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(Background: The internal repeats and NTD of yelF4B stimulate translation initiation.
Results: The minimal number of repeats and conserved motifs in the repeat and NTD necessary for yelF4B function was

Conclusion: Two repeats provide appreciable function, except when the NTD is missing or eIF4F function is limiting or

Significance: The results provide a comprehensive description of functionally critical sequence elements in yeIF4B.

N

J

eIF4B has been implicated in attachment of the 43 S preini-
tiation complex (PIC) to mRNAs and scanning to the start
codon. We recently determined that the internal seven repeats
(of ~26 amino acids each) of Saccharomyces cerevisiae eIFAB
(yeIF4B) compose the region most critically required to enhance
mRNA recruitment by 43 S PICs in vitro and stimulate general
translation initiation in yeast. Moreover, although the N-termi-
nal domain (NTD) of yeIF4B contributes to these activities, the
RNA recognition motifis dispensable. We have now determined
that only two of the seven internal repeats are sufficient for wild-
type (WT) yelF4B function in vivo when all other domains are
intact. However, three or more repeats are needed in the
absence of the NTD or when the functions of eI[F4F components
are compromised. We corroborated these observations in the
reconstituted system by demonstrating that yeIF4B variants
with only one or two repeats display substantial activity in pro-
moting mRNA recruitment by the PIC, whereas additional
repeats are required at lower levels of eIF4A or when the NTD is
missing. These findings indicate functional overlap among the
7-repeats and NTD domains of yeIF4B and elF4A in mRNA
recruitment. Interestingly, only three highly conserved posi-
tions in the 26-amino acid repeat are essential for function in
vitro and in vivo. Finally, we identified conserved motifs in the
NTD and demonstrate functional overlap of two such motifs.
These results provide a comprehensive description of the criti-
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cal sequence elements in yeIF4B that support eIF4F function in
mRNA recruitment by the PIC.

The correct translation initiation codon in most eukaryotic
mRNAs is thought to be identified by the scanning mechanism.
This process commences with binding of initiator Met-tRNA;
to the small (40 S) ribosomal subunit in a ternary complex with
elF2-GTP, in a manner stimulated by elF1, -1A, -3, and -5, to
form the 43 S preinitiation complex (PIC).” The 43 S PIC then
attaches to the mRNA 5’ end following its activation by binding
of eIF4F to the m’G cap structure. The eIF4F trimeric complex
is composed of cap-binding protein eIF4E, the large scaffolding
protein elF4G, and DEAD-box RNA helicase eIF4A. The RNA
helicase activity of eIlF4A is thought to facilitate 43 S PIC
attachment by resolving secondary structure in cap-proximal
mRNA nucleotides. In mammalian cells, interaction between
elF4G and elF3 is believed to stabilize PIC association with the
elF4F-mRNP, whereas in budding yeast, el[F5-elF4G interaction
might serve the same purpose. In addition to elF4F and elF3,
elF4B also plays akey role in stimulating 43 S PIC attachment to
mRNA (1, 2).

The best characterized biochemical activity of mammalian
elF4B (melF4B) is stimulation of the RNA helicase activity of
elF4A (3), which depends on an arginine-rich domain in its
C-terminal region and an RNA recognition motif (RRM) in the
N-terminal half of the protein that both display RNA binding
activity (4—6). However, the molecular mechanism of this
stimulation is poorly understood and might involve stabiliza-
tion of an active conformation of elF4A, sequestration of
ssRNA products of the helicase reaction, or increasing the effi-

®>The abbreviations used are: PIC, preinitiation complex; NTD, N-terminal
domain; CTD, C-terminal domain; RRM, RNA recognition motif; P/M, poly-
some/monosome; aa, amino acid; ssRNA, single strand RNA; melF4B, mam-
malian elF4B; hc, high copy; sc, single copy; Ic, low copy; WCE, whole cell
extract; mRNP, mRNA ribonucleoprotein complex; GDPNP, 5'-guanylyl
imidodiphosphate.
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ciency of coupling ATP hydrolysis to RNA duplex unwinding
(2, 7). melF4B has also been proposed to stimulate mRNA-43 S
PIC association more directly by simultaneous binding to
18 S rRNA, through its RRM domain, and to mRNA via the
C-terminal RNA binding domain (8). melF4B harbors a
DRYG-rich repeat that mediates dimerization and interac-
tion with eIF3, which could also stabilize 43 S PIC associa-
tion with eIF4AF-mRNP complexes (9).

Mammalian and yeast elF4B (yelF4B) share only ~20%
sequence identity (10, 11), and the only obviously conserved
domain is the RRM (Fig. 14). Until recently, yeIF4B had not
been found to promote eIF4A helicase activity in vitro (12, 13),
even though yeast e[F4A could be activated by melF4B (14) and
melF4B could partially replace yelF4B in a cell-free translation
system (10). However, the gene encoding yelF4B (TIF3) was
identified as a dosage suppressor of a temperature sensitive
(Ts™) mutation in the elF4A gene (TIFI) (11), and tif3 muta-
tions interact genetically with mutations in various elF4 com-
ponents (15). Moreover, although yeIF4B has not been reported
to interact directly with elF4A, it was found associated with
native e[F4G and promoted complex formation between e[F4G
and elF4A in yeast cells (16). Recently, it was reported that
yelF4B can stimulate the RNA unwinding activity of yeast
elF4A and, as observed for melF4B (7), appears to increase the
coupling of ATP hydrolysis to RNA duplex separation by eIF4A
(17).

Consistent with these functional links to eIF4F, yeIF4B was
found to be required in addition to e[F4F and elF3 for rapid and
stable attachment of reconstituted 43 S PICs to capped, native
yeast mRNAs in vitro (18) and for promoting a high apparent
affinity of eIF4A for the initiation machinery to stimulate this
process (19). Interestingly, yeIF4B can bind directly to eIF3 (18)
and 40 S subunits (19), in addition to ssRNA (12, 19), which
might enable it to bridge mRNA and the 43 S PIC in addition to
promoting elF4F function.

yelF4B has an array of seven repeats of a 20 —26-amino acid
sequence located immediately following the RRM domain (Fig.
1, A and B), which is considered to be unique among the yeast
orthologs of this factor (10, 11) and unrelated to the melF4B
DRYG or C-terminal RNA binding domains. The extreme
N-terminal (NTD) and C-terminal domains (CTD) of yelF4B
also display no obvious sequence similarity to regions of
melF4B. Functional analysis of yeIF4B variants truncated from
the N or C terminus led to the conclusion that the RRM and a
subset of internal repeats are required for its ssSRNA binding
activity, RNA annealing activity, and stimulation of translation
in vitro and in vivo, leading to the proposal that RNA annealing
is a key function of yelF4B (20). Surprisingly, however, we
showed recently that the yeI[F4B RRM and its associated ssRNA
binding activity are fully dispensable for wild-type (WT) levels
of translation initiation in vivo and W rates of 43 S PIC attach-
ment to native mRNAs in the reconstituted yeast system (19).
By contrast, the 7-repeats domain is crucial for yeIF4B func-
tions both in vivo and in vitro, and interestingly, the NTD also
contributes to these activities in a manner partially overlapping
with the contribution of the 7-repeats domain. In fact, the NTD
is the region most critically required for yelF4B binding to 40 S
subunits in vitro. Interestingly, yeIF4B binds to ribosomal pro-
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tein Rps20e (homolog of bacterial S10), a portion of which is
exposed on the solvent-accessible side of the “head” of the 40 S
subunit, and we provided evidence that yeIlF4B binding induces
structural changes in the ribosome’s mRNA entry channel,
which might facilitate mRNA loading into the 43S PIC
mRNA-binding cleft (19).

In this study, we sought to determine the minimum number
of repeats and the key residues within each repeat that are
required for the stimulatory functions of yelF4B in vivo and in
vitro. Interestingly, we determined that just two repeats is suf-
ficient for substantive yelF4B function, except when the NTD is
missing or elF4F function is limiting, and that the invariant
amino acids of the ~26-aa repeat, Asp, Trp, and Arg of the
DWXXXR conserved core, are the only residues essential for
repeat function. We also conducted a thorough functional dis-
section of the NTD and identified two conserved motifs critical
for NTD function. Our results provide a comprehensive
description of the critical sequence motifs in yeIlF4B that sup-
port the function of eIF4F in promoting mRNA recruitment by
the PIC.

EXPERIMENTAL PROCEDURES

Plasmid Constructions and Yeast Strains—All plasmids
employed are listed in Table 1. The TIF3-HIS6 allele resides in
the high copy (hc) LEU2 vector YEplacl81, hc URA3 vector
YEplac195, or single copy (sc) LEU2 vector YCplac111, carrying
its native upstream- (747 bp) and downstream (340 bp)-flank-
ing sequences and coding sequences for the His, epitope
inserted immediately before the stop codon (19). Mutant ¢if3-
HIS6 alleles encoding the desired deletions, insertions, or
substitutions (as described in Table 2) were amplified by
PCR fusion from the template plasmids listed in Table 1, and
the resulting PCR products were cloned into YCplaclll,
YEplac181, YEplac195, or low copy (Ic) LEU2 vector pRS315
(21). DNA sequences of the entire PCR-amplified regions were
verified in all novel plasmids. Plasmids for expression of yeIF4B
proteins in Escherichia coli from the T7 promoter were gener-
ated as described previously (19), and PCR products of the
appropriate fragments from the relevant yeast shuttle vectors
were inserted between the Ndel and Xmal sites of pTYB2 (New
England Biolabs) (Table 1). The tif3A strain FJZ052 was
described previously (19). The amino acids removed, inserted,
or substituted for these different yelF4B variants are listed in
Table 3. All yeast strains employed are shown in Table 4.

In Vivo Complementation Tests, Western Analysis of yelF4B
Expression, and Polysome Analysis—The hc, lIc, or sc LEU2
plasmids containing the appropriate TIF3-HIS6 alleles, or
empty vector, were transformed into tif3A strain FJZ052, and
rates of colony formation from single cells were measured by
spotting assays at 14, 18, 30, and 36 °C as described previously
(19). Western blot analysis of His,-tagged Tif3 variants was
conducted using WCEs prepared by extraction with trichloro-
acetic acid (TCA) (22) and antibodies against the His, epitope
(Invitrogen) and Ged6 (23) as described previously (19). Poly-
some profiles were determined as described previously (19).

Reagents for Biochemical Assays—40 S ribosomal subunits
were purified from YAS2488 yeast lysate as described (24, but
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TABLE 1 TABLE 1—continued
Plasmids used in this study Hf3-HISG-Arl-7, r3- FIZ672 RS315 FIZ605 PZ024/PZ186, |1p:c g
NA means not applicable, as plasmid was not constructed in this study. Sequences of R2664 P uk £ PZ187/PZ025 ud
primers will be provided upon request. 1if3-HIS6-Ar1-7, r3-204 | pFIZ576 | YEplacI81 | pFIZ605 gégi‘z‘fg%g;’ This study
- ; ) PZ024/PZ117, A
isievant G Plasmid |y, o PCR ) Sruree 1if3-HIS6-Antd, Ard-7 | pFIZ329 | YEplacI81 |pFiz223 p7114/pz02s | This study
name templates PCR Primers PZ024/PZ116,
1if3-HIS6-Antd, Ar3-7 | pFIZ325 | YEplacl81 |pFiz223 p7114/pz02s | This study
For fi 1 analysis in yeast
None YCplacl11 | Single copy vector (34) 1if3-HIS6-Antd, Ar2-7 | pFIZ322 YEplac181 |pFJZ223 gg?ig%é&g’ This study
None YEplac181 | High copy vector (34) - - —
None YEplac195 | High copy vector (34) Z{f -HISG-Ar2:7, kerich- pFIZ570 YEplac181  |pFJZ308 g;ggg;géggg’ This study
Ratie PRS3IS__ | low copy vector ey, 1if3-HIS6-Ar2-7, fld/e- PZ024/PZ280,
WT TIF3 PFIZ049 | YCplaclll | Yeast DNA | NA (19) 55 ’ pFIZS79 | YEplacl81 |pFJZ308 P28l /Props | This study
pFJZ050 YCplacl11 1if3-HIS6-Ar2-7, swdle- PZ024/PZ278.
1 g » i
5205 T PZ024/PZ027, (19) 64 pFIZ583 YEplac181  |pFJZ308 pz279/pZ02s | This study
TIF3-HISG P E PRIZO | p7025/p7026 (= i3-HIS6-Ar27, &, PZ024/PZ276
pFIZ549 PRSI315 b T:w stugy :’fh “Are/, 88 | pFIZ569 | YEplacl8l | pFIZ308 p7277/Pz02s. | This study
FIZ056 YEplac195 This stu
£ e = 1if3-HIS6-Ar2-7, p-rich- PZ024/PZ274, -
if3-HIS6-Antd pFJZ223 YEplac181 PFIZ0S0 PZ024/pz049, |(19) 44 pFIZ582 YEplacl81 | pFJZ308 PZ275/PZ025 This study
pFIZ141 | YEplac195 PZ053/PZ025 | This study 1f3-HIS6-Ar2-7, fide- | oo oo | Eotacisl | oFIZS79 PZ024/PZ3SS, [ o
PFIZ196 | YCplaclll as 44, k-rich-44 P e P PZ356/PZ025 188uay
T AT pFJZ233 | YEplacl8l PZ024/PZ057, 1if3-HIS6-Ar2-7, fldle- | wy7c10 | YEplaci8l | pFIZ579 PZ024/PZ353, | pic g
1if3-HIS6-Ar1-7 DFIZ553 PRS315 pFIZ050 PZ0S6/PZ025 [ This study 4.A' swd/e-64 p! plac p! PZ354/PZ025 is study
pFIZ151 YEplac195 This study (f3-HIS6-Ar2-7, fidfe- | \pyz612 | YEplaci8l |pFizs79 PZ024/PZ276, | pic study
A-HIS6-Actd PFIZ207 | YEplacI81 | 0 PZ024/PZ033, |(19) 44, Ag-rich PZ277/PZ025
it PFIZI25 | YEplac19s |P pZ026/PZ025 | This study Af3-HISO-Ar2-7 fide- | pi7611 | YEplacl8l | pRIZS79 PZO2APZISL, | Tyis study
O PFIZ222 | YEplacI8I_| PZ024/p2052, |(19) 44, p-rich-44 PZ352/PZ025
PFIZ140 | YEplac195 |P PZ051/PZ025 [ This study CDC33 B3351 YEplacl95 |NA NA (s)
(B-HISG-Amid, Arrm | PEIZ228 [ VEplac8L_[ oo PZ024/PZ049, |(19) DEDI B4504 YEplacl95 |NA NA (s)
: pFIZ146 YEplac195 P PZ055/PZ025 | This study For yeIF4B purification from E. coli
1if3-HIS6-Antd, Arl-7 | pFIZ237 | YEplacl81 |pFIZ186 gég?ggég;g' (19) Pr-TIF3-intein-CBD _|pTYB2-TIF3 | pTYB2 Yeast DNA_ | NA (18)
Pry-tif3-Ar4-7-intein- .
) PFIZ312__| YCplacl1l PZO24/PZINT, | pFIZ438 | pTYB2 PFIZ312 PZI78/PZ179 | This study
1if3-HIS6-Ar4-7 PFIZ050 This study CBD
PFIZ354 | YEplacl95 PZ114/PZ025 o :
PFIZI97 | YCplacl il T, i pFIZ428 | pTYB2 PFIZ197 PZI78/PZ179 | This study
1if3-HIS6-Ar3-7 PFIZ234 | YEplacl81 | pFIZ050 > | This study - —
PZ114/PZ025 Rirtif5cAr2:7-intein: FIZ4 TYB2 FIZ PZ178/PZ179 | This stud
PFIZ152__| YEplacl95 CaD pFIZ433 | p PFIZ308 8/PZ179 is study
PFIZ308 | YCplacl11 P iiAri7 7134 :
11f3-HIS6-Ar2-7 PFIZ320 [ VEplaci81 | pFiz0s0 | PAVHPZILS s sudy B np | PFIZ0T | pTYB2  |pRiZs9s | PZIT8PZIT9 | This study
PFIZ347 | YEplacl95 Prrtif3-Ar3-7, - :
e PFIZ736 | pTYB2 PFIZ329 PZI8O/PZ179 | This study
pFIZ605 YCplacl1l PZ024/PZ400. intein-CBD
1if3-HIS6-Ar1-7, R3 PFIZ680 | YEplacl81 | pFIZ196 > | This study Portif3-Ar2-7, Antd- .
LFizsts [ Yioelos PZ399/PZ025 P s pFIZ737 | pTYB2 PFIZ322 PZISO/PZ179 | This study
PFIZ606 | YCplacl 1l Prrtif3-Ar2-7, fld/e-4A- )
Hf3-HISG-Ar1-7, RS, R3 [pFIZ681 | YEplacl81 | pFize0s | po0> B398 | This study intein-CBD PFIZ739 | pTYB2 PFIZS79  [PZAT8/RZ179 | This study
pFJZ845 YEplac195 Prrotif3-Ar2-7, fldle-44, | pyrg40 | pTyB2 FIZ611 PZ178/PZ179 | This stud:
1if3-HIS6-Ar1-7, r1-34, | pFIZ598 | YCplacl 1l PZ024/PZ336, ; p-rich-4d-intein-CBD_| P P P Y
2-34 F1Z597 | YEplacisi [P 217 PZ350/PZ02s | LMis study
- 0 P identically to th ified usi hions in mRNA
) ] PFIZ596 | YCplacl11 PZ024/PZ338, - identically to those purified using sucrose cushions in m
1f3-HIS6-Ar1-7, r1-34 oo e e — pFIZ308 P7337/pross | This study . . P
D FZo06 [ Yeulell] recruitment and a variety of other assays.” Initiation factors and
f3-HIS6-Ar1-7, r3-34 gg%g :55;1‘;181 PEIZ196 }iégéiiﬁégii This study tRNA were prepared as described (18, 24), and initiator
Met . . . . .
PFIZ844 | YEplacl9s tRNA™" was methionylated using purified N-terminal His,-
) FIZ847 | YCplacl11 . . .
Hf3-HIS-Ar1-7, 1334, oo Fizeos | PZO024PZO044, | tagged E. coli methionyl-tRNA synthetase as described (25).
r3-34 P P P PZ043/PZ025 Y . . K
T e T O Capped RNA was prepared as described (18) with the following
D2614 pRIZETS | BRSSLS PRIZ60S | pz1s3pzops | ThiS study modifications. RNA (5 um RPL41A transcript) was incubated
1if3-HIS6-Ar1-7, r3- PZ024/PZ184, " . . . .
w2624 PRIZ674 | PRS3IS — |PFIZ60S | pyg5/pgzgps | This study for 5-10 min at 65 °C and placed on ice before incubating for 1 h

with the following modifications. Cells were lysed in a liquid
nitrogen mill, and lysate was resuspended in 15 ml/liter of cul-
ture of 1 X Ribo A buffer (20 mm HEPES-KOH (pH 7.4), 100 mm
KOACc (pH 7.6), 2.5 mm Mg(OAc),, 2 mm DTT) plus protease
inhibitors (Complete EDTA-free, 1 tablet/50 ml (Roche
Applied Science)) and treated with 2.5 units of Turbo DNase
(Ambion) for each 10-ml lysate by incubating for 30 min on ice
prior to clarifying the lysate for 30 min at 20,000 X g. KCI was
added to the supernatant at a final concentration of 400 mw,
and the lysate was filtered through glass fiber and 0.8-um filters
before loading onto an 8-ml CIM-QA-8f monolithic anion
exchange column (BIA Separations) pre-equilibrated in 1X
Ribo A + 400 mm KCI, which allowed large quantities of ribo-
somes to be rapidly separated from the bulk lysate using high
flow rates (10 ml/min). After washing with 25 column volumes
of loading buffer, the ribosome fraction was eluted with 10 col-
umn volumes of 50% buffer B (1X Ribo A + 900 mm KCI). The
eluted peak containing ribosomes was concentrated, puromy-
cin-treated, and loaded onto gradients for separation of sub-
units as described previously (24). Ribosomal subunits behaved
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at 37 °C in 10-30-pul reactions containing 1X capping buffer
(50 mm Tris-HCI (pH 8.0), 6 mm KCI, 1.25 mm MgCl,), 50 um
unlabeled GTP, 0.67 uM [a->*P]GTP (3000 Ci/mmol (PerkinEl-
mer Life Sciences)), 100 um S-adenosylmethionine, 2 units/ul
Ribolock RNase inhibitor (Fermentas), and 150 nm purified
vaccinia capping enzyme. Capped RNA was further purified
using the RNeasy mini kit (Qiagen).

Analysis of mRNA Recruitment by Reconstituted PICs—Ap-
parent rate constants for mRNA recruitment by reconstituted
43 S PICs were measured as a function of concentration of the
appropriate yelF4B variants or WT yelF4B, as described previ-
ously (19), except that all reactions contained 1X Recon buffer
(30 mm HEPES-KOH (pH 7.4), 100 mMm KOAc (pH 7.6), 3 mm
Mg(OAc),, 2 mm DTT), 200 nM elF2:GDPNP-Met-tRNA, ter-
nary complex (formed by preincubating excess GDPNP (for
500 uM final in total reaction volume) with eIF2 (200 nM final) in
Recon buffer for 10 min at 26 °C, followed by addition of Met-
tRNA,; (200 nM™ final) and incubation for another 5 min), 1 um

©S.E. Walker, A. M. Munoz, and J. R. Lorsch, unpublished results.
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TABLE 2
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Amino acids removed, inserted, or substituted in yelF4B variants expressed in yeast

TIF3 allele Amino acids removed ~ Amino acids inserted Amino acids substituted
TIF3-HIS6 None None None
tif3-HIS6-Ar1-7 183-352 None None
tif3-HIS6-Antd 2-86 None None
tif3-HIS6-Actd 353-436 None None
tif3-HIS6-Arrm 94-182 None None
tif3-HIS6-Antd, Ar1-7 2-86, 183-352 None None
tif3-HIS6-Ar4-7 251-352 None None
tif3-HIS6-Ar3-7 225-352 None None
tif3-HIS6-Ar2-7 205-352 None None
tif3-HIS6-Ar1-7, R3, R3 183-352 225-250, 225-250 None
tif3-HIS6-Ar1-7, R3 183-352 225-250 None
tif3-HIS6-Ar3-7, r1-3A, r2-3A 183-352 183-224 D192A, W193A, R197A, D213A, W214A, R218A
tif3-HIS6-Ar1-7, r1-3A 183-352 183-204 D192A, W193A, R197A
tif3-HIS6-Ar1-7, r3-34A, r3-3A 183-352 225-250, 225-250 D235A, W236A, R240A, D235A, W236A, R240A
tif3-HIS6-Ar1-7, r3-3A 183-352 225-250 D235A, W236A, R240A
tif3-HIS6-Ar1-7, r3-D235A 183-352 225-250 D235A
tif3-HIS6-Ar1-7, r3-W236A 183-352 225-250 W236A
tif3-HIS6-Ar1-7, r3-R240A 183-352 225-250 R240A
tif3-HIS6-Ar1-7, r3-20A 183-352 225-250 (Pro-225-Ile-234)A10, (Gly-241-Pro-250)A10
tif3-HIS6-Antd, Ard-7 2-86, 251-352 None None
tif3-HIS6-Antd, Ar3-7 2-86, 225-352 None None
tif3-HIS6-Antd, Ar2-7 2-86, 205-352 None None
tif3-HIS6-Ar2-7, k-rich-4A 205-352 None KK5-6AA, KK9-10AA
tif3-HIS6-Ar2-7, fld/e-4A 205-352 None F16A, L17A, DD19--0AA
tif3-HIS6-Ar2-7, swd/e-6A 205-352 None S25A,W26A,EE28-9AA, DD30,32AA
tif3-HIS6-Ar2-7, Ag-rich 205-352, 66—-85 None None
tif3-HIS6-Ar2-7, p-rich-A 205-352 None PPPP94,96,99-100AAAA
tif3-HIS6-Ar2-7, fld/e-4A, k-rich-4A ~ 205-352 None KK5-6AA, KK9-10AA, F16A, L17A, DD19-20AA
tif3-HIS6-Ar2-7, fld/e-4A, swd/e-6A  205-352 None F16A, L17A, DD19-20AA, S25A,W26A, EE28-9AA, DD30,32AA
tif3-HIS6-Ar2-7, fld/e-4A, Ag-rich 205-352, 66-85 None F16A, L17A, DD19-20AA
tif3-HIS6-Ar2-7, fld/e-4A, p-rich-4A ~ 205-352 None F16A, L17A, DD19-20AA, PPPP94,96,99-100AAAA

TABLE 3

Amino acids removed, inserted, or substituted in purified yelF4B proteins

yelF4B proteins Amino acids removed Amino acids inserted Amino acids substituted
WT None None None
Ar4-7 251-352 None None
Ar3-7 225-352 None None
Ar2-7 205-352 None None
Arl-7,r1-3A, r2-3A 183-352 183-224 D192A, W193A, R197A, D213A, W214A, R218A
Ar3-7, Antd 2-86, 225-352 None None
Ar2-7, Antd 2-86, 205-352 None None
Ar2-7, fld/e-4A 205-352 None F16A, L17A, DD19-20AA
Ar2-7, fld/e-4A, p-rich-4A 205-352 None F16A, L17A, DD19-20AA, PPPP94,96,99-100AAAA
TABLE 4 experiments to give the maximal fraction of mRNA bound to
S. cerevisiae strains used in this study the PIC following 30-min incubations of all components with
Source or 300 nm WT yelF4B. For measurements of elF4A K, apparent
Strain Genotype reference
rate constants were measured as for yeI[F4B at 0.1-10 um elF4A
FJZ052 MATa his3-A1 leu2-A0 met15-A0 lys2-A0 19

ura3-A0 tif3A::hisG
MATa his3 ade2 leu2 trpl ura3 tifl::HIS3 35
tif2:ADE2 [ptif1-A79V, CEN LEU2]

F1199 (pSSC120)

F1196 (CW04) MATa his3 ade2 leu2 trpl ura3 11

H4823 (EPY41)  MATa ade?2 his3 leu2 trpl ura3 pep4:HIS3 16
tif4631:leu2hisG tif4632:ura3 pEP41
[TIF4632-HA, TRPI, CEN4]

H4824 (EPY81)  MATa ade2 his3 leu2 trpl ura3 pep4:HIS3 16
tif4631::leu2hisG tif4632::ura3 pEP81
[tif4632-HA-L574F, TRP1, CEN4]

F324 (CB101) MATa cdc33 leul ura3 trpl ade8 36

F2030 (Y10029)* MATa his3-A1 leu2-A0 met15-A0 ura3-A0 37
ded1-199::KanR
MATa leu2-3,112 his4-539 trp1 ura3-52 24

cupl:LEU2/PGK1pG/MFA2pG

“The DEDI allele in this mutant was found to encode substitutions W253R and
T408I rather than those reported by Li et al. (37) (N. Sen and A. G. Hinnebusch,
unpublished observations).

YAS2488

elF1, 1 uMm elF1A, 200 nMm eIF5, 30 nm 40 S subunits, 200 nM
elF3, 50 nM elF4E-elF4G, 2 um elF4A, and 15 nm radiolabeled
capped RPL4IA mRNA. The amount of each preparation of
elF3, eIF4A, and elF4E-elF4G used was determined in titration
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as indicated (Fig. 6), and yelF4B was kept constant at the fol-
lowing concentrations, which were determined to be saturating
for mRNA recruitment at 2 um elF4A (Fig. 54): WT, 0.3 um;
Ar4-7, 0.3 um; Ar3-7, 2 um; Ar2-7, 2 uM.

RESULTS

Analysis of Sequence Conservation among the Internal Seven
Repeats in elF4B from Diverse Yeast Species—As described
above, yeIF4B can be divided into four distinct domains (Fig.
1A),an NTD, RRM, a segment of seven imperfect repeats (7-re-
peats domain), and a CTD (20). The third to sixth repeats from
the N terminus (repeats 3—6 (R3-R6)) are 26 aa in length and
nearly identical in sequence, whereas R1, R2, and R7 are 22, 20,
and 24 aa long, respectively, and lack residues found at the N or
C terminus of repeats R3—R6 (Fig. 1B). To identify the positions
in the repeat most critical for yeIF4B function, we constructed a
multiple sequence alignment of the repeats from yelF4B and its
orthologs in 10 fungal species closely related to yeast and
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FIGURE 1. Functional domains of yeast and human elF4B proteins. A, schematic of yeast and human elF4B protein functional domains. The schematic of
Homo sapiens elF4B (HS4B) was redrawn with slight modifications from Ref. 31, showing the C-terminal RNA binding domain (RNA) and a region related to the
internal repeats in yelF4B (green box with asterisk), as described under “Results.” B, conserved residues among internal repeats of fungal elF4B homologs. Upper
portion, an alignment of 60 repeats from 10 fungal yelF4B homologs (5-9 repeats each) was generated using EBI MUSCLE and submitted to WebLogo Berkeley
to generate a sequence logo, with the most conserved one or two residues at each position listed above as the consensus sequence. The stretch between Glu-7
and Ser-18 (demarcated by dotted lines), which contains the nearly invariant residues Asp-11, Trp-12, and Arg-16 that, together with residues 13-15, form a
highly conserved “Core,” is the region of highest conservation within the logo. Lower portion, alignment of the seven S. cerevisiae yelF4B repeats generated by
EBI MUSCLE, with residues matching or deviating from the consensus sequence shown in boldface or boxed, respectively. Flanking each sequence is its position
(1-7) in the repeat array (left) and the number and percentage of residues matching the consensus (right). The logo was constructed from the sequences of
yelF4B homologs from Vanderwaltozyma polyspora, Ashbya gossypii, S. cerevisiae, Kluyveromyces lactis, Lodderomyces elongisporus, Candida dubliniensis, Can-

dida albicans, Meyerozyma guilliermondii, Scheffersomyces stipitis, and Debaryomyces hansenii.

derived a graphical “logo” depicting sequence conservation at
each of the 26 residues in the set of 60 aligned repeats (Fig. 1B).
The central 12 aa at positions 7-18 are the most highly con-
served, with Asp at position 11, Trp at position 12, and Arg at
position 16 being nearly invariant. Positions 1-5 also tend to be
Arg or Pro. Comparing each of the repeats in Saccharomyces
cerevisiae elFAB to the logo reveals that they all display compa-
rable similarity to the consensus sequence within the central
12-aa segment and that (except for R3) they contain a perfect
match to the conserved core sequence of DW(G/S)(A/S)AR.
Thus, repeats R1, R2, and R7 diverge from the consensus
sequence primarily in lacking residues on the N- or C-terminal
sides of the central 12-aa segment (Fig. 1B). Based on this anal-
ysis, it seemed possible that each of the seven repeats is func-
tional and that repeats R3—R6 are more important than repeats
R1, R2, and R7 for yelF4B activity.
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Single Repeat Is Sufficient for Appreciable yelF4B Function in
Vivo—To determine the minimum number of internal repeats
required for WT yelF4B function in the presence of all other
domains (NTD, RRM, and CTD), we constructed a set of nested
internal deletions of the repeat coding sequences and tested the
resulting mutant 71F3 alleles for complementation of the slow
growth (Slg™) phenotype of a tif3A mutant. The tif3 alleles were
expressed from the native promoter on sc or hc plasmids and
encode a C-terminal His, epitope to enable quantification of
protein expression by Western analysis of WCEs. Cell suspen-
sions of transformants harboring the different plasmids were
spotted on solid medium, and growth was scored semi-quanti-
tatively (from O to 10) by determining the highest dilutions at
which colony formation occurred and the colony size at that
dilution. tif3A cells exhibit a Slg~ phenotype at all tempera-
tures, but the defect is greatest at lower temperatures (10, 11).
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As similar results were obtained at 14, 18, 30, and 37 °C (data
not shown), only the results of 14 °C complementation tests are
presented below.

In agreement with our previous findings (19), a precise inter-
nal deletion of all seven repeats destroys complementation of
the tif3A growth defect by the sc Ari-7 allele, yielding an
impairment of colony formation indistinguishable from that
displayed by transformants harboring the empty vector (Fig.
2A, sc Arl-7 versus sc W'T and vector). Western blot analysis
(Fig. 2B) showed that the £if3-ArI-7product is expressed at only
~60% of WT yelF4B-Hisg and that overexpression of this
mutant from a hc plasmid restored low level complementation
at a level of protein expression >10-fold higher than WT (Fig.
2A, Arl-7, hc versus sc) (19). Surprisingly, eliminating the
C-terminal four or five repeats in the sc constructs Ar4-7 or
Ar3-7, leaving intact only three (R1-R3) or two repeats (R1-
R2), respectively, had no effect on complementation compared
with that given by the WT allele (Fig. 24, sc constructs Ar4-7,
Ar3-7versus WT). However, eliminating repeats 2—7 to leave
only R1 intact produced an obvious decrease in complemen-
tation for the sc allele (Fig. 24, sc Ar2-7 versus WT), despite
the mutant protein being expressed at essentially the WT
level (Fig. 2B, protein levels summarized in Fig. 2A4). That
solitary R1 in the sc Ar2-7 construct is sufficient for appre-
ciable function is evident by comparing it with sc Ar-7lack-
ing all repeats, which is completely inactive (Fig. 24). In fact,
overexpressing the Ar2-7 product from an hc plasmid, to
levels ~20-fold above WT, restored full complementation of
the zif3A growth defect (Fig. 24, hc and sc Ar2-7 versus WT;
Fig. 2B). Thus repeats R1-R2 are sufficient, whereas R1
alone is inadequate, to supply WT complementation of £if3A
when the mutant proteins are expressed at WT levels, but R1
alone is sufficient for WT function when the mutant protein
is highly overexpressed.

As shown in Fig. 1B, repeats R3—R6 are more closely related
than R1, R2, and R7 to the consensus repeat logo. Hence, we
asked whether one copy of R3 would be superior to solitary R1
and confer WT function at native levels of yelF4B expression.
However, complementation by the construct with R3 alone was
almost indistinguishable from that containing R1 alone, in sc or
hc, even though the sc R3 construct was expressed at somewhat
higher levels than the corresponding construct containing sol-
itary R1 (Fig. 2, A and B, constructs Ar2-7 and R3). Likewise, an
sc construct with two tandem copies of R3 conferred a higher
(essentially WT) level of complementation than that given by
the solitary R3 construct (Fig. 2, A and B, construct R3,R3 versus
R3 and WT). These results confirm our conclusion that a single
repeat is insufficient for WT yelF4B function in vivo unless the
mutant protein is overexpressed, whereas two repeats provide
WT function at native levels of expression. They also suggest
that the residues at the ends of the 26-aa repeat that are present
in R3 but lacking in R1 contribute little to repeat function in
vivo. Finally, the fact that both 2-repeats constructs, harboring
either R1-R2 or two copies of R3, confer WT yelF4B function
suggests that the various repeats perform highly overlapping, if
not identical, roles in vivo.
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More Repeats Are Required for High Level yelF4B Function in
Vivo When the NTD Is Lacking—We showed previously (19)
that eliminating the entire 7-repeats domain had a more dra-
matic effect on yelF4B function when the mutant proteins also
lacked the NTD, abolishing the residual function of the overex-
pressed yelF4B variant, thus indicating functional overlap of
the NTD and 7-repeats domain (¢f hc Ar2-7in Fig. 24 and hc
Antd,Ar2-7 in Fig. 2C). Given our conclusion above that differ-
ent repeats are functionally redundant, we reasoned that a
greater number of repeats might be required for WT function
in the absence of the NTD. We tested this prediction by com-
bining the nested repeat deletions described above with a dele-
tion of the NTD and analyzed complementation of the tif3A
growth defect. As shown previously (19), eliminating the NTD
alone reduces complementation by the sc Antd allele, and over-
expressing the mutant protein from an hc plasmid does not
improve complementation activity (Fig. 2C, hc Antd; and data
not shown). In contrast to our finding above that one repeat is
sufficient for WT growth in the presence of all other domains
when the mutant construct is overexpressed, the absence of
only four repeats, R4 —R7, from the hc construct also lacking the
NTD (Antd,Ar4-7) evokes a marked reduction in complemen-
tation despite a higher than WT level of protein expression (Fig.
2C, cf. Antd and Antd,Ar4-7). Similar results were obtained for
the hc NTD-less construct containing only R1-R2 (Fig. 2C,
Antd,Ar3-7), and the corresponding construct with solitary R1
is almost completely defective (Fig. 2C, Antd,Ar2-7). Thus,
whereas a single repeat (R1 or R3) is sufficient for WT comple-
mentation of tif3A when the NTD is present in overexpressed
yelF4B (Fig. 24, Ar2-7 and R3), more than three repeats are
required when the NTD is absent (Fig. 2C). These results are
fully consistent with functional overlap between the NTD and
internal repeats, as well as functional redundancy among the
various repeats themselves.

Most Highly Conserved Residues in the Internal Repeats Are
Critical for yelF4B Function in Vivo—The results of our
sequence analysis in Fig. 1B identified positions 11, 12,and 16 as
the most highly conserved positions in the 26-aa repeats of
elF4B from different yeast species, and all seven repeats of S.
cerevisiae elF4B contain the conserved Asp, Trp, and Arg resi-
dues at these positions. To determine whether these residues
are important for yeIF4B function in vivo, we introduced triple
alanine substitutions of all three conserved residues in various
constructs containing only one or two repeats and tested the
mutant alleles for complementation activity in vivo. The triple
substitutions in the sc constructs harboring R1-R2 or solitary
R1 destroyed repeat function, producing levels of complemen-
tation identical to that seen in the Arl-7 construct lacking all
seven repeats (Fig. 24, Ar3-7 versus r1-3A,r2-3A and Arl-7;
Ar2-7 versus r1-3A). The same results were observed when the
triple substitutions were made in the constructs harboring sol-
itary R3 or two tandem copies of R3 (Fig. 24, R3 versus r3-3A
and Arl-7; R3,R3 versus r3-3A,r3-3A). These results indicate
that Asp-11, Trp-12, or Arg-16 are critically required for the
functions of repeats R1, R2, and R3, and probably the other four
repeats as well.

To determine whether all three highly conserved residues are
important for repeat function in vivo, we also made single ala-
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FIGURE 2. One repeat in overexpressed yelF4B is sufficient for WT cell growth, dependent on the nearly invariant residues of the core motif DWXXXR.
A, requirement of yelF4B repeats for supporting cell growth. Constructs Ar4-7, Ar3-7, Ar2-7, and Ar1-7 differ from the WT construct by precise deletions of the
indicated repeat numbers; constructs R3 and R3,R3 harbor 1 or 2 copies, respectively, of repeat 3 in place of all 7 native repeats; and constructs with “—3A” in
the allele designation harbor Ala substitutions of the nearly invariant residues of the DWXXXR motif (D192A, W193A, and R197A in r1-3A; D213A, W214A, and
R218Ain r2-3A; and D235A, W236A, and R240A in r3-3A). 10-Fold serial dilutions of transformants of tif3A strain FJZ052 bearing the indicated TIF3 alleles in hc,
sc, or Ic plasmids were spotted on SC-Leu medium and incubated at 14 °C for 7 days, and cell growth was scored from 0 (empty vector) to 10 (TIF3™). B, strains
described in A were cultured in SC-Leu medium at 14 °C to A4y, of ~1, and WCEs prepared under denaturing conditions were subjected to Western analysis
using His, and Ged6 antibodies to visualize Hisg,-tagged yelF4B and Ged6 (as loading control), respectively. Intensities of yelF4B-His, signals relative to Gcd6
were normalized to those for sc WT transformants, and mean and S.E. calculated from replicate determinations are listed under Protein level in A. na, not
applicable. G, removal of NTD increases the number of repeats required for yelF4B function in vivo. Analyses of complementation of tif3A (cell growth) and
Western analysis of yelF4B protein levels (data not shown) were conducted as in A and B. Residues deleted, inserted, or substituted in the depicted TIF3 variants
are listed in Table 2. Comp’n, complementation ability.
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FIGURE 3. All three nearly invariant residues of the DWXXXR motif are crucial for yelF4B repeat function in promoting cell growth. A, repeats labeled
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ability.

nine substitutions at positions 11, 12, or 16 in the sc construct
containing solitary repeat R3. All of these mutations appeared
to completely eliminate R3 function; however, they also low-
ered the protein level significantly below that of the starting sc
R3 construct (data not shown). Accordingly, we generated the
same mutations in an R3 allele carried on lc plasmid, from
which yelF4B expression is elevated severalfold compared with
that given by the corresponding sc construct (data not
shown), and we compared the complementation activities of
the resulting lc mutant alleles to that of the sc R3 construct.
As shown in Fig. 34, each of the single substitutions gener-
ated in the lc R3 construct essentially eliminated comple-
mentation, mimicking the sc Arl-7 construct lacking all
repeats, despite expression levels comparable with that given
by the sc R3. Thus, all three highly conserved residues in the
DWXXXR motif are critically required for the in vivo func-
tion of the internal repeat of yeIF4B.

We also examined whether the DWXXXR motif might be
sufficient for at least partial function of the repeat by altering to
Ala all 20 residues flanking the DWTAAR version of the motif
found in repeat R3 of the hc solitary R3 construct. Interestingly,
appreciable complementation activity was retained for this
construct (hc r3-20A) in comparison with both the construct
bearing Ala substitutions of only the three nearly invariant res-
idues (hc r3-3A) and that lacking all seven repeats (hc Ari-7)
(Fig. 3B). Thus, although flanking residues contribute to repeat
R3 function, all of them taken together are less important than
each of the highly conserved residues at positions 11, 12, and 16
for yeIF4B repeat function in vivo.
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Two yelF4B Internal Repeats Are Sufficient for Wild-type
Translation Initiation in Vivo—Results above indicated that
repeats R1-R2 are sufficient, whereas solitary R1 is inadequate,
in sc constructs containing all other yeIF4B domains to provide
WT complementation of the growth defect of the #if3A mutant
(Fig. 2A). We wished to demonstrate that complementation
of the growth defect by these constructs was mirrored by
their ability to stimulate the rate of translation initiation and
promote polyribosome assembly in vivo. As shown previ-
ously (19), and in agreement with the complementation data,
elimination of all seven repeats in the sc Ari-7 construct
provokes a strong reduction in polysome abundance and a
commensurate increase in the level of 80 S monosomes (Fig.
4, A versus D and summarized in G, Arl-7 versus WT). In
agreement with the complementation data, removing four or
five repeats to leave only R1-R3 or R1-R2 intact, respec-
tively, had no effect on the P/M ratio (Fig. 4, A, B, and G, WT
versus Ar3-7 and Ar4-7), whereas removing six repeats and
leaving only R1 intact in the sc construct produced a marked
reduction in the P/M ratio (Fig. 4, A, C and G; WT versus
Ar2-7). Similarly, the sc R3,R3 construct, containing tandem
copies of R3, conferred a WT contribution of yeIF4B to the
P/M ratio, consistent with its strong complementation activ-
ity, whereas the derivative of this construct with —3A muta-
tions in both repeats (r3-34,r3-3A) supported P/M ratios
nearly indistinguishable from that given by deleting all seven
repeats in the sc ArI-7 construct (Fig. 4G). These findings
indicate that just two internal repeats, and the highly con-
served residues at positions 11, 12, and 16 in each repeat, are
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FIGURE 4. Two repeats harboring the DWXXXR motif are essential for WT

translation initiation in vivo. A-F, polysome profiles of tif3A transformants

harboring selected sc TIF3 alleles. The indicated strains from Fig. 2A were cultured in SC-Leu at 30 °C to A4y, of ~1, with cycloheximide added prior to
harvesting. WCEs were separated by sucrose density gradient centrifugation and scanned at 254 nm. Mean P/M ratios and S.E. from multiple replicates are

given. G, P/M ratios for each strain were determined as in A-F. The mean P/M rati

o for vector transformants was subtracted from the mean P/M ratios for mutant

or WT transformants, and the resulting values were normalized to that obtained for WT to yield yelF4B-dependent P/M ratios. Protein levels and complemen-

tation ability (Comp’n) from Fig. 2A are included for comparison. Residues dele

required for a WT contribution of yeIF4B to bulk translation
initiation in vivo.

One or Two Internal Repeats Support Appreciable but Not
Wild-type yelF4B Function in Promoting mRNA Recruitment to
the PIC in Vitro—We previously demonstrated that yelF4B
accelerates and stabilizes mRNA binding to reconstituted PICs
in vitro. This reaction is monitored using radiolabeled, capped
RPL41A mRNA, which migrates more slowly in native gel elec-
trophoresis when bound to PICs than does free mRNA or
mRNPs, enabling measurement of both the kinetics and end
points of mRNA recruitment (18). Plotting the apparent rate
constants of mRNA recruitment as a function of yeIF4B con-
centration and fitting the data with a hyperbolic binding equa-
tion gives two parameters that can be compared as follows:
Kmaw the maximal apparent rate constant of mRNA recruit-
ment for each variant at the concentration of preinitiation com-
plexes used (30 nm), and K, the concentration of each variant
that produces a rate constant that is one-half the k. (19). The
Ky, value is a measure of the apparent affinity of productive
interaction of the varied factor with its other key binding part-
ners in the system.

We recently showed that deletion of internal repeats 1-7
from yelF4B dramatically increased the Ky, value for mRNA
recruitment to the PIC relative to that observed with the WT
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ted, inserted, or substituted in the depicted TIF3 variants are listed in Table 2.

factor, indicating that the internal repeats domain promotes
productive interaction of yelF4B with the translation initiation
machinery. To determine the number of repeats required for a
WT level of yeIlF4B function, we measured k., and K, values
for mRNA recruitment to the PIC in the presence of WT
yelF4B or yelF4B containing 1-3 internal repeats (Fig. 54). In
agreement with our iz vivo results above (Fig. 24), yelF4B har-
boring only the three repeats, R1-R3, provides a nearly WT
level of function in this assay (Fig. 54; Ar4-7 versus WT), with
kinetic parameters (k.. = 0.16 min~ ' and K, = 35 nm) only
marginally different from those observed for WT yelF4B
(ko = 0.20 min ', Ky, = 39 nm; Table 5). However, whereas
yelF4B containing only repeats R1-R2 (Ar3-7) conferred essen-
tially WT function in vivo, in vitro this 2-repeats variant (Fig.
5A) showed an ~5-fold reduction in &, (0.04 min~"') and an
~4-fold increase in Ky, (160 nm) compared with the WT pro-
tein (Table 5). Likewise, the 1-repeat variant containing only R1
(Ar2-7) showed the same marked defect in rate of mRNA
recruitment (k.. = 0.04 min~'), and an even more pro-
nounced ~12-fold defect in Ky, (450 nm) compared with WT
(Fig. 5A and Table 5, Ar2-7 versus WT). These data indicate that
three or more repeats are needed for robust interaction of
yelF4B with the PIC to promote rapid rates of mRNA recruit-
ment at relatively low yelF4B concentrations. However, the 1-
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FIGURE 5. NTD and conserved motifs within the seven repeats have overlapping functions in promoting mRNA recruitment to the preinitiation
complexin vitro. The fraction of mRNA bound to the PIC was determined following incubation of 43 S PICs with elF3, elF4F, and varying concentrations of WT
yelF4B or yelF4B variants as indicated and radiolabeled, capped mRNA (yeast RPL41A transcript) to determine the apparent rate of mRNA recruitment. These
apparent rates were plotted versus concentration of the yelF4B variant and fit with a hyperbolic equation to derive k,,,.,, the maximal rate of mRNA recruitment
at this concentration of PIC (30 nm), and K., the concentration of yelF4B variant required for half-maximal rate of mRNA recruitment. A, just one or two
repeats is sufficient for appreciable function, whereas three repeats confer nearly WT yelF4B activity in vitro. Apparent rates were compared for the
indicated concentrations of WT (black circles) or yelF4B containing three (red inverted triangles), two (orange squares), or one (green triangles) repeats. B
and C, NTD overlaps functionally with the 7-repeats domain. Apparent rates were compared at different concentrations of yelF4B lacking the NTD and
containing two repeats (B, cyan squares) or 1 repeat (C, blue triangles). D, conserved Asp, Trp, and Arg residues promote yelF4B interaction with the PIC.
The apparent rates of mRNA recruitment were compared for yelF4B containing repeats R1-R2 or repeats R1-R2 with the conserved Asp, Trp, and Arg
residues in each remaining repeat mutated to Ala (r1-3A, r2-3A, pink squares). Residues deleted, inserted, or substituted in purified yelF4B proteins are
listed in Table 3.

TABLE 5

In vitro parameters for yelF4B stimulation of mRNA recruitment to the
translation preinitiation complex

NS means no stimulation; these proteins did not promote the rate or extent of
mRNA recruitment beyond that observed in the absence of yelF4B. Values are
means of at least three experiments * average deviation. The concentration of
elF4A used in these experiments was 2 uM.

elF4B titration
yelF4B variant Ky, Kax
nm min-1
WwWT 39 +5.2 0.20 £ 0.02
Ar4-7 35+8.2 0.16 = 0.02
Ar3-7 160 = 16 0.04 = 0.01
r1-3A,r2-3A >5,000 0.05 £ 0.02
Antd,Ar3-7 >10,000 0.04 = 0.02
Ar2-7 450 *+ 140 0.04 = 0.01
fld/e-4A,Ar2-7 >10,000 0.16 £ 0.09
fld/e-4A,p-rich-4A,Ar2-7 NS NS
Antd,Ar2-7 NS NS

and 2-repeats variants still confer substantial activity, promot-
ing a rate of recruitment 4-fold above the value seen in the
absence of yelF4B (0.01 min~ ') when they are present at ele-
vated concentrations (Fig. 54).

NTD and Core DWR Sequence of the Repeats Have Overlap-
ping Functions in Promoting yelF4B Interaction with the PIC for
Efficient mRNA Recruitment in Vitro—We next determined the
effect of deleting the NTD from these constructs. As noted
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above, elimination of all but two repeats allowed considerable
activity by otherwise intact yeIF4B (Table 5; Ar3-7, Ki, = 160
nMm, k... = 0.04 min~!); however, deletion of the NTD from
this 2-repeats variant evoked a dramatic increase in K, for
mRNA recruitment to a value of >10,000 nm with essentially no
change in maximal rate (k.. = 0.05 min~"') (Fig. 5B and Table
5, Antd,Ar3-7 versus Ar3-7). Moreover, whereas the construct
containing only R1 and an intact NTD (Ar2-7) displays a k..
(0.04 min~ ", which is ~5-fold higher than that observed with
no yelF4B (k,,, = 0.01 min~; Fig. 54), and only an ~10-fold
defect in Ky, relative to WT yelF4B (Table 5), removing the
NTD from this construct abolished the ability to enhance
mRNA recruitment even at very high concentrations of the
mutant protein (up to 10 um) (Fig. 5C and Table 5, Antd,Ar2-7
versus Ar2-7). These data indicate that this mutant cannot
interact productively with the PIC. These last findings demon-
strate that the NTD is essential for the residual function dis-
played by the 1-repeat yeIlF4B variant and is also required for
high apparent affinity interaction of the 2-repeats variant with
the PIC. By contrast, we showed previously that the NTD could
be removed from otherwise intact yeIF4B with only a modest
effect on the rate (reductionin k., of ~60%) and no increase in
the K, values for mRNA recruitment (19). These findings dem-

onstrate that the NTD shares overlapping function with the
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first two repeats of yeIF4B in stimulating mRNA recruitment to
the PIC in vitro.

Next, we wished to evaluate the importance of the conserved
Asp, Trp, and Arg residues of the core repeat sequence in pro-
moting mRNA recruitment. To do so, we substituted all three
residues with Ala in each of the two remaining repeats (R1-R2)
of the Ar3-7 construct (Fig. 5D). Substitution of this DWR motif
in the 2-repeats construct dramatically increased the Ky, from
160 to >5000 nm but did not affect k. (Fig. 5D and Table 5,
Ar3-7 versus r1-3A,r2—-3A), indicating that these residues are
critical for the ability of repeats R1-R2 to promote productive
interaction of yeIF4B with the PIC. Together, these in vitro data
indicate that the core DWR sequence of the repeats and the
NTD of yelF4B share overlapping functions in promoting inter-
action of yelF4B with the PIC to allow rapid and efficient
mRNA recruitment.

It is interesting that the Arl-7 construct lacking all seven
repeats produced a nearly WT maximal rate in this assay
(k... =0.28 min~!; Ref. 19 and data not shown) that is consid-

max

erably higher than the maximal rates determined here (k,,,, =
0.04—0.05 min~ ', see Table 5) for the 1- and 2-repeats con-
structs (Ar2-7 and Ar3-7) and also the 2-repeats construct
harboring substituted DWR motifs (r1-3A,r2-3A). However,
the no-repeat construct and also the r1-3A,r2-3A construct
containing two repeats with substituted DWR motifs both
exhibit K, values in the micromolar range, of 1200 and >5000
nm, respectively (Table 5) (19). Considering that the NTD is
essential for the residual function of these variants (Table 5)
(19), a potential explanation for these findings is that the
presence of one or two repeats (even nonfunctional repeats
with substituted DWR motifs) inhibits the overlapping NTD
function, so deleting all of the repeats allows for a higher rate
of mRNA recruitment, but only at very high yelF4B
concentrations.

NTD and 7-Repeats Domain Are Required for the Ability of
Overexpressed yelF4B to Suppress Growth Defects Conferred by
Mutations in elF4F Components—It was shown previously that
overexpressing W'T yelF4B mitigates the temperature-sensitive
(Ts™) growth defect conferred by the tif1-A 79V allele, encoding
the elF4A-A79V variant, in a strain lacking the functionally
redundant isoform of eIlF4A encoded by TIF2 (11). More
recently, we showed that yelF4B overexpression similarly sup-
presses mutations in e[F4G1 and e[F4G2 that impair their phys-
icalinteractions with eIF4A (in cells containing only that eIF4G
isoform), restoring elF4G-el[F4A complex formation in vivo
(16). These and other genetic findings (10) indicate that yeIF4B
promotes elF4F function in yeast cells.

In addition to the in vivo evidence for interaction between
yelF4B and elF4F, we previously reported a functional interac-
tion between yelF4B and eIF4A in vitro (19). We measured the
apparent rates of mRNA recruitment to the PIC in our recon-
stituted yeast system at various concentrations of e[F4A in the
presence or absence of WT yelF4B or variants lacking the NTD,
RRM, or 7-repeats domain to determine how the apparent
affinity of eIF4A for the initiation machinery is affected by
yelF4B. Our results indicated that yelF4B is critical for e[F4A
interaction with the initiation machinery, as yeIF4B omission
resulted in a >40-fold increase in the K, value of eIF4A for
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mRNA recruitment to the PIC. Both the NTD and 7-repeats
domains were found to be important for this functional inter-
action of yelF4B and elF4A that promotes rapid and stable
mRNA recruitment to the PIC, whereas the RRM was found to
be dispensable (19).

To determine which domains of yelF4B are required for its
ability to rescue e[F4A-A79V function in vivo, we tested various
hc TIF3 alleles for the ability to suppress the temperature-sen-
sitive growth (Ts™) phenotype conferred by the tifI-A79V
allele. As expected from previous findings (11, 16), overexpress-
ing full-length yelF4B from an hc TIF3 plasmid mitigates the
Slg™ phenotype and restores growth at 36 °C of a tifIA tif2A
strain containing episomal tifI-A79V as the only source of
elF4A (Fig. 6A, left). Examining other hc TIF3 alleles revealed
that this suppression requires the seven repeats and NTD,
whereas the RRM and CTD are dispensable for this activity of
overexpressed yelF4B (Fig. 6B). These findings are in agree-
ment with our previous observations summarized above that
the NTD and seven repeats are critical for promoting elF4A
activity in vitro (19). Interestingly, the hc TIF3 alleles lacking
the NTD or both NTD and RRM conferred a dominant-nega-
tive effect, strongly impairing growth of the tifI-A79V strain
even at a temperature (30 °C) where it normally displays only a
moderate Slg™ phenotype (Fig. 6B, cf. last three constructs for
36 °C; data not shown for 30 °C).

We obtained highly similar results for a tif4631A tif4632A
strain harboring episomal tif4632-L574F as the only source of
elF4G (Fig. 6, A and B). The eIF4G2 mutant encoded by tif4632-
L574F is defective for association with elF4A in a manner res-
cued by overexpressing WT yelF4B (16). Overexpressing the
Arrm variant, but not Arl-7 or Antd, rescued growth of
the tif4632-L574F mutant at 36 °C, whereas overexpressing the
Antd and Antd,Arrm variants exacerbated the growth defect.
Furthermore, overexpressing WT yelF4B, but not the Arl-7
mutant, improved the growth of a cdc33-1 mutant, expressing a
thermolabile form of e[F4E (26) at the semi-permissive temper-
ature of 31.5 °C where it confers a strong Slg™ phenotype (Fig.
6D). The dominant-negative effect of the hc #if3-Antd allele was
again observed, as viable transformants of the cdc33-1 strain
were not recovered using this T/F3 construct. In contrast to
these findings, overexpressing either WT yelF4B or the Antd or
Ar1-7 variants exacerbated, rather than suppressed, the Slg™
phenotype conferred by the ded1-W253R, T408I allele at 36 °C
(Fig. 6E). Ded1 is another DEAD-box helicase implicated in
promoting translation initiation in yeast cells (27).

Interestingly, we found that the hc tif3-Ar4-7 construct,
encoding yelF4B-harboring repeats R1-R3, conferred less
complete suppression of the Ts™ phenotype of tif1-A79V than
did he WT TIF3 (Fig. 6C). As might be expected, overexpress-
ing yeIF4B variants containing only one or two repeats, includ-
ing those harboring solitary R1, R1-R2, or one or two copies of
R3, were even less effective than the R1-R3 construct in sup-
pressing tifI-A79V (Fig. 6C). Thus, to compensate for a defect
in elF4A function by overexpressing yelF4B, a greater number
of internal repeats (more than three) is required than is needed
to provide WT yelF4B function in otherwise WT cells, where
only one repeat is required in overexpressed yelF4B (Fig. 24).
The DWXXXR motif is essential for the ability of overexpressed
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FIGURE 6. Domains required in overexpressed yelF4B for suppressing the growth defects conferred by mutations in elF4F subunits. A and B, seven
repeatsand NTD are required for suppressing the growth defects of tif1-A79V and tif4632-L574F Ts~ mutants. A, serial dilutions of transformants of strains F1196
and F1199 (left) and H4823 and H4824 (right) of the indicated relevant genotypes harboring hc TIF3 or empty vector were spotted on SC-Leu, —Ura (for F1196
and F1199 transformants), or SC-trp, —Leu (for H4823 and H4824 transformants) medium and incubated at 30 °C for 2 days or 36 °C for 3 days. B, serial dilutions
of transformants of strains F1199 (left) and H4824 (right) harboring the indicated hc TIF3 alleles were spotted on SC-Leu, —Ura (for F1199 transformants) or
SC-Trp, —Leu (for H4824 transformants) medium and incubated at 36 °C for 3 days. C, more than three repeats and the DWXXXR motif are required to suppress
the growth defects of tif1-A79V and tif46312-L574F Ts~ mutants. Conducted as in B using the indicated hc TIF3 constructs. D, 7-repeats domain is required for
suppression of the growth defect of a cdc33-7 Ts~ mutant by hc TIF3. Conducted as in A using strain F324 and the indicated hc plasmids but incubating on
SC-Ura medium. E, hc TIF3 alleles exacerbate the growth defect of a ded1-W253R/T408! mutant. Conducted as in A using strain F2030 and the indicated hc
plasmids but incubating on SC-Ura medium for 2 days at 30 °C or 5 days at 36 °C. F, yelF4B internal repeats promote functional interaction of elF4A with the PIC.
The fraction of RPL41A mRNA bound to the PIC over time was measured by native gel electrophoresis at the indicated concentrations of elF4A in the presence
of yelF4B containing 1 (Ar2-7, green triangles, 2 um), 2 (Ar3-7, orange squares, 2 um), 3 (Ar4-7, red inverted triangles, 0.3 um), or 7 (WT, black circles, 0.3 um) internal
repeats. Apparent rate constants, derived from single exponential fits of fraction bound versus time plots, were plotted versus elF4A concentration and fit with
a hyperbolic equation to determine k., the maximal rate achieved at this concentration of complexes (30 nm PIC), and K, the concentration of elF4A
required to achieve the half-maximal rate. Yeast strains in A-E are listed in Table 4.

yelF4B to compensate for the eI[F4A-A79V defect as alanine of elF4A, elF4G, and eIF4E mutants might be explained by pro-
substitutions of the conserved residues in constructs encoding  posing that the yelF4B variant lacking only the NTD competes
one or two copies of repeat R3 abolished suppression of the for WT yelF4B in associating with eIF4F or the PIC and that the
tifI-A79V Ts™ phenotype (Fig. 6C). absence of the NTD exacerbates defects in other eIF4F compo-

The foregoing genetic results indicate that overexpressing nents, whereas the variant lacking the seven repeats cannot
yelF4B specifically rescues a function carried out in vivoby each  compete with WT yeIF4B. In this view, the NTD is an “effector”
of the components of eIlF4F, but not by Dedl, in a manner domain that enhances eIF4F function, whereas the seven
requiring the NTD and three or more internal repeats of repeatsare crucial for interaction of yeIF4B with eIF4F, the PIC,
yelF4B. The exacerbating effects of hc tif3-Antd on the growth  or mRNA. The notion that the NTD promotes eIlF4F function is
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TABLE 6

In vitro parameters for elF4A stimulation of mRNA recruitment to the
translation preinitiation complex

Values are reported * average deviation of three or more experiments. The con-
centration of each elF4B variant used (WT, 0.3 uM; Ard-7, 0.3 uM; Ar3-7, 2 uMm;
Ar2-7,2 uM) was saturating with respect to the rate of mRNA recruitment at 2 um
elF4A.

elF4A titration
yelF4B variant Ky, Kppax
nm min-1
wWT 1.0 +0.23 0.35 = 0.08
Ar4-7 1.8 +0.17 0.26 = 0.03
Ar3-7 24 *0.74 0.13 = 0.03
Ar2-7 2.8 £0.90 0.11 = 0.05

consistent with our finding that more than three repeats are
required both for complementation of £if3A by an sc TIF3 allele
lacking the NTD (Fig. 2C) and for suppression of tifI-A79V by
hc TIF3 (Fig. 6C), because both mutations compromise elF4A
activity and impose a requirement for a greater number of
repeats.

Three Internal Repeats in yelF4B Are Required to Promote
Nearly Wild-type eIF4A Activity in Vitro—The above genetic
results suggested that more than three internal repeats in
yelF4B are required for its ability to effectively promote eIF4A/
elF4F function. To test the validity of this interpretation, we
compared the effects of having different numbers of internal
repeats in yelF4B on the elF4A concentration dependence of
mRNA recruitment to the PIC (Fig. 6F and Table 6). We found
that in the presence of the Ar4-7 variant containing three
repeats (R1-R3), a nearly WT rate of mRNA recruitment could
be achieved at a saturating concentration of e[F4A (Ar4-7,
ko = 0.26 min~'; WT, k.. = 0.35 min~ ') with a modest
change in the concentration dependence of elF4A (K, = 1.8
uM) compared with WT yelF4B (K, = 1.0 um). In the presence
of the yelF4B variants with two repeats (R1-R2) or solitary R1,
there were somewhat larger defects in both the K, of e[F4A
(Ar3-7, Ky, = 2.4 um; Ar2-7, Ky, = 2.8 um) and k., for mRNA

recruitment (Ar3-7, k... = 0.13 min™'; Ar2-7, k... = 0.11

min~'; Fig. 6F and Table 6). These data indicate that more than
three repeats are needed to achieve a fully WT enhancement of
elF4A function and that three repeats promote elF4A activity
more effectively than do one or two repeats. The effects of the
repeat deletions on the Ky, for e[F4A indicate that the first three
repeats promote the ability of eIF4B to productively interact
with eIF4A. Moreover, the diminished &, ,, values, which are
measured at saturating concentrations of eIF4A, indicate that
the first three repeats also affect the intrinsic ability of e[F4B to
promote mRNA recruitment to the PIC in addition to enhanc-
ing productive interaction with eIF4A.

It should be noted that the concentration of eIF4A required
for the maximal rate is somewhat higher for the 1-, 2-, and
3-repeats yelF4B variants than the concentration of e[F4A (2
um) that was included for the yelF4B Ki, measurements
described above in Fig. 5 and Table 5. Accordingly, the
decreases in rates measured for these yeIlF4B variants that are
defective in promoting eIF4A activity are a combination of an
~3-fold defect in ability to promote mRNA recruitment at sat-
urating concentrations of eIF4A (k.. values in Table 6) and

max

2-3-fold increases in the Ky, for e[F4A (Table 6). As the Ky, for
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elF4A in the absence of yelF4B is >15 um (19), the variant
containing only a single repeat clearly confers substantial stim-
ulation of eIF4A function in this assay. As discussed further
below, combining these results with the fact that the elF4A
concentration in yeast cells (~50 um (28)) is much higher than
the concentration used in our in vitro experiments helps to
explain why variants containing only one or two repeats pro-
vided strong complementation of the tif3A mutation in vivo,
while exhibiting substantial kinetic defects in vitro (Table 5).

Identification of Critical Sequence Elements in the yelF4B
NTD—1In an effort to uncover the critical sequence elements in
the yelF4B NTD, we constructed a sequence logo for this
domain from the multiple alignments described above of
yelF4B sequences from different yeast species. The resulting
logo revealed four highly conserved motifs, designated on the
basis of their most prominent conserved residues as K-rich
(Lys-rich), FL(D/E) (Phe, Leu, acidic), SW(D/E) (Ser, Trp,
acidic), and P-rich (Pro-rich), plus a less conserved, Gly-rich
stretch designated G-rich (Fig. 7A). To examine the importance
of these motifs for NTD function, we substituted the prominent
conserved amino acids in the K-rich, FL(D/E), SW(D/E), or
P-rich segments or deleted the entire G-rich element in the hc
Ar2-7 construct. (The exact residues substituted in each case
are listed in Table 2.) The NTD mutations were generated in the
hc Ar2-7 construct based on the results above (Fig. 2C) indicat-
ing that eliminating the NTD produces the greatest reduction
in yelF4B function in the context of solitary R1, because of
functional overlap between the NTD and the 7-repeats domain.

Asshown in Fig. 7B, only the Ala substitutions of the FL(D/E)
element (fld/e-4A) produced a marked reduction in comple-
mentation of the £if3A growth defect, with relatively smaller
decreases for the other four mutations, compared with the
parental construct hc Ar2-7 (Fig. 7B). Because the hc fld/e-4A
Ar2-7 allele confers substantially greater complementation
compared with the hc Antd, Ar2-7 construct lacking the entire
NTD, we then combined the fld/e-4A mutation with each of the
other four NTD mutations and repeated the complementation
analysis. Interestingly, only the substitution of the Pro-rich seg-
ment reduced the complementation activity when combined
with substitution of the FL(D/E) element, and this combination
of substitutions was indistinguishable from deletion of the
entire NTD (Fig. 7C). These findings identify the FL(D/E) and
P-rich segments as the most critical sequence elements in the
NTD in vivo and show that each element can provide partial
NTD function in the absence of the other one.

To gain further understanding of the function of these ele-
ments in the NTD, we purified derivatives of the single-repeat
protein (Ar2-7) harboring the two NTD substitutions that were
most detrimental to function in vivo, and we tested the effects of
these mutations in our in vitro reconstituted system for mRNA
recruitment, as described above. Introducing the fld/e-4A sub-
stitution evoked a >10-fold increase in Ky, relative to the anal-
ogous protein with an intact NTD (Fig. 7D and Table 5; fl(d/e)-
4A,Ar2-7, Ky, >10,000 nm versus Ar2-7, Ky, = 450 nm),
indicating that mutation of the FL(D/E) motif impairs yeIlF4B
interaction with components of the PIC. Surprisingly, intro-
duction of the fld/e-4A substitution also increased the extrap-
olated k. by ~3-fold (Fig. 7D and Table 5; fl(d/e)-4A,Ar2-7,

max
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FIGURE 7. Identification of functional motifs in the yelF4B NTD. A, conserved motifs in the NTDs of fungal elF4Bs. Sequence logos were generated for
the NTDs of fungal elF4B as described in Fig. 1B using NTD sequences from 14 fungal elF4B proteins. Five conserved motifs were identified and
designated by the labels shown above. B, FLD/E is the most critical motif identified in the yelF4B NTD. Constructs k-rich-4A, fld/e-4A, swd/e-6A, and
p-rich-4A are derivatives of hc Ar2-7 harboring Ala substitutions of residues indicated in Table 3, whereas Ag-rich harbors a deletion of residues 66 - 85.
C, FL(D/E) and P-rich NTD motifs have partially overlapping functions in promoting cell growth. Analyses of complementation of tif3A (cell growth) and
Western analysis of yelF4B protein levels (data not shown) were conducted for B and C as described in Fig. 2, A and B. Residues deleted or substituted
in the depicted TIF3 variants are listed in Table 2. D, conserved motifs in the NTD promote yelF4B interaction with the PIC. Apparent rate constants for
mRNA recruitment to the PIC were measured and plotted as described in Fig. 5 at the indicated concentrations of R1-containing yelF4B variants as
follows: Ar2-7, green triangles; fl(d/e)-4A,Ar2-7, gray triangles; AntdAr2-7, blue triangles; fl(d/e)-4A,p-rich-4A,Ar2-7, yellow triangles. Residues deleted or
substituted in purified yelF4B proteins are listed in Table 3.

Konax = 0.16 versus Ar2-7, k... = 0.04). Similar to our sugges- The fl(d/e)-4A,Ar2-7 variant just described, although

tion above that the presence of only one or two repeats can
inhibit the overlapping function of the NTD, perhaps the NTD
can also restrict the overlapping function of solitary repeat R1,
and mutating the FL(D/E) motif of the NTD relieves this inhib-
itory effect.
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strongly impaired, displays appreciable yeIF4B function com-
pared with the Ar2-7 variant lacking the NTD entirely, which
shows no detectable stimulation of mRNA recruitment (Fig. 7D
and Table 5; fl(d/e)-4A,Ar2-7 versus Antd,Ar2-7). This implies
that the NTD lacking the FL(D/E) motif retains residual func-
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tion, consistent with the ability of this mutant to partially sup-
press the growth defect of the tif3A strain. By contrast, the
combination of fld/e-4A and p-rich-4A substitutions made in
the Ar2-7 variant abolished the stimulation of mRNA recruit-
ment at all concentrations of the mutant protein tested (Fig. 7D
and Table 5; fl(d/e)-4A,p-rich-4A,Ar2-7), thus indicating com-
plete inactivation of NTD function. These findings are in
accordance with the additive effects of the FL(D/E) and P-rich
motif substitutions on NTD function in vivo (Fig. 7C).

DISCUSSION

In this study, we have determined the minimum number
of internal repeats needed in yelF4B to provide a WT level of
translation initiation in vivo at native or elevated levels of
yelF4B expression, and to compensate for mutations in elF4A,
elF4G, or elF4E when yelF4B is being overexpressed in yeast
cells. We found that only two repeats, either the R1-R2 combi-
nation or two copies of R3, are sufficient for full complementa-
tion of the cell growth and polysome assembly defects in £if3A
mutant cells when the yelF4B variants are expressed from sc
alleles at roughly WT levels of expression. Surprisingly, a single
repeat (R1 or R3) was sufficient to rescue WT cell growth when
the yelF4B proteins were overexpressed by ~20-fold. It is note-
worthy that R1-R2 are somewhat degenerate in lacking certain
highly conserved residues flanking the nearly invariant core
region, whereas R3 is a “perfect” repeat (Fig. 1B). Thus, despite
their sequence differences, the perfect and imperfect repeats
appear to be functionally interchangeable in vivo rather than
being dedicated to distinct functions. The fact that a single
repeat is sufficient at high expression levels of yeIF4B might
seem incompatible with a scenario in which different function-
ally interchangeable repeats cooperate to mediate multiple
simultaneous interactions with elF4F or the PIC. However,
given the functional overlap between the NTD and repeats, it is
possible that when the 1-repeat variants of yelF4B are overex-
pressed, binding to the PIC is mediated by the NTD, and the
single repeat executes another function in mRNA recruitment,
such as interacting with e[F4F or mRNA.

We demonstrated that a larger number of repeats is required
to supply a WT level of yelF4B function in vivo when the NTD
is absent and when overexpression of yelF4B is employed to
compensate for the reduced activity of the elF4A-A79V
mutant, as well as the elF4G2-L574F variant that impairs eIF4A
activity by reducing elF4G2-elF4A association (16). We also
obtained strong genetic evidence that the yeI[F4B NTD func-
tions in parallel with eIF4A (and other components of eIF4F), as
overexpressing yelF4B variants lacking the NTD greatly exac-
erbate the growth defects conferred by elF4A-A79V, elF4G2-
L574F, and the cdc33-1 mutation (impairing eIF4E stability),
but otherwise it has little effect on the growth of WT cells or of
a dedl Ts™ mutant. In fact, overexpression of WT yelF4B
reduces, rather than enhances, the growth of the dedl mutant
at the nonpermissive temperature. Results very similar to those
for the dedl mutant were obtained when WT yelF4B or the
NTD-less variant was overexpressed in an e[F3a mutant with a
Slg-phenotype (£if32-box6) (29) (data not shown), indicating
that excess yelF4B specifically rescues defects in components of
elF4F.
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The synthetic-sick/lethal interaction observed on overex-
pressing the NTD-less version of yelF4B in eIF4F mutants can
be explained by proposing that the yeIF4B NTD normally stim-
ulates elF4F activity or promotes an elF4F-dependent step of
initiation, so replacing WT yelF4B by the NTD-less variant in
initiation complexes reduces eIF4F activity or impairs the same
step of initiation stimulated by eIF4F. Considering the absence
of analogous genetic interactions between the high copy T7F3
or tif3-Antd alleles and the dedl mutation, and also published
evidence that Dedl (but not eIlF4A or yelF4B) is crucial for
processive scanning through an exceptionally long 5"UTR of a
reporter mRNA (30), a potential explanation for these results is
that overexpressed yelF4B primarily stimulates the function of
elF4F in promoting 43 S attachment to mRNA 5’ ends versus
subsequent scanning of the 5'UTR, and this particular activity
of eIF4F is impaired by overexpressing the dominant-negative
NTD-less yelF4B variant. Our finding that more than three
repeats are needed to provide WT 7-repeats domain function in
situations where elF4F activity is reduced (absence of yeIlF4B
NTD or in rescuing elF4A/elF4G mutants) implies that the
repeats function in concert to enhance elF4F’s role in PIC
attachment to mRNA.

This conclusion is fully consistent with our analysis of the
biochemical activities of different yeIF4B variants in the recon-
stituted yeast system. The in vitro analysis of yelF4B mutants
lacking different numbers of internal repeats confirmed that
appreciable recruitment of RPL4IA mRNA to the PIC is
observed with only a single repeat (R1) present in the Ar2-7
variant but that very high concentrations of this 1-repeat pro-
tein are needed for function. We also found that the 2-repeats
(R1-R2) variant Ar2-7 was relatively less defective in its inter-
action with the initiation machinery in the in vitro assay, as
indicated by an ~3-fold decrease in K, relative to the 1-repeat
variant (Table 5). These findings are consistent with our in vivo
observations as follows: (i) greater complementation of the
tif3A Slg™ phenotype was conferred by the repeats R1-R2 ver-
sus solitary R1 when the yelF4B variants were expressed at
roughly native levels from sc plasmids, and (ii) the solitary R1
variant must be overexpressed to achieve WT complementa-
tion. Presumably overexpression of the solitary R1 variant in
vivo compensates for its elevated K, to achieve the same level of
complementation conferred by the 2-repeats variant. However,
the fact that the k., for both the R1 and R1-R2 variants is
5-fold below the level observed with WT yelF4B (Table 5)
makes it unclear how a WT level of complementation can be
achieved with these constructs in vivo.

One factor mitigating this conundrum is that the eIF4A con-
centration employed when measuring the K, values for yelF4B
variants (2 um; Table 5) is subsaturating for variants with a
defect in recruiting eIF4A to the PIC or mRNA. When elF4A
concentrations were increased to determine the nature of these
effects (Fig. 6F and Table 6), the rates of mRNA recruitment for
the R1 and R1-R2 variants increased to within a factor of ~3 of
the value measured for WT yelF4B and were nearly indistin-
guishable from one another (Table 6). As noted above, this
ameliorating effect of elevated elF4A concentration is expected
to operate at the in vivo concentration estimated for eIF4A of
~50 um. To account for the complete complementation of

A=V N

VOLUME 289-NUMBER 3-JANUARY 17,2014



tif3A afforded by the (overexpressed) R1 and R1-R2 variants, it
could be proposed that their predicted ~3-fold reductions in
mRNA recruitment at physiological eIF4A concentrations does
not reduce the overall rate of bulk translation because
another step in the initiation pathway is rate-limiting or
because other factors or conditions prevail in vivo to com-
pensate for these moderate reductions in rate of mRNA
recruitment by the PIC.

As noted above, three or more repeats were found to be
required in overexpressed yelF4B to efficiently suppress differ-
ent mutations affecting eIF4F components. Consistent with
this, the presence of three repeats (R1-R3) in the Ar4-7 variant
substantially improved yelF4B function in stimulating 48 S PIC
assembly, decreasing Ki, and increasing k.., by a factor of ~4
compared with the corresponding values for the R1-R2 variant
(Table 5). Even at high eIF4A concentrations, the k,, . value is
higher for the R1-R3 variant versus the R1-R2 variant, whereas
four or more repeats appear to be required to achieve WT K,
and k,,,,, values in this assay (Fig. 7D and Table 6). These find-
ings are in complete agreement with our conclusion that four or
more repeats are required in overexpressed yelF4B to rescue
the functions of defective eIF4F components at high physiolog-
ical concentrations of eIlF4A in vivo.

Another notable accomplishment of this study is the demon-
stration that each of the most highly conserved residues of the
yelF4B internal repeat, Asp, Trp, and Arg of the core motif
DWxxxR, is critically required for repeat function in vivo and in
vitro. In addition, we identified evolutionarily conserved motifs
in the NTD and demonstrated that the FL(D/E) motif, contain-
ing conserved Phe, Leu, and acidic residues, is the most impor-
tant conserved element in the NTD. Substituting the FL(D/E)
motif in a construct containing only one repeat R1 (where the
NTD is critical for complementation of zif3A) substantially
reduces but does not abolish NTD function in vivo, which
requires additionally substituting the P-rich motif. Thus, the
FL(D/E) and P-rich elements have partially overlapping func-
tions in vivo. Our in vitro analysis confirmed the overlapping
contributions of the FL(D/E) and P-rich elements to the ability
of the NTD to support the function of yelF4B in stimulating
mRNA recruitment by the PIC.

It is interesting that conserved motifs can be identified in the
NTD of mammalian eIF4B that resemble the conserved motifs
we identified in the yelF4B NTD, although they occur in a
somewhat different order (Fig. 84). Two conserved motifs in
the NTD of plant elF4B also resemble the yeast SW(D/E) and
K-rich motifs (Fig. 8B) but again occur in a different order than
that seen in yeast or mammalian eIF4B. Although the K-rich
motif is required for the RNA binding activity lodged in the
NTD of wheat elF4B (31), we found little evidence for its func-
tion in yelF4B. The NTDs of plant and mammalian eIF4B
appear to share a conserved motif, T®(S/T)LX(D/E) (with &
designating a hydrophobic residue) located just N-terminal to
the FL(E/D) motif in mammalian eIF4B and at the C terminus
of the plant eIF4B NTD (Fig. 8, A and B), which was shown for
the plant factor to bind a shorter isoform of elF4G called
elFiso4G (31). This motif is not evident in yelF4B, and the
FL(E/D) motif found here to be the most critical element in the
yelF4B NTD is not evident in plant eIF4B (Fig. 8B). Thus, eIF4B
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from these different groups of eukaryotes seems to differ in
both the number and order of short motifs present in the NTD.
It is unknown which of the conserved NTD motifs are impor-
tant for the functions of mammalian or plant eIF4B.

Interestingly, human eIF4B also contains a sequence related
to one of the yeIF4B seven repeats located just C-terminal to the
RRM (Fig. 8A), the same location where the seven repeats reside
in yelF4B. We found evidence that this repeat-related segment
in human eIF4B can augment the complementation activity of a
TIF3 construct lacking all seven repeats, albeit not to the same
extent as conferred by yeast single repeats R1 or R3.” It will be
interesting to learn whether these conserved elements in
human eIF4B contribute to its known functions in stimulating
elF4F activity and mRNA recruitment by the PIC.

We found no evidence for an element related to the yeast
7-repeats motif in the vicinity of the putative RRM in plant
elF4B (data not shown). A repeat of ~40 residues has been
identified in the C-terminal half of plant eIF4B that was impli-
cated in binding eIF4A and poly(A)-binding protein (Fig. 8B)
(31). Each of these repeats contains a conserved DW(R/K)K
motif, which resembles the critical DWXXXR motifin the yeast
7-repeats sequence. However, like melF4B, yeIF4B has not been
found to bind directly to eIF4A in the absence of an RNA mol-
ecule that could bridge their interaction (6, 32, 33).® In addition,
poly(A)-binding protein was not present in our in vitro experi-
ments that demonstrated the role of the yelF4B 7-repeats
domain in promoting 43 S PIC attachment to mRNA. Hence,
we consider it unlikely that the ~40-residue repeat in plant
elF4B is related in sequence or function to the yeast 7-repeats
domain.

The functional importance of domains of yeIF4B that facili-
tate its binding to the 40 S subunit, and its ability to alter acces-
sibility to hydroxyl radical cleavage of 18 S rRNA residues near
the entry channel, previously led us to propose that yelF4B
might stabilize mRNA binding to the ribosome by extending
the mRNA-binding surface and contacting both the mRNA and
ribosome or that it allosterically stimulates initial insertion of
mRNA into the mRNA binding cleft of the 40 S subunit. As
yelF4B also specifically reduces the Ki, for elF4A in 48 S
assembly in vitro, it clearly also facilitates the functional
interaction of eIF4A with the PIC and/or mRNA through
both its NTD and 7-repeats domain (19), and we showed
here that four or more repeats are required for a fully WT
level of this yelF4B activity (Table 6). Perhaps yelF4B bind-
ing to the 40 S subunit helps to recruit e[F4A near the mRNA
entry channel at a position where it functions most effec-
tively to stimulate mRNA insertion into the mRNA binding
cleft. Alternatively, the repeats might interact with eIF4A or
elF4G to promote productive conformations of the latter
factors within eIF4F to increase the rate of unwinding duplex
structures in the mRNA 5’ end. In either case, it could be
imagined that the presence of multiple repeats ensures high
level occupancy by yelF4B of its relevant binding sites on the
40 S subunit, or within elF4F, and that the conserved Asp,
Trp, and Arg residues are essential for these interactions.

7 F. Zhou and A. G. Hinnebusch, unpublished observations.
8. E. Walker, S. F. Mitchell, and J. R. Lorsch, unpublished observations.
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FIGURE 8. Mammalian and plant elF4B proteins share conserved yelF4B NTD motifs, and melF4B harbors a conserved sequence similar to the yelF4B
internal repeats. Protein sequence logos for mammalian and plant elF4B NTDs and repeat elements were generated as described in Fig. 1B. A, functional
domains and sequence conservation in melF4B. Upper portion, five conserved motifs in the melF4B NTD were designated by the labels shown above the logos.
The G-rich motif is between the FL(E/D) and SW(D/E) motifs, instead of following the SW(D/E) motif as occurs in the yelF4B NTD (Fig. 7A). Middle portion,
schematic of functional domains in elF4B from H. sapiens (HS4B), as described in Fig. 1A. Lower portion, conserved residues in the region between the RRM and
DRYG domains of melF4B. The human elF4B sequence between lle-166 and Gly-216 is shown below the logo. A DWRAR motif highlighted in the red box
resembles the DWXXXR motif in yelF4B repeats. The position of the sequence element in human elF4B that is similar to the yelF4B repeat consensus is
indicated by the green box containing an asterisk in the schematic of human elF4B shown in the middle portion. The upper logo for melF4B NTDs was
constructed from the sequences of animal elF4B homologs from H. sapiens, Gallus gallus, Lapemis hardwickii, Danio rerio, Salmo salar, Tetraodon
nigroviridis, Strongylocentrotus purpuratus, Marinitoga piezophila, Ciona intestinalis, Nematostella vectensis, Trichoplax adherens, Nasonia vitripennis, and
Apis mellifera. The lower logo for the HS4B repeat was generated from the sequences of animal elF4B homologs from H. sapiens, Mus musculus,
Dicentrarchus labrax, L. hardwickii, G. gallus, Callithrix jacchus, Oreochromis niloticus, Anolis carolinensis, Sarcophilus harrisii, Takifugu rubripes, Oryzias
latipes, and Xenopus tropicalis. B, functional domains and sequence conservation in plant elF4B. Upper portion, SW(D/E), K-rich, and T®(S/T)LX(D/E)
motifs identified in the plant elF4B NTD are designated by labels above the logos. Middle portion, schematic of functional domains in elF4B from wheat
(Triticum aestivum) (TA4B), redrawn with slight modifications from Ref. 31, showing binding sites for elFiso4G, elF3g, elF4A (4A), or RNA. Lower portion,
sequence logos for the most highly conserved residues in the ~40-residue repeats identified in plant elF4B as elF4A and poly(A)-binding protein-
binding sites (31). The sequences outlined with black boxes superficially resemble the DWXXXR motif in yelF4B repeats. Both upper and lower logos were
generated from the sequences of plant elF4B homologs from Arabidopsis thaliana (elF4B1 and elF4B2), Triticum aestivum, Capsella rubella, Eutrema
salsugineum, Prunus persica, Populus trichocarpa, Theobroma cacao, Cucumis sativus, Citrus clementine, Solanum lycopersicum, Ricinus communis, Zea
mays, Sorghum bicolor, Genlisea aurea, Setaria italic, Oryza sativa Japonica, Echinochloa phyllopogon.
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Recent evidence indicates that yeIF4B can increase the cou-
pling between ATP hydrolysis and duplex unwinding by
elF4A-eIF4G complexes, presumably by increasing the dwell
time of the closed conformation of the RecA-like domains of
elF4A to allow sufficient time for RNA strand displacement
prior to ATP hydrolysis (17). It is possible that the ability of
yelF4B to reduce the Ky, value of eIF4A in stimulating mRNA
recruitment by the PIC (observed here) reflects an increased
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dwell time of the productive conformation of eIF4A. However,
our yelF4B preparations that are active in promoting mRNA
recruitment by the PIC do not stimulate unwinding by eIF4A/
elF4G (13), consistent with other previous findings (12). Thus,
either the exact RNA substrate used in unwinding assays is
critical or stimulating the unwinding activity of e[F4A is not the
key function of yeIF4B in promoting mRNA recruitment by the
PIC, which instead might be to stimulate e[F4A/elF4G interac-
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tions with the PIC. In any event, it would be interesting to deter-
mine whether the NTD, RRM, or seven repeats are required for the
ability of yelF4B to stimulate the unwinding activity of
elF4A-elF4G complexes under the assay conditions of Andreou
and Klostermeier (17).
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