11 LEU2] This study
1272 MATo ura3-52 leu2-3,112 funl2::hisG tifl1::hisG [pC1107: sc FUNI2URA3] [p3499: sc TIF11 LEU2] This study
J273 MATo ura3-52 leu2-3,112 funl2::hisG tifl1::hisG [pC2298: sc fun12-AHI14 URA3] [p3499: sc TIF11 LEU2] This study
J274 MATo ura3-52 leu2-3,112 funl2::hisG tifl1::hisG [pC1217: sc AN-FUNI2 URA3] [p3499: sc TIF11 LEU2] This study
J275 MATo ura3-52 leu2-3,112 funl2::hisG tifl1::hisG [pC2283: sc AN-funl2-AHI14 URA3] [p3499: sc TIF11 LEU2] This study
J276 MATo ura3-52 leu2-3,112 funl2::hisG tifl1::hisG [pC1217: sc AN-FUNI2 URA3] [p4409: sc tifl1-54 LEU2] This study
1277 MATo ura3-52 leu2-3,112 funl2::hisG tifl1::hisG [YCplac33: sc URA3][p3499: sc TIF11 LEU2] This study
J278 MATao ura3-52 leu2-3,112 funl2::hisG tifl1::hisG [YCplac33: sc URA3][p4409: sc tif11-54 LEU2] This study
J279 MATo ura3-52 leu2-3,112 funl2:hisG tifl1::hisG [pC2283: sc AN-fun12-AH14 URA3] [p4409: sc tif]1-5A LEU2] This study
J280 MATao ura3-52 leu2-3,112 funl2::hisG tifl1::hisG [pC1293: sc AN-fun12-T439A URA3] [p3499: sc TIF11 LEU2] This study
J281 MATo ura3-52 leu2-3,112 funl2::hisG tifl1::hisG [pC1293: sc AN-fun12-T439A URA3] [p4409: sc tifl1-54 LEU2] This study

“ sc, single copy.

previously (28). Glutathione-Sepharose (Amersham Biosciences) was prepared
according to the manufacturer’s instructions and incubated with WCEs at 1:10
final volume for 3 h at 4°C. The glutathione-Sepharose beads were collected,
washed three times for 5 min each in breaking buffer, and prepared for SDS-
PAGE and Western blotting as described above. GST antibodies were obtained
from Sigma. B-Galactosidase assays of GCN4-lacZ expression were performed as
described previously (15).

RESULTS

Depletion of eIF5B results in accumulation of 48S com-
plexes. As funl2A yeast strains lacking eIF5B are viable, with
a severely slow-growth phenotype, the depletion of eIF5B in a
degron-tagged strain is expected to impair but not block cell
growth. An FUNI12 degron (funl2-td) allele was constructed by
inserting upstream of and in-frame with the eIF5B open read-
ing frame a DNA cassette carrying the copper-regulated CUP!
promoter driving the expression of ubiquitin linked to a tem-
perature-sensitive allele of DHFR, followed by a hemaggluti-
nin (HA) tag (Pcyp,-UBI-R-DHFR"-HA tag). In addition, a
galactose-inducible version of the ubiquitin E3-ligase UBR1
was introduced into the yeast strain. When grown in raffinose
medium supplemented with copper, where UBR1 expression is
low and the CUPI promoter is induced, the funl2-td strain
exhibited a growth rate similar to that of the isogenic wild-type
(WT) strain in which eIF5B is expressed under the control of
its native promoter (Fig. 1A). Between 4 and 8 hours after a
shift to nonpermissive conditions, a galactose medium lacking
copper, where UBRI expression is induced and the CUPI pro-
moter is repressed, growth of the degron strain was signifi-
cantly impaired (Fig. 1A). Importantly, a plasmid carrying the
WT FUNI2 gene encoding eIF5B complemented the impaired
growth of the funl2-td strain under restrictive conditions (data

not shown). Western analyses of whole-cell extracts confirmed
that the impaired growth of the funl2-td strain correlated with
depletion of the protein (data not shown). Thus, the impaired
growth of the funl2-td strain under nonpermissive conditions
appears to be due to the loss of eIF5B. To ensure near-com-
plete depletion of eIF5B in our experiments, cells were cul-
tured for 8 hours under restrictive conditions.

To examine translational activity, WCEs from WT, eIF5BA,
and funl2-td strains grown under permissive or restrictive con-
ditions were subjected to velocity sedimentation in sucrose
density gradients. The polysome content was analyzed by con-
tinuously monitoring the optical density at 254 nm (OD,s,)
while fractionating the gradients. Peaks corresponding to free
40S subunits, free 60S subunits, and 80S monosomes and poly-
somes were observed in the extracts from WT cells grown
under permissive and nonpermissive conditions (Fig. 1B, left
column). In contrast, extracts from eIF5BA cells exhibited a
nearly complete loss of polysomes and a large accumulation of
the 80S peak corresponding to translating monosomes and
inactive 80S couples not bound to mRNA (Fig. 1B, right col-
umn). This result is consistent with previous observations and
indicates a strong defect in translation initiation. Under con-
ditions of limiting translation initiation, the ribosomes in poly-
somes terminate translation, disengage from mRNAs, and ac-
cumulate as vacant 80S couples awaiting recruitment into new
rounds of translation. Likewise, when grown under restrictive
conditions, the funl2-td strain exhibited a loss of polysomes
and an accumulation of the 80S peak as observed in the
eIF5BA cells (Fig. 1B, middle column). However, careful ex-
amination of the profile revealed the presence of a small shoul-
der peak sedimenting slightly faster than the 80S peak. This
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FIG. 1. Depletion of degron-tagged eIF5B leads to polysome runoff and accumulation of halfmer ribosomes with bound mRNA and elF1A.
(A) Cultures of the funl2-td strain J259 and the isogenic WT strain YAJ42 were grown at 25°C under permissive conditions (SC medium containing 2%
raffinose and 100 uM CuSO,) to an ODy, of ~0.2, split in halves, and grown under permissive or nonpermissive conditions (SC medium containing 2%
galactose, lacking CuSQ,), as indicated. (B) Polysome analysis of WT (YAJ42), funi2-td (J259), and eIF5BA (J260) strains. Cultures of cells were grown
under permissive conditions as described for panel A to an ODy,, of ~0.2, split in halves, and transferred to either permissive or nonpermissive conditions
and grown for 6 h at 25°C. Cells were cross-linked with 1% formaldehyde, and WCEs were separated on 4.5% to 45% sucrose gradients by centrifugation
at 39,000 rpm for 2.5 h. Gradients were fractionated while scanning at 254 nm to visualize the indicated ribosomal species. The halfmer shoulder on the
80S peak in the funl2-td strain was magnified for clarity (inset) and is represented in the schematic; the same portion of the 80S peak in the eIF5SBA strain was
also magnified (inset). (C) WCEs prepared from strains J261 (rpl16bA) and J262 (1pl16bA, funl2-td) were cultured under nonpermissive conditions as described
for panel B and then separated on 7 to 30% sucrose gradients by centrifugation at 41,000 rpm for 5 h. One hundred-microliter aliquots (17% of the total aliquot)
of the gradient fractions and a portion of the starting WCE (In, input) were subjected to Western analysis using antibodies against the indicated proteins. For
Northern analyses, total RNA was isolated from 72% of each fraction and from the WCE and subjected to Northern analysis using probes to detect RPL41A
mRNA (mRNA) and Met-tRNAM, as indicated. The amounts of the various factors and RNAs in the 40S fractions from multiple experiments were quantified,
normalized to the amount of RPS22 (40S levels), and then expressed as a ratio of values obtained in the fini2-td versus the WT strain.
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so-called “halfmer” peak was observed in every trial of this
experiment (>4 times, and never in the control strains) and is
indicative of a defect in ribosomal subunit joining, representing
mRNAs with one translating 80S monosome and one 40S
subunit stalled at the AUG start codon, waiting for 60S subunit
joining (Fig. 1B, inset). The appearance of the halfmer peak
was restricted to the funil2-td strain and was not observed in
the WT strain or in the eI[F5BA strain from the same genetic
background (Fig. 1B).

To confirm the accumulation of 48S complexes (40S subunits
bound to mRNA) in the funi2-td strain, cells were first fixed with
formaldehyde to cross-link factors, mRNAs and tRNAs to ribo-
somes. Following fractionation of WCEs on sucrose gradients,
individual fractions were subjected to Western and Northern
analyses to monitor initiation factor, tRNAM*, and mRNA asso-
ciation with the 40S subunit. In order to enhance visualization of
the 40S peak, the RPL16B gene (YNL069c), one of two genes
encoding the 60S subunit protein L16, was deleted from the
funi2-td strain. The decrease in the levels of L16b results in a
reduction of the abundance of 60S subunits, increasing the
amount of free 40S subunits and 48S complexes. In cells express-
ing WT elF5B, factors eIF5B, elF1A, elF3, elF2, and elF5 as well
as Met-tRNAM were associated with 40S subunits (denoted by
the presence of ribosomal protein RPS22), consistent with an
accumulation of 43S and/or 48S complexes (Fig. 1C, left panel).
To monitor the presence of mRNA on the 40S subunits, we
probed for the RPL414A mRNA by Northern analysis. As de-
scribed previously, mRNP complexes containing the short
RPL414 mRNA are readily resolved from 40S complexes, thus
enabling this mRNA to serve as a good marker for general
mRNA binding to 40S subunits (27). As expected, the RPL41A4
mRNA peaked in the 40S fraction as well as in the 80S fraction
(Fig. 1C, left panel), indicating the presence of 48S complexes and
monosomes, respectively.

Depletion of eIF5B from the funi2-td strain had little effect
on the ratio of elF3, elF2, and elF5 relative to that of 40S
subunits to the WT strain (Fig. 1C). Likewise, the ratio of Met-
tRNAM to 40S subunits was nearly equivalent in the WT and
the funi2-td strains (Fig. 1C). In contrast, the ratio of mRNA
to 408 subunits was ~fivefold higher in the funi2-td strain than
in the WT strain. Similarly, the ratio of eIF1A to 40S subunits
was increased fivefold in the funl2-td strain (Fig. 1C). The
increased amount of mRNA associated with 40S subunits sug-
gests an accumulation of 48S complexes in the funl2-td strain;
however, the fact that eIF2 and eIF3 do not accumulate to the
same extent as mRNA indicates a novel form of 48S complex
lacking eIF2 and eIF3 but containing eIF1A and mRNA. This
putative 48S complex is predicted to form following AUG
codon recognition and release of eIF2. The presence of eIF1A
in the 48S complexes is consistent with the increased affinity of
elF1A for 40S subunits containing mRNA versus free 40S
subunits (21); alternatively, or in addition, eIF1A release from
the 48S complexes may require eIF5B function. This accumu-
lation of 48S complexes and the presence of halfmer polysomes
in the funi2-td strain provide the first in vivo evidence sup-
porting the biochemically defined role for eIF5B in ribosomal
subunit joining.

Suppression of the translation defect and the Slg~ and
Gen™ phenotypes in the eIF1A-5A C-terminal mutant by over-
expression of eIF5B. The accumulation of eIF1A on 48S com-
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plexes in the funi2-td strain (Fig. 1C) combined with the re-
sults of prior studies revealing a direct interaction between the
C termini of eIF5B and eIF1A (9, 24, 28) led us to test the
functional importance of the eIF5B-eIF1A interaction. Re-
placing the last five residues of eIF1A (residues 149 to 153,
encoding DIDDI) with alanine (the mutant named eIF1A-5A)
resulted in a slow-growth (Slg™) phenotype on synthetic com-
plete (SC) medium containing all amino acids (Fig. 2A, left
panel, rows 1 and 3). This Slg™ phenotype was attributed to a
defect in translation initiation, as polysome profile analysis
revealed a loss of polysomes and an accumulation of 80S
monosomes in the eIF1A-5A mutant (Fig. 2B). In WT cells
with actively translating ribosomes, the ratio of polysomes to
monosomes (P/M) was 1.14. In contrast, the P/M ratio in the
elF1A-5A mutant cells was reduced to 0.39 (Fig. 2B). The
reduction in P/M ratio in the eIF1A mutant is consistent with
a defect in translation initiation, which leads to a slower for-
mation of 80S complexes. Accordingly, elongating ribosomes
terminate translation, detach from the mRNA, and accumulate
as inactive 80S couples awaiting recruitment into another
round of translation.

In addition to the general growth defect, the elF1A-5A
mutation blocked growth on medium containing 3-aminotria-
zole (3-AT), an inhibitor of histidine biosynthesis that causes
amino acid starvation (Fig. 2A, middle panel, rows 1 and 3).
Growth on medium containing 3-AT requires elevated expres-
sion of GCN4, encoding a transcriptional activator of amino
acid biosynthetic gene expression. Expression of GCN4 is un-
der translational control, and cells lacking eIF5B are unable to
derepress GCN4 expression (Gen™ phenotype) and fail to
grow on 3-AT medium (8). Consistent with the 3-AT-sensitive
(3-AT®) phenotype in the eIF1A-5A mutant, the fivefold de-
repression of expression from a GCN4-lacZ reporter in WT
cells treated with 3-AT was blocked in cells expressing the
elF1A-5A mutant (Fig. 2A, right panel, rows 1 and 3). Thus,
the eIF1A-5A mutation confers a Gen™ phenotype.

As the C terminus of eIF1A directly interacts with eIF5B (9,
24, 28), we hypothesized that the phenotypes associated with
the eIF1A-5A mutation were due to impaired eIF5B binding.
To test this idea, we overexpressed full-length eIF5B in the
eIF1A-5A mutant cells. Overexpression of eIF5B strongly sup-
pressed the slow-growth phenotype and nearly completely sup-
pressed the 3-AT® phenotype in cells expressing the eIF1A-5A
mutant (Fig. 2A). Consistent with these growth phenotypes,
overexpression of eIF5B resulted in a significant restoration of
both the GCN4 expression (Fig. 2A) and the P/M ratio (Fig.
2B) in eIF1A-5A cells. The eIF1A-5A mutation did not impair
elF2a phosphorylation, a critical element in GCN4 transla-
tional control, and likewise, overexpression of eIF5B did not
affect eIF2a phosphorylation in strains expressing eIF1A-5A,
nor did it affect the levels of eIF1A-5A (data not shown). As
overexpression of eIF5B had no effect on cells expressing WT
elF1A, we propose that overexpression of eIF5B restores both
general translation and gene-specific translational regulation
in the eIF1A-5A mutant either by promoting the eIF1A-eIF5B
interaction by mass action or by enabling eIF5B to function in
the absence of an interaction with eIF1A.

Mutations in the eIF5B and elF1A C termini impair direct
binding of eIF5B to eIF1A and the recruitment of eIF5B to 40S
complexes in vivo. Previous studies have revealed that the
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FIG. 2. Overexpression of eIF5B suppresses the translation defects associated with the eIF1A-5A mutant. (A) Analysis of cell growth and
GCN4 expression. Isogenic WT (J263) and eIF1A-5A mutant (J264) strains expressing eIF5B from single-copy (sc) or high-copy-number (hc)
plasmids were grown to saturation, and 4 pl of serial dilutions (at ODy, of 1.0, 0.1, 0.01, 0.001, and 0.0001) were spotted on SC medium or SC
medium containing 10 mM 3-AT (SC + 3-AT). Plates were incubated for 2 or 3 days at 30°C, as indicated. The GCN4-lacZ plasmid pC2847 was
introduced into the strains, and cells were grown and -galactosidase activities were determined as described previously (15). R, cells were grown
under nonstarvation conditions in SD medium, where GCN4 expression is repressed; DR, cells were grown under starvation conditions (SD + 10
mM 3-AT), where GCN4 expression is derepressed. The B-galactosidase activities represent mean values (with standard errors/deviations in
parentheses) of nmol ONPG (o-nitrophenyl-B-D-galactopyranoside) cleaved min ' mg~! from three cultures. (B) Polysome analysis. WCEs of the
strains described for panel A were separated and analyzed as described for Fig. 1B. The polysome/monosome ratios (P/M) were calculated by
measuring the area in the combined polysome fractions and the 80S peak.

binding of eIF5B to eIF1A was mediated by the C termini of
the two proteins. To characterize the function of this interac-
tion in vivo, we deleted the eIFSB C-terminal helix H14 (mu-
tant AH14 lacking residues 974 to 1002), which helps form a
binding pocket for the C terminus of eIF1A (24). As predicted,
deletion of the H14 helix blocked the ability of eIF5B to in-
teract with eIF1A in a yeast two-hybrid assay (data not shown).
To directly assess eIF1A binding to eIF5B, we expressed GST-
elF5B*771992 GST-eIF5B**~°7* (AH14), or GST in yeast cells
also expressing Flag-tagged eIF1A or the eI[F1A-5A mutant.
Whereas neither eIF1A nor elF1A-5A coprecipitated with
GST, precipitation of GST-eIF5B**"7'%°? from crude cell ex-
tracts resulted in the coprecipitation of eIF1A (Fig. 3A, lane
10) but not the eIF1A-5A mutant (Fig. 3A, lane 12). Likewise,
GST-eIF5B-AH14 failed to pull down eIF1A (Fig. 3A, lane 14)
or eIF1A-5A (data not shown). Thus, these pulldown assays
confirm the important roles of eIF1A and eIF5B C termini in
mediating the interaction between these factors.
Interestingly, the deletion of helix H14 had only a modest

effect on the growth rate of yeast (Fig. 3B, rows 1 and 2).
Previous work demonstrated that the N-terminal ~396 resi-
dues of yeast eIF5B are not essential for growth (9, 20); how-
ever, the eIF5B N terminus is believed to promote ribosomal
binding perhaps through a direct interaction with the 40S sub-
unit or possibly through eIF1A (28). As shown in Fig. 3B (rows
1 and 3), yeasts expressing full-length eIFSB'"'%? and
elF5B*771992 (AN) grow at similar rates (Fig. 3B, rows 1 and
3). To restrict our analysis to the C-terminal interaction be-
tween elF5B and eIF1A and to avoid potentially redundant
functions of the eIF5B N terminus, we examined the impact of
the eIFSB-AH14 and the eIF1A-5A mutations in the context of
AN-eIF5B (lacking residues 1 to 396). Deleting helix H14 from
AN-eIF5B resulted in a significant slow-growth phenotype
(Fig. 3B, row 4, and Fig. 3C, row 3); likewise, the eIF1A-5A
mutation caused a slow-growth phenotype in strains expressing
AN-eIF5B (Fig. 3C, compare rows 1 and 2 or 7). However,
coexpression of the eIF1A-5A and the AN-eIF5B-AH14 mu-
tants in the same strain resulted in growth rates comparable to
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FIG. 3. eIF1A-5A and elF5B-AH14 mutations block the eIF1A-eIF5B interaction and impair binding of eIF5B to the 40S subunit in vivo.
(A) GST pulldown assay. Yeast strain derivatives of H2971 expressing Flag-tagged eIF1A (eIF1A-FL) or eIF1A-5A (5A-FL) were transformed
with plasmids designed to express GST, GST-eIF5SB*7 192 (GST-eIF5B), or GST-eIF5B*7°7* (GST-5B-AH14) under the control of the
galactose-regulated GAL ! promoter. Transformants were grown in SC plus galactose medium to induce GST or GST-eIF5B expression, and WCEs
were incubated with GST-Sepharose beads. After washing the bound proteins, the pellet (P), supernatant fractions (S; 2%), and 2% of the WCE
inputs (lysate) were analyzed by immunoblotting using anti-Flag (eIF1A) and anti-GST (eIF5B) antisera, as indicated. The positions of the various
GST fusion proteins are indicated by arrowheads: black, GST-AN-eIF5B; white, GST-AN-eIF5SB-AH14; gray, GST. (B) Derivatives of yeast strain
H2971 expressing full-length eIFSB'1%2 (row 1), eIF5B'7** (eIF5B-AH14, row 2), eIF5B**71%2 (AN-eIF5B, row 3) or eIF5B*7~°"* (AN-eIF5B-
AH14, row 4), as indicated, were grown to saturation, and 4 pl of serial dilutions (at ODg, of 1.0, 0.1, 0.01, 0.001, and 0.0001) were spotted on
SC medium and incubated at 30°C for 2 days. (C) Derivatives of yeast strain H2971 expressing eIF1A or the eIF1A-5A mutant (5A) and either
elF5B*71992 (AN-eIF5B), no elF5B (elF5BA), or elF5B**77* (AH14), as indicated, were grown to saturation, spotted on SC medium as



VoL. 27, 2007

that in cells expressing WT eIF1A and either AN-eIF5B-AH14
or no elF5B (Fig. 3C, rows 3 to 7). Thus, the eIF1A-5A mu-
tation did not exacerbate the phenotype associated with the
AH14 mutation in eIF5B, indicating that the 5SA and AH14
mutations affect the same step in protein synthesis.

Further evidence for the functional redundancy of the
elF1A-5A and eIFSB-AH14 mutations came from the analysis
of GCN4 expression. In cells expressing WT elF1A and AN-
elF5B, GCN4-lacZ expression increased ~eightfold under de-
repressing conditions (Fig. 3C, row 1). As observed previously,
this high level of expression of GCN4 under derepressing con-
ditions was blocked in cells expressing eIF1A-5A (Fig. 3C, row
2) and in cells lacking eIF5B (Fig. 3C, row 5). The AN-eIF5B-
AH14 mutation likewise blocked the high-level expression of
the GCN4-lacZ reporter under derepressing conditions (Fig.
3C, row 3). Importantly, introduction of the eIF1A-5A mutant
into strains lacking eIF5B (Fig. 3C, row 6) or expressing AN-
elF5B-AH14 (Fig. 3C, row 4) did not further impair GCN4
expression. These results are consistent with the notion that
the primary function of the DIDDI residues in eIF1A is to bind
the C terminus of eIF5B.

As eIF1A is part of the 48S complex that recognizes the
AUG start codon on an mRNA, we hypothesized that the
binding of eIF5B to eIF1A may recruit eIF5B to the preinitia-
tion complex. Accordingly, we predicted that the disruption of
the eIF1A-eIF5B interaction by the SA and AH14 mutations
would impair the binding of eIF5B to the 40S subunit in vivo.
Following formaldehyde cross-linking of whole cells, WCEs
were separated on 4.5 to 45% sucrose gradients to examine the
polysome profiles (Fig. 3D, upper panels) and on 7 to 30%
sucrose gradients, followed by Western analysis of individual
fractions to monitor translation factor binding to the 40S ribo-
somal subunit (Fig. 3D, lower panels). Consistent with the
growth defects observed in cells expressing eIF1A-5A or AN-
elF5B-AH14, the polysome profiles from 4.5 to 45% sucrose
revealed polysome runoff and accumulation of 80S ribosomes,
indicative of a translation initiation defect in these strains (Fig.
3D, upper panels). In extracts from cells expressing AN-eIF5B
and WT elF1A, factors elF5B, elF1A, and elF2a cosedi-
mented with the 40S marker RPS22p (Fig. 3D, bottom left
panel). Analysis of the extracts from cells expressing the
elF1A-5A or the AN-eIF5B-AH14 mutant showed that eIF1A
and elF2a continued to sediment with the 40S subunit. This
result is consistent with the notion that eIF1A and eIF2 bind to
the 40S subunit early in the translation initiation pathway and
with the results of previous studies showing that the eI[F1A-5A
mutation did not affect the formation of 43S preinitiation com-
plexes (1). However, less eIF5B was bound to the 40S sub-
unit and more of the factor was found at the top of the
gradient in the extracts from the eIF1A-5A (61% reduction
of eIF5B on the 40S compared to that of WT eIF1A) and
AN-elF5B-AH14 (68% reduction in factor bound to the
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40S) mutants (Fig. 3D, lower middle and right panels). Thus,
the eIF1A-5A and AN-eIF5B-AH14 mutations impair the e[F1A-
dependent recruitment of eIF5B to the 48S preinitiation complex.

The elF1A-5A mutation suppresses the slow-growth pheno-
type and 80S accumulation of the GTPase-defective eIF5B-
T439A mutant. The eIF5B-T439A mutant lacks GTPase activ-
ity and is thought to form dead-end initiation complexes due to
its impaired dissociation from the 80S ribosome following sub-
unit joining. In vitro, eIFSB-T439A promoted ribosomal sub-
unit joining and stabilized Met-tRNAM binding to 80S ribo-
somes, supporting the idea that eIF5B-T439A, due to its
failure to hydrolyze GTP, is stuck on the ribosome following
subunit joining. Consistent with these in vitro findings, yeast
cells expressing AN-eIFSB-T439A grew very slowly (36), even
more slowly than cells lacking eIF5B (Fig. 4B, rows 1 and 3).
To examine the impact of the T439A mutation on eIF5B bind-
ing to ribosomes in vivo, we used formaldehyde cross-linking
followed by sucrose gradient and Western analyses. In WT
cells, AN-eIF5B was distributed across the gradient, with a
small percentage of the factor cofractionating with 40S and 80S
ribosomes (Fig. 4A, left panel). Factors eIF1A and eIF2« were
mainly localized at the top of the gradient and the 40S frac-
tions, though a small amount of eIF1A cofractionated with the
80S monosome. In contrast, AN-eIF5B-T439A was found at
the top of the gradient and was then present in a clear peak
comigrating with the 80S ribosomes (Fig. 4A, right panel). In
relation to the input amount of eIF5B, there was an ~1.5-fold
increase in the amount of AN-eIF5B-T439A versus WT AN-
elF5B bound to the 80S fractions. Interestingly, eIF1A was
found at the top of the gradient and cofractionating with eIF5B
in the 80S peak in cells expressing AN-eIF5B-T439A (Fig. 4A,
right panel). This accumulation of AN-eIF5B-T439A on 80S
ribosomes in vivo is consistent with the idea that GTP hydro-
lysis by elF5B is required for the factor’s release from the
ribosome following subunit joining. Moreover, the cofraction-
ation of eIF1A with eIFSB and 80S ribosomes suggests that
elF1A release from the 80S ribosome is coupled to eIF5B GTP
hydrolysis and the release of eIF5B.

Expression of AN-eIF5B-T439A in yeast resulted in a severe
inhibition of translation initiation, as revealed by the loss of
polysomes and the accumulation of inactive 80S couples (as-
sociated 40S and 60S subunits, lacking mRNA and Met-
tRNAM [36]) (Fig. 4A). As elF5B binds to vacant 80S couples
in vitro (36), the cosedimentation of AN-eIF5B-T439A with
the 80S peak on sucrose gradients (Fig. 4A) could represent
spurious binding of AN-eIF5B-T439A to vacant 80S couples
rather than the specific recruitment of AN-eIF5SB-T439A to
ribosomes during the translation initiation pathway. Results
from two experiments indicated that at least a fraction of
AN-eIF5B-T439A was recruited to the ribosome via the nor-
mal translation initiation pathway. First, the slow-growth phe-
notype associated with the AN-eIF5B-T439A mutation was

described for panel B, and incubated at 30°C for 2 or 4 days. The GCN4-lacZ plasmid pC2847 was introduced into the strains, and cells were grown
and B-galactosidase activities were determined as described in the legend to Fig. 2A. (D) Polysome and Western blot analysis. Yeast strains J274
(AN-eIF5B + elF1A), J276 (AN-eIF5SB + elF1A-5A), and J275 (AN-eIF5B-AH14 + eIF1A) were grown in SC medium to an ODg, of ~1.0 and
then fixed with 1% formaldehyde. WCEs were prepared and analyzed for polysome content (upper panels) and factor binding to the 40S subunit

(lower panels) as described in the legend to Fig. 1B and C.
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FIG. 4. The eIF1A-5A mutation blocks the growth defect and 80S accumulation of the eIFSB-T439A GTPase-defective mutant. (A) eIF5B-T439A
accumulates on 80S ribosomes in vivo. Yeast strains J274 (AN-eIF5B) and J280 (AN-eIF5-T439A) were grown in SC medium to an ODy, of ~1.0 and
fixed with 1% formaldehyde, and then WCEs were separated on 4.5% to 45% sucrose gradients by centrifugation at 39,000 rpm for 2.5 h. Gradients were
fractionated while being scanned at 254 nm to visualize the indicated ribosomal species (upper panels). One hundred-microliter aliquots (17% of total)
of the gradient fractions and a portion of the starting WCE (In, input) were subjected to Western analysis using antibodies against the indicated proteins.
(B) Serial dilutions of derivatives of yeast strain H2971 expressing eIF1A (rows 1 and 3) or the eIF1A-5A mutant (rows 2 and 4) and either no eIF5B
(eIF5BA, rows 1 and 2) or eIF5SB*7192.T439A (AN-eIF5B-T439A, rows 3 and 4) were spotted on SC medium and grown at 30°C for 4 days. (C) WCEs
from formaldehyde-fixed yeast strains J280 (AN-eIFSB-T439A + elF1A) and J281 (AN-eIFSB-T439A + eIF1A-5A) were prepared, and initiation factor
binding to ribosomal species was determined by sucrose gradient and Western analysis, as described for panel A.

partially suppressed by the eIF1A-5A mutation (Fig. 4B). Ex-
pression of AN-eIF5B-T439A exacerbated the slow-growth
phenotype observed in cells expressing WT eIF1A and lacking
WT AN-eIF5B (Fig. 4B, compare rows 1 and 3). Significantly,
in the presence of the eIF1A-5A mutant, AN-eIF5B-T439A
was no longer toxic and the double mutant grew at nearly the
same rate as cells lacking eIF5B (Fig. 4B, rows 2 to 4). The fact
that the eIF1A-5A mutation suppresses the toxicity associated
with the AN-eIF5B-T439A mutation is consistent with the no-
tion that AN-eIF5B-T439A is recruited into the translation
initiation pathway via interaction with the eIF1A C terminus.
Second, whereas the majority of the input AN-eIF5B-T439A
was associated with 80S ribosomes in sucrose gradient analyses
of extracts from cells expressing WT eIF1A (Fig. 4C, left
panel), less AN-eIF5B-T439A was bound to the 80S complexes
(~20% decrease), and the factor redistributed to the 40S peak

and top of the gradient in extracts from the eIF1A-5A mutant
cells (Fig. 4C, right panel). This loss of binding of AN-eIF5B-
T439A to 80S ribosomes in strains expressing eIF1A-5A sup-
ports the idea that the eIFSB-eIF1A interaction is critical for
the recruitment and perhaps the stable binding of eIF5B to the
ribosome.

elF1A dissociation from the 80S ribosome following subunit
joining is coupled to eIF5B GTP hydrolysis and release. The in
vivo data presented thus far support a model in which eIF1A
bound to the 40S subunit recruits eIF5B, which in turn pro-
motes 60S subunit joining. Consistent with these results, Acker
et al. demonstrated that the interaction between the eIF5B and
elF1A C termini is required for efficient subunit joining in vitro
and enhances the rate of GTP hydrolysis by eIF5B by ~20-fold
(1). To further explore the role of the eIF5B-eIF1A interac-
tion, we modified the 80S complex formation assay in order
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FIG. 5. Release of eIF5B and eIF1A following 80S complex for-
mation in vitro is dependent on GTP hydrolysis by eIF5B. (A) Native
polyacrylamide gel monitoring incorporation of eIF1A and eIF5B into
43S-mRNA (48S) and 80S complexes. 48S complexes were assembled
using purified 40S subunits, Met-tRNAM, elF1, elF1A, elF2, elF5, and
mRNA in the presence of GTP and the presence (lane 5) or absence (lane
4) of AN-eIF5B (see Materials and Methods). 80S complexes were
formed from 48S complexes by adding 60S subunits and either WT AN-
elFSB (lane 6) or AN-eIF5B-T439A (lane 7) in the presence
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to monitor the binding of AN-eIF5B and eIF1A to 48S and
80S complexes. As typically performed, the 80S formation as-
say monitors the conversion of 48S complexes containing
[*>S]Met-tRNAM to 80S complexes by separating the reaction
products on nondenaturing gels and using autoradiography to
visualize the [*>S]Met-tRNAM' (3). To monitor the binding of
elF1A and AN-eIF5B to the 48S and 80S complexes, the pro-
teins in the nondenaturing gels were transferred to nitrocellu-
lose membranes and subjected to immunoblot analysis using
anti-eIF1A and anti-eIFSB antisera. Consistent with the
known binding of eIF1A to 43S and 48S complexes, eIF1A was
readily detected on the 40S complexes formed in the presence
of elF1, eIF1A, elF5, and elF2-Met-tRNAM ternary com-
plexes (Fig. SA, lane 4). Interestingly, the addition of AN-
eIF5B in the absence of 60S subunits did not affect the binding
of eIF1A to the 40S complexes (Fig. 5A, lane 5), and AN-
elF5B was not observed on the 40S fraction (Fig. 5A, lane 5).
(The presence of a small amount of AN-eIF5B on 80S com-
plexes in Fig. 5A, lane 5 [see bottom panel where a smaller
fraction of each reaction was loaded on the gel], suggests that
the 40S fractions used in these assays contained a small amount
of 60S subunits that were converted to 80S complexes in the
presence of AN-eIF5B.) Importantly, the detection of eIF1A
and AN-eIF5B on the 40S and 80S complexes was specific, as
neither the anti-eIF1A nor the anti-eIF5B antisera cross-re-
acted with purified 40S or 60S subunits or 80S ribosomes (Fig.
5A, lanes 1 to 3).

Incubating the components of the 48S complex (40S, elF1,
elF1A, elF2, Met-tRNAM, mRNA, and GTP) with 60S sub-
units and either AN-eIFSB or GTPase-defective AN-eIF5B-
T439A, both in the presence of nonhydrolyzable GDPNP, re-
sulted in the accumulation of AN-eIF5SB on 80S complexes
(Fig. 5A, lanes 6 to 7; the smaller loadings in the bottom panel
provide a better quantitative analysis). These results are con-
sistent with previous findings using [**S]Met-tRNAM*' to mon-
itor 80S complex formation, and they support the in vivo data
demonstrating that eIF5SB associates with 80S complexes. In-
terestingly, eIF1A, which was present on the 48S complexes

of GDPNP. Purified 40S, 60S, and 80S ribosomes were loaded in lanes
1, 2, and 3, respectively. The native gel was transferred to a nitrocel-
lulose membrane, and Western analysis was carried out using antibod-
ies recognizing yeast eIF1A (upper panel) or eIF5B (middle panel).
The positions of 80S and 48S (43S-mRNA) complexes are indicated.
(Lower panel) To better resolve the amount of eIFSB on the 80S
complexes, 10-fold less of the reaction mixtures from a duplicate ex-
periment was separated on a native gel and subjected to Western
analysis to detect eIFSB. (B) SDS-PAGE analysis of 80S and 48S
complexes isolated from a native gel. 80S complexes were formed and
analyzed as described for panel A, using AN-eIF5B or AN-elF5B-
T439A in the presence of GTP or GDPNP as indicated. The gel was
stained with Coomassie blue to reveal the locations of the 48S and 80S
complexes. The complexes were excised, denatured in loading buffer
containing SDS, and subjected to SDS-PAGE and immunoblot anal-
ysis using the antibodies that recognize elF5B, elF1A, 40S subunit
protein RPS22, and 60S subunit protein PUB2, as indicated. Lanes 1
to 4 contain the 80S complexes; lanes 5 to 8 contain the 48S complexes.
The lower RPS22 panel is a longer exposure of the blot in the upper
panel. (Lower panel) The relative amounts of eIF5B and eIF1A in 80S
fractions (lanes 1 and 2) of three experiments were quantified and nor-
malized to the amounts obtained in the presence of GDPNP (lane 1).
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(Fig. 5A, lanes 4 and 5), was largely retained in the 80S
complexes (Fig. 5A, lanes 6 and 7). Because both AN-eIF5B
and elF1A were present on the 80S complexes, we proposed
that eIF1A release following subunit joining was dependent on
elF5B release. To test this hypothesis, 48S complexes formed
in the presence of GTP were mixed with 60S subunits and WT
AN-eIF5B in the presence of GTP or GDPNP. The reaction
mixture products were separated on nondenaturing gels, and
the 80S and 48S complexes were excised from the gels, sepa-
rated by SDS-PAGE, and analyzed by immunoblot analysis
using anti-eIF5B and anti-eIF1A antisera. In these experi-
ments we also monitored the abundance of 40S and 60S sub-
units by using antisera directed against the ribosomal proteins
RPS22 (40S) and PUB2 (60S). As shown in Fig. 5B, lane 1,
both AN-eIF5B and eIF1A accumulated on 80S complexes
formed in the presence of GDPNP. Relative to the amount of
ribosomal proteins, the amount of AN-eIF5B and eIF1A re-
covered in 80S complexes formed in the presence of GTP was
reduced by 40 to 70% compared to the amount of factors
bound in the presence of GDPNP (Fig. 5B, lane 2, and bottom
panel). The absence of detectable RPS22 and eIF1A in the 48S
fractions (Fig. 5B, lanes 5 and 6) indicates nearly quantitative
conversion of 48S complexes to 80S complexes in these in vitro
assays. Our results are consistent with the idea that eIF5B
GTPase activity is required for release of the factor from 80S
complexes following subunit joining. Moreover, the coupled
loss of both eIF5B and eIF1A from the 80S complexes sup-
ports the idea that GTP hydrolysis releases eIF5B from the 80S
complexes, enabling eIF1A to dissociate as well.

Analysis of 80S complexes formed in the presence of the
AN-eIF5B-T439A mutant provided further support for this
idea. Consistent with the inability of AN-eIF5B-T439A to hy-
drolyze GTP, both AN-eIF5B-T439A and eIF1A were retained
on 80S complexes formed in the presence of GDPNP or GTP
(Fig. 5B, lanes 3 and 4). The small amount of eIF1A found on
48S complexes formed in the presence of AN-eIF5B-T439A
and GDPNP (Fig. 5B, lane 7) likely reflects turnover products
in which the GDPNP associates with eIF2, forming dead-end
48S complexes that cannot release elF2 and participate in
subunit joining. Taken together, these in vitro studies reveal
the presence of eIF1A in 80S complexes following subunit
joining and indicate that eIF1A release from the 80S complex
is dependent on the dissociation of eIF5B.

DISCUSSION

elF5B catalyzes ribosomal subunit joining in vivo. The func-
tion of eIF5B to promote ribosomal subunit joining was first
revealed in reconstituted mammalian in vitro translation assays
(30). The mammalian eIF5B functionally substituted for the
yeast factor, restoring the growth and in vitro translation ac-
tivity of strains lacking eIF5B (20, 30). Consistently, yeast
elF5B was also shown to catalyze ribosomal subunit joining in
vitro (3, 36). Given this strong in vitro evidence defining the
function of eIF5B, it was surprising that yeast cells lacking
elF5B did not show a subunit-joining defect in vivo. Here we
show that rapid depletion of eIF5B in a funi2-td strain results
in the accumulation of 48S translation initiation complexes
consisting of 40S subunits, Met-tRNAM*', and eIF1A bound to
an mRNA (Fig. 1). These in vivo results indicate that, in cells
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rapidly depleted of eIF5B, subunit joining becomes a rate-
limiting step for translation initiation. Interestingly, we did not
observe an accumulation of mRNA-bound 40S subunits or
halfmer species in strains lacking eIF5B (Fig. 1B and data not
shown). A modest reduction in 40S subunit levels in the
elF5BA strain (8) (Fig. 1B, note the small size of the 40S peak
in the eIF5B strain compared to that in the WT and funi2-td
strains) may offset the subunit-joining defect and block the
appearance of halfmer ribosomes, indicating that, in contrast
to the funl2-td strain, subunit joining is not the sole limiting
step in the eIF5BA strain.

In addition, it is noteworthy that eIF5B is not essential in
yeast. Thus, both an eIF5B-catalyzed and an uncatalyzed
mechanism of subunit joining must operate in yeast. Perhaps
there is a lag in the switch from the eIF5B-catalyzed to the
uncatalyzed mechanism of subunit joining following depletion
of eIF5B, and this lag accounts for the accumulation of
halfmers. Accordingly, the impaired function of earlier steps in
the translation pathway in eIF5BA strains, perhaps due to the
reduction in 40S subunit levels, may prevent the accumulation
of 48S complexes. As the only documented in vitro function of
elF5B is catalysis of ribosomal subunit joining, additional stud-
ies will be necessary to determine whether eIF5B influences
the rates or efficiencies of earlier steps in the translation initi-
ation pathway or whether eIF5BA strains adapt to the trans-
lation initiation defect by decreasing the abundance of 40S
subunits via a quality control mechanism similar to that re-
cently described for rRNAs in yeast (19).

Interaction of the eIF5B and eIF1A C termini helps recruit
eIlF5B to the 40S subunit prior to subunit joining. Release of
P; and eIF1 upon AUG start codon recognition triggers the
release of eIF2 and fixes the reading frame for translation (2).
Concurrent with these events, eIF1A binding to the 40S sub-
unit is enhanced, indicating a conformational change in the
complex (21, 22). As eIF1A is bound tightly to the scanning
40S subunit (21), this enhanced binding likely reflects a change
in the eIF1A-binding site on the 40S subunit, perhaps through
the acquisition of new factor-ribosome interactions. Previous
studies revealed an interaction between elF2 and the N termi-
nus of eIF1A that must be broken upon elF2 release from the
48S complex (28). We propose that following release of eIF2,
the eIF1A C terminus serves as a docking site to recruit eIF5B
to the 48S complex.

Previous studies revealed that eIF1A and eIF5B bind di-
rectly to each other, and the binding sites were mapped to the
C termini of the two factors (9). Structural studies confirmed
these in vitro and yeast two-hybrid assay results, demonstrating
that the last five residues of eIF1A (DIDDI) bind in a groove
formed by the C-terminal helices H13 and H14 of eIF5B (24).
It has been proposed that this interaction may both promote
elF5B recruitment to the 40S subunit and coordinate the cou-
pled release of the factors from the 80S ribosome following
subunit joining. Our studies provide additional support for
these two roles of the eIF5B-eIF1A interaction. The eIF1A-5A
mutation impaired cell growth, GCN4 expression, and general
translation initiation, as revealed by the impaired polysome
formation in vivo (Fig. 2). Consistent with the idea that the SA
mutation impaired eIF5B binding, each of these phenotypes
was suppressed by overexpression of eIFSB. Furthermore, di-
rect examination of eIF5B binding to 40S subunits in formal-
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dehyde-fixed cells demonstrated that the e[F1A-5A mutation,
as well as the eI[F5B-AH14 mutation, impaired eIF5B binding
to 40S complexes (Fig. 3C). It is noteworthy that eIF5B bind-
ing to 40S complexes was detected only in extracts from cells
fixed with formaldehyde. We suspect that in the absence of
covalent cross-linking, the binding of eIF5B to 40S complexes
is disrupted during sedimentation through a sucrose gradient.

Further support for the role of eIF1A in recruiting eIF5B to
the 48S complex came from studies of the eIF5B-T439A
GTPase mutant. While cells lacking eIF5B grew slowly, expres-
sion of eIFSB-T439A caused a more severe slow-growth phe-
notype likely due to the failure of eIF5B-T439A to dissociate
from 80S complexes following subunit joining. Consistent with
the notion that eIF1A-5A fails to recruit eIFSB to the 40S
subunit, this eIF1A mutation suppressed the toxic effects as-
sociated with the expression of eIF5B-T439A and rescued
growth to the level observed in the absence of eIF5B (Fig. 4B).
Thus, in the eIF1A-5A mutant strain, subunit joining proceeds
through the eIF5B-independent pathway as neither WT eIF5B
nor elF5-T439A is recruited efficiently to the 40S subunit.

In addition to the binding of the eIF5B C terminus to eIF1A,
the eIF5B N terminus contributes to interactions with eIF1A.
Deletion of eIF1A C-terminal residues 130 to 153 or 108 to 153
abolished the interaction with N-terminally truncated eIF5B
(lacking residues 1 to 377) but not with full-length eIF5B in
WCE:s (28). However, it is important to note that the interac-
tion between eIF1A-A108 to -153 and AN-eIF5B was not ob-
served in postribosomal supernatant fractions. Thus, the inter-
action of the eIF5B N terminus with eIF1A may be weak and
detectable only when both factors are bound to the ribosome,
or the interaction may not be direct and instead is bridged by
the ribosome. The latter idea is consistent with the reported
ribosome-binding activity of the bacterial IF2 N-terminal re-
gion (26). In light of this potential ribosome-binding activity of
the eIF5B N-terminal region, it is interesting to note that the
AH14 mutation conferred neither a Gen™ nor a slow-growth
phenotype in full-length eIF5B (Fig. 3B and data not shown).
We propose that the eIF5B N-terminal region and C-terminal
helix H14 perform redundant roles, likely in recruiting eIF5B
to the 40S ribosome. Thus, both deletion of the eIF5B N
terminus and disruption of the eIF1A-eIF5B interaction by
either the eIF1A-5A or the eIF5B-AH14 mutation are re-
quired to impair eIF5B function. However, the more severe
slow-growth phenotype of the strain expressing AN-eIF5B-
AH14 plus WT eIF1A versus the strain coexpressing the
eIF1A-5A and AN-eIF5B mutants (Fig. 3C) indicates that the
elF5B C terminus may have functions in addition to binding to
elF1A.

Given the apparently redundant functions of the eIF5B N
and C termini in mediating recruitment to the 40S subunit, it is
paradoxical that the eIF1A-5A mutation confers a slow-growth
and a Gen™ phenotype in the presence of full-length eIF5B
(Fig. 2A). We propose that although the N terminus of eIF5B
contributes to 40S binding, the interaction with eIF1A is crit-
ical for accurate and efficient translation initiation. Indeed,
Acker et al. showed that the interaction between elF1A and
AN-eIF5B was important for efficient subunit joining in vitro
(1). We propose that the 5A mutation in eIF1A physically
occludes eIF5B binding to eIF1A and thus the 40S subunit. In
addition, the eIF1A C terminus may have additional functions
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following eIF5B binding (1). Consistent with the former inter-
pretation, eIF1A-5A failed to bind to GST-eIF5B even when
the proteins were overexpressed (Fig. 3A). Taken together, we
propose that the C terminus of eIF1A serves as a docking site
for eIF5B, which also binds directly to the ribosome via other
low-affinity interactions. Accordingly, the eIF1A-5A mutation
interferes with eIF5B binding and impairs translation initiation
and yeast cell growth. Overexpression of eIF5B suppresses the
growth defect (Fig. 2A) not by restoring eIF5B binding to
elF1A-5A per se but rather by enabling eIF5B to productively
engage the ribosome in the absence of the eIF1A interaction.

elF1A dissociation from the 80S ribosome following subunit
joining is dependent on release of elF5B following GTP hy-
drolysis. The in vitro experiments presented in Fig. 5 show for
the first time that both eIF1A and eIF5B are present on the
80S ribosome following subunit joining. Moreover, the release
of eIF1A from the 80S ribosome is coupled to GTP hydrolysis
and dissociation of eIF5B. In reactions containing WT eIF5B
and nonhydrolyzable GDPNP, both elF5B and elF1A accu-
mulated on 80S complexes. In contrast, in reactions containing
GTP, where elF5B can hydrolyze the nucleotide and release
from the ribosome, the amounts of both eIF5B and eIF1A on
the 80S ribosome were smaller (Fig. 5B, lane 1 versus lane 2
and lower panel). Consistent with these findings, levels of
elF1A and eIF5B accumulation on 80S ribosomes were equiv-
alent in the presence of GDPNP and GTP in reactions con-
taining the GTPase-defective eIF5B-T439A mutant (Fig. 5B,
lanes 3 to 4). These in vitro findings are supported by in vivo
data obtained from the funl2-td strain. The 48S complexes that
accumulate upon destruction of eIF5B contain elevated
amounts of eIF1A and mRNA but not other factors like eIF2,
elF5, and eIF3 (Fig. 1D). We propose that this in vivo snapshot
reveals the translation initiation intermediate following GTP
hydrolysis and P; release by eIF2 in which eIF2, eIF5, eIF3, and
elF1 dissociate from the 48S complex, leaving eIF1A in the A
site to recruit eIF5B. Though our experiments involved form-
aldehyde cross-linking of factors to ribosomal complexes in
vivo, we cannot rule out the possibility that GTP hydrolysis by
elF2, rather than dissociating the factors from the 80S ribo-
some, simply lowered their ribosomal binding affinity such that
they were removed during the high-speed velocity sedimenta-
tion in the sucrose gradients due to incomplete cross-linking of
these factors to the 40S subunit. Finally, in further support of
the notion that eIF5B release is required for eIF1A release
from the 80S product of subunit joining, both eIF5B and
elF1A were observed to cofractionate with 80S monosomes in
extracts from formaldehyde cross-linked cells expressing
elF5B-T439A (Fig. 4A).

Genetic data provide additional support for the proposed
coupled release of eIF5B and eIF1A from the 80S ribosome.
Overexpression of elF1A exacerbated the growth defect of
strains lacking eIF5B or expressing a C-terminally truncated
form of eIF5B that fails to interact with eIF1A (9). Thus, in the
elF5B-independent translation initiation pathway operating in
cells lacking eIF5B, subunit joining and eIF1A release may be
rate limiting. Accordingly, overexpression of eIF1A results in
the accumulation of eIF1A on the 80S ribosome, blocking the
subsequent steps in the pathway. It is noteworthy that in bac-
teria, release of IF2 requires IF1 (6), suggesting that the cou-
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pled release of eIF5B and eIF1A is an evolutionarily conserved
process.

Combining the results of our study with those obtained by
Unbehaun et al. (38) and Algire et al. (2) provides new details
on the release of initiation factors from the ribosome during
the translation initiation pathway. Recognition of the start
codon during scanning triggers the release or transfer of eIF1
to a new site on the 48S complex, and this is coupled with the
release of P; and eIF2-GDP, which may be associated with
elF5 (37). The eIF1A remains bound in the A site of the
ribosome and serves as a docking site for eIF5B. It is interest-
ing to note that we were unable to detect eIF5B binding to the
48S complexes assembled in vitro (Fig. 5); however, the in vivo
cross-linking experiments apparently stabilized this interaction
(Fig. 3D). As elF3 and eIF1 are not present on the 80S product
of subunit joining, it can be proposed that eIF5B binding to the
48S complex and subsequent 60S subunit joining displaces
elF1 and eIF3, resulting in the accumulation of 80S complexes
containing eIF1A and eIF5B. Cryo-electron microscopy im-
ages of the bacterial 70S ribosome with IF1 in the A site,
IF2-GDPNP occupying the factor-binding site and contacting
both the GTPase center on the large subunit and fMet-
tRNAM in the P site, and IF3 near the E site (4) support our
findings that eIF1A and eIF5B are simultaneously bound to
the 80S ribosome. We propose that eIF5B acts like a plug to
prevent the release of eIF1A from the 80S complex, such that
GTP hydrolysis and release of eIF5B are necessary steps for
the release of eIF1A. It is also possible that GTP hydrolysis by
elF5B plays an active role in releasing eIF1A from the 80S
ribosome. However, our previous description of eIF5B muta-
tions that lower ribosome-binding affinity and bypass the re-
quirement for GTP hydrolysis (36) indicate that this putative
GTP hydrolysis-dependent function of eIF5B is not essential.
Finally, the C-terminally labeled form of eIF1A that works as
well as unlabeled eIF1A in promoting the early steps of the
translation pathway (1, 22) does not support subunit joining,
likely because the label interferes with eIF5B interactions.
Thus, the precise timing of eIF1A and eIF5B release in rela-
tion to GTP hydrolysis by eIFSB will require the development
of novel labeled forms of eIF1A and eIF5B that can be used
for kinetic analyses of these last steps in the translation initi-
ation pathway.
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