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Ribosome binding to eukaryotic mRNA is a multistep process which is mediated by the cap structure
[m’G(5")ppp(5')N, where N is any nucleotide] present at the 5’ termini of all cellular (with the exception of
organellar) mRNAs. The heterotrimeric complex, eukaryotic initiation factor 4F (eIF4F), interacts directly with
the cap structure via the eIF4E subunit and functions to assemble a ribosomal initiation complex on the
mRNA. In mammalian cells, eIF4E activity is regulated in part by three related translational repressors
(4E-BPs), which bind to eIF4E directly and preclude the assembly of eIF4F. No structural counterpart to
4E-BPs exists in the budding yeast, Saccharomyces cerevisiae. However, a functional homolog (named p20) has
been described which blocks cap-dependent translation by a mechanism analogous to that of 4E-BPs. We
report here on the characterization of a novel yeast eI[F4E-associated protein (Eaplp) which can also regulate
translation through binding to eIF4E. Eaplp shares limited homology to p20 in a region which contains the
canonical eI[F4E-binding motif. Deletion of this domain or point mutation abolishes the interaction of Eaplp
with eIF4E. Eaplp competes with eIF4G (the large subunit of the cap-binding complex, eIF4F) and p20 for
binding to eIF4E in vivo and inhibits cap-dependent translation in vitro. Targeted disruption of the EAPI gene
results in a temperature-sensitive phenotype and also confers partial resistance to growth inhibition by
rapamycin. These data indicate that Eaplp plays a role in cell growth and implicates this protein in the TOR

signaling cascade of S. cerevisiae.

Translation initiation in eukaryotes requires several poly-
peptide initiation factors which serve to direct the sequential
assembly and positioning of the ribosome at the AUG initia-
tion codon on the mRNA (for a review, see reference 59).
Most eukaryotic mRNAs are thought to be translated in a
cap-dependent manner whereby the heterotrimeric complex,
eukaryotic initiation factor 4F (eIF4F), interacts directly with
the cap structure. eIF4F is composed of eIF4E (the cap-bind-
ing subunit), eI[F4A (an RNA helicase), and elF4G, which
serves as a scaffold protein (59). It is thought that eIF4F acts
along with free eIF4A and eIF4B to unwind local secondary
structure at the 5’ terminus of the mRNA to facilitate ribo-
some binding (31, 45, 59, 67, 71).

elF4E is critical for cap-dependent translation and is a key
target for regulatory pathways which control protein synthesis
rates (36, 71, 72). Mechanisms by which eIF4E activity is mod-
ulated in the mammalian cell include transcriptional regulation
of the eIF4E gene, alteration in the phosphorylation status of
elF4E, and the interaction of eIF4E with a family of polypep-
tides known as 4E-BPs (eIF4E-binding proteins) (reviewed in
references 36 and 72). To date, three members of the mam-
malian 4E-BP family have been described (56, 62, 63), all of
which share a small amino acid motif with eIF4G (YXXXXL®,
where ® denotes a hydrophobic residue, usually L, M, or F)
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that interacts with eIF4E (58). Binding of 4E-BPs to eIF4E
precludes elF4E interaction with elF4G, thereby blocking as-
sembly of the eIF4F complex and repressing cap-dependent
translation (39). This repression can be alleviated through
phosphorylation of 4E-BP, which decreases its affinity for
elF4E (32, 56, 62).

The finding that 4E-BPs are phosphorylated in response to
a variety of growth factors and hormones links the control of
cap-dependent translation to extracellular signaling pathways
involved in major biological processes such as cell growth and
proliferation, differentiation, and development (reviewed in
references 36, 55, and 71). In mammalian cells, phosphoryla-
tion of 4E-BP1 is modulated, in part, by the mammalian target
of rapamycin/FK506-binding protein (FKBP)-rapamycin-asso-
ciated protein (mMTOR/FRAP) (14, 19, 20, 35, 42). The TOR
signaling pathway in the budding yeast Saccharomyces cerevi-
siae shares common features with the mTOR/FRAP cascade of
higher cells. Two TOR genes (TOR!I and TOR2) in S. cerevisiae
encode structurally and functionally similar phosphatidylinosi-
tol kinase homologs (43, 44, 52, 84). The FKBP-rapamycin
complex binds to the yeast TOR proteins and inhibits their
shared function, inducing growth arrest in early G, and a
severe reduction in protein synthesis (43, 44, 52, 84). The loss
of TOR function in yeast causes an early and dramatic inhibi-
tion of translation initiation (11), and several lines of evidence
indicate that the G, cell cycle arrest is a consequence of this
translational defect (11, 27). These data suggest that the TOR
signaling pathway controlling cell growth is similar in yeast and
higher eukaryotes and involves the modulation of translation
initiation downstream of the TOR proteins (reviewed in ref-
erences 25 and 77).

The yeast eIF4F complex is composed of the cap-binding
subunit, eIF4E (encoded by CDC33) (17), elF4G (TIF4631
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TABLE 1. S. cerevisiae strains used in this study

Strain Description Source and/or reference
YCG323 leu2-3,112 ura3-52 his4-9178 Haploid progeny of YCG312 (37)
YCG324 YCG323 tif4631::LEU2 Haploid progeny of YCG312 (37)
YCG325 YCG323 tif4632::URA3 Haploid progeny of YCG312 (37)
YMA-4B Wild type 6
YMA-2A caf20::URA3 6
JK9-3da/a MATa/MATo leu2-3,112 ura3-52 trpl his4 rmel HMLa (isogenic)

JKO9-3da MATa leu2-3,112 ura3-52 trpl his4 rmel HMLa

JK9-3da MATa leu2-3,112 ura3-52 trpl his4 rmel HMLa

JH6-1C JK9-3da TRPI™" 43
JH11-1C JKO9-3da TORI-1 44
SH12-1A JKO9-3da caf20::URA3 This study
YGC034 JKO9-3da eapl::TRP1 This study
YGC047 JKO9-3da eapl::TRPI caf20::URA3 This study
AS93-2A JK9-3da forl::LEU2 TRP1™" This study
TS6-5A JKO9-3da torl::LEU2 eapl::TRPI This study

and TIF4632, encoding two similar proteins termed elF4Gl1
and eIF4G2, respectively) (37, 76), and eIF4A, which is bound
weakly to eIF4G (60; M. Altmann and H. Trachsel, personal
communication) and therefore dissociates from the complex
during purification. Both eIF4G1 and eIF4G2 contain the ca-
nonical 4E-binding motif (58). No structural homologs of the
4E-BPs exist in yeast. However, a small polypeptide, p20 (en-
coded by CAF20) (4, 54), has been identified which contains a
consensus elF4E-binding domain, competes directly with
elF4G1 (6) for binding to a partially shared site on eIF4E (66),
and specifically inhibits cap-dependent translation in cell ex-
tracts (6). In addition, p20 is a phosphoprotein (82) and acts as
a general negative regulator of translation in vivo (24), sug-
gesting that it may constitute an ortholog of 4E-BPs in yeast. In
the present work, we characterize a novel elF4E-associated
protein (termed Eaplp) which also blocks cap-dependent
translation via competition with eIF4G. Disruption of the
EAPI gene results in a temperature-sensitive phenotype and
confers partial resistance to the growth-inhibitory properties of
rapamycin, implicating Eaplp in the TOR signaling pathway
controlling cap-dependent translation in S. cerevisiae.

MATERIALS AND METHODS

Yeast strains, genetic methods, and plasmids. The S. cerevisiae strains used are
listed in Table 1. Standard procedures for yeast culture, mating, sporulation, and
tetrad analysis were used (50). Yeast transformation was performed by the
lithium acetate method (33). The compositions of rich medium (YPD) and
synthetic glucose medium (SD) complemented with the appropriate nutrients for
plasmid maintenance were as described elsewhere (38). Rapamycin (provided by
Sandoz Pharma, Basel, Switzerland) was diluted into medium from a stock
solution of 1 mg/ml in 90% ethanol-10% Tween 20.

The bacterial expression vectors pAR(ARI)[59/60] and pGEX-HMK (16),
carrying the heart muscle kinase (HMK) recognition motif fused to the Flag
epitope and glutathione S-transferase (GST), respectively, were gifts of M. Bla-
nar (University of California, San Diego). Vectors were linearized with EcoRI,
and 5'-overhangs were filled in with the Klenow fragment of Escherichia coli
DNA polymerase (New England Biolabs). The yeast eIFAE gene was PCR
amplified from pVTrp-eIF4E (5) using primers which introduced EcoRYV sites 3
nucleotides upstream and downstream of the eIF4E open reading frame (ORF).
Following digestion with EcoRV, the amplified fragment was subcloned into
EcoRV-cut plasmid Bluescript KS (Stratagene), and a clone was selected which
placed the 5" end of the ORF proximal to the Clal site on the KS polylinker.
eIF4E was reisolated from the KS plasmid with Clal/Pst], overhangs were filled
in, and the fragment was ligated to each of the vectors described above to yield
PAR(ARI)[59/60]-eIFAE or pGEX/HMK-eIF4E.

Full-length EAPI ¢cDNA was recovered from a Agtl1 clone identified by the
elF4E interaction screen. The cDNA spanned genome coordinates 53690 to
55754 from S. cerevisiae chromosome XI. The EAPI gene was isolated from
A\gt11 arms using EcoRI and was subcloned into an EcoRI-digested KS vector to
yield KS-EAPI1. The in-frame N-terminal deletion mutants, mut.(108-632) and
mut.(164-632), were generated by first introducing an Ncol site at the initiating
ATG codon of KS-EAP1 to yield KS-[NcoI][EAPI. Truncated fragments of EAPI

were PCR amplified using primers which contained Ncol sites at nucleotide
positions 321 and 490, respectively. The Ncol/Styl fragment from KS-[Ncol-
JEAP1 was then released and replaced with similarly digested truncated frag-
ments to generate KS-[Ncol]EAPImut.(108-632) and KS-[Ncol][EAP1mut.(164-
632). The 5'-flanking region of the EAPI gene was PCR amplified from cosmid
clone pEKGO086 (a gift of B. Dujon, Institut Pasteur, Paris, France), using
primers spanning genome coordinates 53428 to 54033 and which placed an
EcoRIsite at the 5" end of the amplified fragment. This fragment was subcloned
into KS-EAP1 using EcoRI/Ndel to generate KS-5'+EAP1. For expression of
Eaplp in yeast, KS-5'+ EAP1 was digested with EcoRI and the EAPI gene was
ligated to similarly linearized YEp352 plasmid to yield YEp352-5'+EAP1. The
triple hemagglutinin epitope (HA) tag was PCR amplified from the pACTAG-2
vector using primers which placed PfIMI sites at both ends of the amplified
fragment. YEp352-5'+EAP1 was partially digested with PAIMI, and the
three-HA fragment was ligated in-frame to generate YEp352-5'+3xHA/EAPI1.
Tyrosine-109 was mutated to alanine by PCR and was subcloned into KS-EAP1,
using unique Ndel/Styl sites. The mutated fragment was reisolated with PstI/
BsiWI and subcloned into similarly digested YEp352-5'+3xHA/EAP1 to yield
YEp352-5'+HA/EAP1 [Y109A]. Plasmid pTS115, expressing EAPI under con-
trol of its own promoter, was constructed by subcloning the 2.9-kb EcoRI/HindIII
fragment of PCR-amplified EAPI into YCplac33 (CEN URA3) (34). To con-
struct pTS117, an internal 400-bp PstI/Sphl fragment of pTS115 was replaced
with the corresponding fragment encoding the Y109A mutation from YEp352-5’
+3xHA/EAP1[Y109A]. EAPI was subcloned into the baculovirus transfer vector
pVL1392flagHMK (40) from KS-EAP1 at cohesive EcoRI sites.

The targeting vector for disruption of the EAPI gene was generated by dele-
tion of the 1.7-kb PfIMI fragment from KS-5'+EAP1 followed by blunt-end
ligation with the 0.8-kb Bg/II/EcoRI fragment of pJH-W1 (a gift of H. Bussey,
McGill University) containing full-length TRPI. The TRPI-disrupted EAPI gene
was then isolated as a 1.2-kb EcoRI DNA fragment for transformation into
diploid strain JK9-3da/a. The targeting vector for the CAF20 disruption was
made by digestion of a genomic fragment containing CAF20 with Bcll at the
CAF20 start codon and insertion of a BglII URA3 cassette. Strain JK93d a/a was
transformed with a 3.3-kb EcoRI fragment containing caf20::URA3.

Far-Western analysis and cloning of EAPI. E. coli BL21(DE3)pLysS was
transformed with pAR(ARI)[59/60]-eIF4E, grown in liquid culture, and induced
with 1 mM isopropyl-B-p-thiogalactoside (IPTG; Boehringer Mannheim) as de-
scribed elsewhere (74). Cells were recovered by centrifugation, and the pellet was
taken up in 2 volumes of 50 mM Tris-HCI (pH 8.0)-1 mM EDTA-100 mM
NaCl-1 mM phenylmethylsulfonyl fluoride-1 mM dithiothreitol-10% glycerol.
Cells were then disrupted by sonication, and eIF4E was purified by using Flag
immunoaffinity resin (IBI) according to the manufacturer’s instructions. Radio-
labeling of the HMK domain was carried out essentially as previously described
(16) except that 5 ng of protein was used in the labeling reaction.

Yeast cells were grown to exponential phase in either rich or synthetic selec-
tion medium, and whole-cell extracts were prepared in disruption buffer (20 mM
Tris-HCI [pH 7.5]-100 mM KCIl-1 mM EDTA-5% glycerol-1 mM dithiothrei-
tol-1 mM phenylmethylsulfonyl fluoride) using the glass bead lysis method (10).
Soluble proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), electroblotted to nitrocellulose membranes, and
probed with radiolabeled eIF4E according to the published protocol (16). Far-
Western screening of a commercial S. cerevisiae Ngt11 cDNA expression library
(Clontech no. YL1008b) was conducted according to published protocols (10,
16).

Protein interactions. Eap1p deletion mutants were transcribed in vitro with T3
RNA polymerase (Promega), using linearized KS-[NcoI]EAP1 as a template.
Resulting mRNAs were translated in rabbit reticulocyte lysate in the presence of
[**S]methionine (ICN) as instructed by the manufacturer (Promega). Wild-type
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FIG. 1. Interaction of S. cerevisiae proteins with eIF4E. Yeast strains were
grown to exponential phase and lysed by the glass bead method. Total protein (30
pg) from the clarified extracts was fractionated by SDS-PAGE and transferred to
nitrocellulose membranes, which were then probed with 3?P-labeled HMK-
eIF4E. (A) SDS-PAGE (8% gel). Strains used: lane 1, YCG323 (wild type [wt]);
2, YCG324 (1if4631::LEU2); 3, YCG325 (tif4632::URA3). (B) SDS-PAGE (15%
gel). Lane 1, YMA-4B (wild type); 2, YMA-2A (caf20::URA3). The deduced
identity of each of the eIF4E-interacting proteins is indicated with an arrow on
the right. Positions of molecular mass standards (in kilodaltons) are marked on
the left.

Eaplp, mut.(1-124), and mut.(1-106) were generated by linearization of KS-
EAP1 DNA with BamHI, BsiWI, and Ndel, respectively. N-terminal deletion
mutants mut.(108-632) and mut.(164-632) were generated by linearization of the
corresponding deletion in KS-[NcoIl]EAP1 with BamHI. GST-HMK and the
GST-HMK-eIF4E fusion protein were synthesized in E. coli and purified using
glutathione-Sepharose beads as instructed by the manufacturer (Pharmacia Bio-
tech). In vitro coprecipitation analyses were carried out as previously described
(22).

In vivo coimmunoprecipitation analyses were conducted on yeast derived from
YGC034 transformed with YEp352, YEp352-5'+3xHA/EAP1, or YEp352-
5'+3xHA/EAP1[Y109A]. Whole-cell extracts were prepared as described above,
and 100 wg of protein was incubated with 5 pl of the anti-HA antibody HA.11
(BAbCo) for 60 min at 4°C. Protein G-Sepharose beads (Pharmacia Biotech)
were added for an additional 30 min. Following extensive washings with coim-
munoprecipitation buffer (50 mM Tris-HCl [pH 7.5]-150 mM NaCl-1 mM
EDTA-0.1% Nonidet P-40), Laemmli buffer was added; samples were resolved
by SDS-PAGE and electroblotted to nitrocellulose membranes. HA-tagged
Eaplp was decorated with anti-HA antibody, and yeast eIF4E was decorated
with anti-e[F4E monoclonal antibody 9B12. Proteins were revealed by enhanced
chemiluminescence (Amersham Corp.).

Coprecipitation using m’GDP-coupled agarose resin (30) was conducted on
samples equivalent to those described above for coimmunoprecipitation analysis.
Following incubation with yeast extract for 120 min at 4°C, the m’GDP-resin was
washed extensively with disruption buffer supplemented with 0.1 mM ATP and
0.1 mM GTP. Bound proteins were subjected to SDS-PAGE, transferred to
nitrocellulose membranes, and probed by Western blotting with anti-eIF4E an-
tibody 9B12 or by far-Western blotting with 3?P-labeled eIF4E as described
above.

In vitro translation. Translation-grade yeast extract was prepared and cell-free
translation was performed as previously described (3, 6, 7). Vectors pJII-2 (CAT
[chloramphenicol acetyltransferase]) and pJII-102 (2 CAT) (70) were generous
gifts of M. Altmann (University of Bern). Capped CAT and Q CAT mRNAs
were transcribed from the Bgl/II-linearized vectors using SP6 RNA polymerase in
the presence of 50 puM GTP and 500 .M m’GpppG. Flag-Eap1p fusion protein
was expressed in Spodoptera frugiperda (Sf9) insect cells using recombinant bac-
ulovirus generated with the transfer vector pVL1392flagHMK-EAP1 as de-
scribed previously (40) and was purified from insect cell lysate using Flag im-
munoaffinity resin (IBI) according to the manufacturer’s instructions.

RESULTS

elF4E-interacting proteins in S. cerevisiae. To identify novel
proteins which interact with yeast eIF4E, a far-Western blot-
ting assay was carried out using a crude S. cerevisiae extract.
Total cellular proteins were resolved by PAGE and transferred
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to nitrocellulose membranes, where upon they were probed
using *?P-labeled HMK-eIF4E. The eIF4E probe interacted
efficiently with four yeast proteins in the wild-type extract (Fig.
1). The apparent molecular weights of three proteins corre-
spond to the known elF4E-interacting factors elF4G1, elF4G2,
and p20, while a fourth polypeptide migrated at approximately
84 kDa. Denaturation and refolding of the immobilized pro-
teins on the membrane using guanidine hydrochloride (79) did
not alter the binding pattern (data not shown). To ascertain the
identity of the eIF4E-binding proteins, additional far-Western
analyses were carried out using extracts from haploid yeast
strains with targeted gene disruptions for the eIF4G1, eIF4G2,
and p20 genes. In each case, deletion of the gene resulted in
the loss of the signal for the predicted band in the far-Western
blot (Fig. 1). These data confirm that eIF4G1, eIF4G2, and
p20 interact directly with yeast eIF4AE and demonstrate the
utility of the far-Western approach to identify the unknown
84-kDa elF4E-associated protein.

Cloning of EAPI. To identify the unknown 84-kDa eIF4E-
interacting protein, a commercial S. cerevisiae Agt11 expression
library (Clontech) was screened using **P-labeled HMK-eIF4E
as a probe. Screening of 2 X 10° plaques yielded 39 positive
clones, 3 of which corresponded to e[F4G1 and 24 of which
corresponded to eIF4G2. The remaining positive clones con-
tained overlapping sequences corresponding to a chromosome
XI hypothetical ORF YKL204w (GenBank accession number
728204) (29; T. M. Pohl and F. M. Pohl, unpublished data),
which we designated EAPI (for eIF4E-associated protein 1).
The predicted amino acid sequence of Eaplp (Fig. 2A) is 632
amino acids (aa) in length, with a calculated molecular mass of
69,762 Da. A search of the Eaplp sequence against the PROS-
ITE database (Swiss Institute of Bioinformatics (SIB) [http:/
www.expasy.ch]) (9) revealed a putative bipartite nuclear tar-
geting sequence (28) and a Walker A consensus motif (81)
(Fig. 2A), indicating the potential for purine nucleotide bind-
ing. The Eaplp polypeptide also contains a proline-rich do-

A

MELNDPSIIS SSQFSGELSD SDTARATHKS QQAISNLFQK LAKKGREEKP 50
IGSVESSTDS SNISVATSGN NKESNKKKNK KTAMLNFSSL TDPITNYKPM 100
DLQYKTYAYS MNELYHLKPS IJASASYEEDP LISELVRSLP KRKFWRLRMG 150
PPDQKHANNH HENGNNGGGS WKAGYKNGKN DERRMSRTKN MQGGKRRSQQ 200
DDEEKKIDQE MLEMDKNLQL GGDVGHSIAD FEDWKAKMKE LELKKLSKSK 250
GISNSTAIAP RESASHETPT DLRPVIPRGP SSITDFLNLK RQDKKEESSQ 300
QTPGIPVGQP SLSKTSIEQV NELETNSDLG KSSSSRFSSF FNKSATSLPS 350
LDNNNQVPSS NVSVVNNDGN STPHQSGSRL MSFFKESRSS TPNAESQLLS 400
ASDKDNGKMQ TLPQFQQOPQ QMOPMAFTQH PPNNNAFFNG LLNKGKSETS 450

TPPPPPPGLI AHQGPQFPVM GVPPNFPQRM MPPPPGLVQF QKDSKDVNKK 500
EDRQLRQNKN PNGTRNSKGK QEETATPDLP QQQYMPPPPP PGFFPMHPNF 550
PNGPMPPLPQ GFPIPPNGML PVTGQQPQPP YPNMMLQGNF PPNFQQGFGS 600

NSPMPIPSITI NANGKNVTNQ LPPGLNSKKN IK

B

Eaplp: 109 MSMN)HEY IS
p20: 4 MTIDEIEOM

4E-binding motif: YxxxxLd

FIG. 2. (A) Predicted amino acid sequence of Eaplp in single-letter code.
The p20 homology region is boxed, a potential bipartite nuclear localization
sequence is in bold, a Walker A motif is underlined, and proline stretches in the
C-terminal region are indicated by bullets above the sequence. (B) Limited
sequence alignment between Eaplp and p20. Identical (black box) and con-
served (shaded box) amino acids are highlighted. The alignment of critical
residues common to mammalian 4E-BPs is shown below (x, any amino acid; &,
hydrophobic residue).
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FIG. 3. EAPI encodes a novel 84-kDa eIF4E-interacting protein. Yeast ex-
tracts were prepared and analyzed by far-Western blotting as described for Fig.
1 except that samples were resolved by SDS-PAGE on a 10% gel. Strains used:
lane 1, JK9-3da (wild type [wt]); 2, YGCO034 (eapl::TRPI); 3, SHI2-1A
(caf20::URA3); 4, YGCO047 (eapl::TRPI caf20::URA3). The eIF4E-interacting
proteins are indicated by arrows on the right. Positions of molecular mass
standards (in kilodaltons) are marked on the left. DF, dye front.

main in its C terminus, comprised of three stretches of four or
more consecutive proline residues (Fig. 2A).

A BLAST search (8) failed to detect significant homologies
to any protein in all available databases (National Center for
Biotechnology Information, National Library of Medicine
[http://www.ncbi.nlm.nih.gov]), Swiss-Prot (SIB [see above]),
and (Saccharomyces Genome Database [SGD], Stanford Uni-
versity [http:/genome-www.stanford.edu/Saccharomyces]). How-
ever, upon visual inspection we noted that a sequence of 13 aa
could be aligned with a highly similar sequence at the N ter-
minus of p20 (Fig. 2). This short alignment is remarkable
because it contains the 4E-binding motif (Fig. 2B), which is
phylogenetically conserved from yeast to humans (36, 58, 63).

EAPI gene disruption. Disruption of one copy of EAPI in
the diploid strain JK9-3da/a was performed by substituting
approximately 90% of the ORF (including the putative initia-
tor codon) with TRP1. The appropriate integration of the tar-
geting construct was confirmed by Southern analysis (data not
shown). The targeted gene disruption resulted in four viable
meiotic products upon sporulation (data not shown), demon-
strating that EAPI is not an essential gene. The deletion of
Eaplp in extracts derived from the eapl::TRPI haploid strain
(YGCO034) was verified by far-Western analysis (Fig. 3). As
described above, the yeast eIF4E probe interacted with four
proteins in wild-type yeast extract. In contrast, the signal cor-
responding to the 84-kDa protein was not observed in cells
containing the EAPI disruption (Fig. 3, compare lanes 1 and
2). These data confirm that EAPI encodes a novel eIF4E-
interacting protein.

Disruption of EAPI did not affect yeast growth at 30°C on
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rich or defined medium or on mating and subsequent meiosis
(data not shown). An eap! caf20 double deletion was gener-
ated by mating the eapl::TRPI haploid strain with an isogenic
strain carrying a caf20::URA3 disruption. Both proteins, Eaplp
and p20, were absent in haploid progeny that were prototro-
phic for Trp and Ura (Fig. 3, lane 4). No synergistic effects on
the growth of yeast containing the double gene disruption were
observed in comparison to deletion of either Eaplp or p20
alone (data not shown).

Interaction with yeast eIF4E. Based on the presence of the
elF4E-binding motif, we reasoned that the N-terminal region
of Eaplp (containing aa 109 to 115 [Fig. 2]) would mediate the
interaction with yeast eIF4E. To investigate this, the interac-
tion between in vitro-translated Eaplp truncation mutants and
GST-elF4E was examined in a coprecipitation assay. Figure
4A shows the truncation mutants tested in this assay. As ex-
pected, full-length Eaplp coprecipitated with GST-eIF4E on
glutathione-Sepharose resin, whereas GST bound only weakly
to Eaplp (Fig. 4B, lanes 1 to 3). These data confirm the
interaction detected for these proteins in the far-Western as-
say. Deletion of the C-terminal 508 aa of Eaplp (mut.1-124)
had no effect on the interaction with GST-cIF4E, demonstrat-
ing that neither the Walker A motif nor the proline-rich C-
terminal region was necessary for the interaction. However,
elimination of an additional 18 aa from the C terminus (mut.1-
106) resulted in the complete loss of eIF4E binding (Fig. 4B,
lanes 4 to 6 and 7 to 9). Note that the amino acid residues

A
L1 B DOOA | we
111 mut (1-124)
] mut.(1-106)
(L I £S] ] mut.(108-632)
| EIESST ] mut.(164-632)
B
wit mut.(1-124) mut.(1-106)  mut.(108-632) mut.(164-632)
- B £ 55 S S5
g%fﬁoaigf‘ﬁ 2“§_°‘“§
2 O 3T A T A o] | T o)
11 12 13

FIG. 4. Mapping of the elF4E interaction domain of Eaplp in vitro. Full-
length (wild-type [wt]) EAPI and deletion mutants of EAPI were translated in
vitro and incubated with either purified GST or GST-eIF4E prior to the addition
of glutathione-Sepharose beads. Following extensive washing, the bound mate-
rial was eluted by boiling in Laemmli buffer and resolved by SDS-PAGE (10%
gel). (A) Schematic diagram of deletion mutants used in the study. The p20
homology region (aa 109 to 121) is indicated as a shaded box, the Walker A motif
is shown as a stippled box, and the proline-rich region is cross-hatched. (B)
Coprecipitation analysis. Load, one-fifth of total radiolabeled Eaplp used in the
coprecipitation; GST, Eaplp coprecipitated by GST alone; GST-eIF4E, Eaplp
coprecipitated by GST-eIF4E fusion protein. Full-length translation products are
indicated by dots. Sizes of standards are indicated in kilodaltons.
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FIG. 5. In vivo interaction of Eaplp with eIF4E is dependent on the 4E-
binding motif. Yeast strain YGC034 (eapl::TRPI) was transformed with vector
YEp352 alone or with the same vector expressing either HA-Eaplp or the
HA-Eaplp[Y109A] mutant. Yeast were grown to exponential phase and lysed by
the glass bead method. Protein (100 pg) was incubated with anti-HA monoclonal
antibody before the addition of protein G-Sepharose beads. Following extensive
washings, the bound proteins were resolved by SDS-PAGE, transferred to ni-
trocellulose membranes, and immunoblotted against anti-HA antibody (to detect
HA-Eaplp; indicated by a dot) (A) or anti-yeast eIFAE monoclonal antibody
9B12 (B). Load, an equal amount of extract used for the coimmunoprecipitation
loaded directly onto the gel; Free, proteins remaining in supernatant following
immunoprecipitation; Bound, proteins adsorbed to the resin. IgG, immunoglob-
ulin G heavy chain. Sizes of standards are indicated in kilodaltons.

deleted in the mut.1-106 encompass the p20 homologous se-
quence (Fig. 2). N-terminal deletions were also generated and
tested in the coprecipitation assay. mut.(108-632) complexed
efficiently with GST-eIF4E (Fig. 4B, lanes 10 to 12), whereas
further deletion from the N terminus [mut.(164-632)] resulted
in the complete loss of the interaction between the two pro-
teins (Fig. 4B, lanes 13 to 15). These data demonstrate that the
region of Eaplp encompassing the p20 homology domain and
comprising the prototypic eIF4E-binding motif is necessary for
the interaction with eIF4E.

To demonstrate an interaction between Eaplp and yeast
elF4E in vivo, coimmunoprecipitations were performed on
extracts from the eapl::TRPI strain (YGCO034) transformed
with a yeast expression vector carrying HA-tagged EAPI. Ex-
pression of the tagged protein was confirmed by Western blot-
ting with anti-HA monoclonal antibody (Fig. SA, compare
lanes 4 and 1). Immunoprecipitations were carried out using an
anti-HA antibody followed by Western blotting using anti-HA
or anti-eIF4E monoclonal antibody to reveal the bound pro-
teins. HA-Eaplp was quantitatively immunoprecipitated from
yeast lysate by the anti-HA antibody (Fig. 5A, lane 6). Approx-
imately 45% of endogenous eIF4E was coimmunoprecipitated
with Eaplp, as measured by densitometric scanning of the
chemiluminescent signal on the Western blot (Fig. 5B, lane 6).
In contrast, eI[F4E was not coimmunoprecipitated from cells
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transformed with the expression vector alone (Fig. 5B, lane 3).
These results show that a significant amount of eIF4E is asso-
ciated with Eaplp in the cell.

To show that the interaction between Eaplp and elF4E
occurs through the canonical elF4E-binding motif, Tyr-109
was substituted by alanine and the mutant protein was exam-
ined in the coimmunoprecipitation assay. The corresponding
mutation in other eIF4E-binding proteins abolishes the inter-
action with eIF4E (58, 63). The Y109A mutant was expressed
in eapl::TRPI cells (Fig. 5A, lane 7) and was efficiently immu-
noprecipitated by the anti-HA antibody (Fig. 5A, lane 9). The
Y109A point mutation abolished eIF4E coimmunoprecipita-
tion (Fig. 5B, compare lane 9 to lane 6). Consistent with these
results, >?P-labeled HMK-eIF4E also failed to bind HA-
Eaplp[Y109A] in whole-cell lysates as determined by far-
Western analysis (data not shown). Taken together, these data
demonstrate that the interaction of Eaplp and yeast eIF4E
occurs both in vitro and in vivo and is dependent on the
integrity of the 4E-binding consensus sequence located be-
tween aa 109 and 115.

Eaplp competes with eIF4G and p20 for binding to eIF4E in
vivo. As Eaplp shares an eIF4E-binding motif with eIF4G and
p20, we reasoned that Eaplp and elF4G should compete for
interaction with eIF4E. To investigate this, endogenous eIF4E
was precipitated from extracts of the eapl::TRPI strain trans-
formed with either wild-type or Y109A mutant of HA-tagged
EAPI, using an m’GDP-agarose resin. Bound proteins were
revealed by Western blotting using anti-eIF4E antibody or by
far-Western analysis using **P-labeled HMK-eIF4E as a probe.
The amounts of eIF4E precipitated by the m’GDP-resin were
similar for all of the yeast strains tested, indicating that Eaplp
does not affect eIF4E interaction with the cap structure (Fig.
6A). In the presence of wild-type Eaplp, the amount of
elF4Gl1, elF4G2, and p20 that coprecipitated with eIF4E was
reduced by 67, 57, and 38%, respectively, compared to cells
transformed with vector alone (Fig. 6B, compare lanes 4 and
2). The competition was contingent on the interaction of
Eaplp with elF4E, as the amounts of eIF4G and p20 that
coprecipitated in the presence of the Eaplp Y109A mutant
were equal to those observed using extracts derived from vec-
tor control cells (Fig. 6B and C, compare lane 6 to 2).

Eaplp inhibits cap-dependent translation. The effect of
Eaplp on cap-dependent translation was investigated using
two different capped CAT mRNAs in a cell-free yeast system
(6). The two reporter mRNAs differ only by insertion of the
67-nucleotide () sequence from tobacco mosaic virus mRNA in
the 5" untranslated region (70). The () sequence decreases the
requirement for eIF4E in translation (2). Baculovirus-gener-
ated recombinant Flag-tagged Eaplp interacted with eIF4E in
vitro (Fig. 7A). Translation extracts prepared from yeast null
for Eaplp (YGCO034) were programmed with either capped
CAT or capped Q CAT mRNA in the presence of [**S]methi-
onine and Eaplp. Addition of increasing amounts of recombi-
nant Eaplp resulted in a graded inhibition of translation (up to
10-fold inhibition in the presence of 2.5 ug of Eaplp; Fig. 7B
and C). In contrast, equivalent levels of Eaplp had a much
smaller effect on ) CAT mRNA translation (approximately
twofold inhibition [Fig. 7B and C]). These data are similar to
those obtained in another study showing that p20 preferentially
inhibits cap-dependent versus cap-independent translation in
yeast (6).

Disruption of EAPI confers partial resistance to rapamycin
and temperature-sensitive growth. As noted above, disruption
of the EAPI gene had no effect on yeast growth under standard
conditions (i.e., incubation at 30°C). However, at elevated tem-
peratures (39°C), growth of the eap!l strain was substantially
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FIG. 6. Eaplp competes with eIF4G and p20 for binding to eIF4E. Yeast
extract was prepared as described for Fig. 5. Protein (100 ng) was incubated with
m’GDP-agarose, and bound proteins were resolved by SDS-PAGE. (A) Western
blotting was performed using anti-e[F4E monoclonal antibody 9B12. (B) Far-
Western blotting was conducted using **P-labeled HMK-eIF4E as a probe. The
elF4E-interacting proteins are identified with arrows on the right. The asterisk
indicates a degradation product of eIF4G2 which was observed sporadically in
crude yeast extracts. Note that Eaplp[Y109A] mutant is not revealed by this
analysis (see text). Free, proteins remaining in supernatant following immuno-
precipitation; Bound, proteins adsorbed to the resin. Sizes of standards are
indicated in kilodaltons.
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impaired (Fig. 8). The temperature-sensitive phenotype could
be reverted by introduction of the wild-type EAPI gene on a
low-copy-number vector but only weakly by the mutant Y109A
(Fig. 8). These data suggest that the temperature-sensitive
phenotype is engendered by the deficiency in Eaplp-elF4E
complex formation.

Because the macrolide antibiotic rapamycin blocks the TOR
signaling pathway and inhibits cap-dependent translation in
yeast and mammals, it was of interest to investigate whether
loss of EAPI could maintain growth of cells treated with this
compound (11, 14, 75). The eap! strain grew better than the
isogenic wild-type strain on medium containing low concentra-
tions (20 ng/ml) of rapamycin (Fig. 9A). However, the differ-
ential growth effect was not observed at higher drug concen-
trations (50 ng/ml [data not shown]). In comparison, TORI-1
cells, which carry a dominant mutation in TORI, rendered
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FIG. 7. In vitro translation in yeast cell extract. (A) Recombinant Flag-
tagged Eaplp was immunopurified from insect cells. The purified protein was
resolved by SDS-PAGE and revealed by Coomassie staining or by far-Western
analysis using *?P-labeled eIF4E. Sizes of molecular weight (MW) markers are
indicated in kilodaltons. (B) Translation reactions in an extract generated from
YGC034 (eapl::TRPI) were conducted as described in Materials and Methods.
Increasing amounts of recombinant Flag-Eaplp were added to the reaction
mixtures, and translation was initiated with 100 ng of capped CAT mRNA
containing or lacking the () sequence. Samples were fractionated by SDS-PAGE,
and CAT protein was revealed by autoradiography. (C) Data shown in panel B
were quantitated by densitometry and normalized to the amount of CAT syn-
thesis in the absence of added Eaplp. The results are a representative of two
independent experiments which did not vary significantly.

yeast resistant to drug concentrations as high as 200 ng/ml (44).
Also, TORI-1 cells grew more efficiently than eap! cells in the
presence of 20 ng of rapamycin per ml (Fig. 9A). The rapa-
mycin resistance of eapl cells indicates that the absence of
Eaplp partially relieves the inhibition of protein synthesis
caused by rapamycin, thus allowing cell growth on medium
containing the drug.

We also tested the effect of EAPI deletion in a yeast strain
which is hypersensitive to the growth-inhibitory effects of rapa-
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FIG. 8. Disruption of EAPI confers a temperature-sensitive phenotype.
Yeast strain YGC034 (eapl) was transformed with either YCplac33 (vector),
pTS115 (EAP1), or pTS117 (EAP1[Y109A]). Resulting transformants and wild-
type strain JH6-1C (wt) were streaked on YPD media and incubated at either 30
or 39°C for 2 and 3 days, respectively.

mycin due to reduced TOR function as a result of the targeted
disruption of the TORI gene (57). The torl eapl strain grew
better than the isogenic for! strain on medium containing low
concentrations (1 ng/ml) of rapamycin (Fig. 9B). Furthermore,
transformation of the forl eapl strain with a plasmid express-
ing wild-type EAPI under control of its own promoter com-
pletely abolished the rapamycin-resistant phenotype, demon-
strating that this effect is due to loss of Eaplp. In contrast, the
rapamycin-resistant phenotype was only weakly reverted by
expression of the Y109A mutant of EAPI (Fig. 9B), indicating
that it is dependent on the efficient interaction of eIF4E and
Eaplp in vivo.

It is noteworthy that strains deleted for CAF20 showed no
resistance to rapamycin (data not shown), demonstrating that
the partial rapamycin resistance of eapl cells is a TOR-signal-
ing-specific effect and not simply a general manifestation of
increased cap-dependent translation. These results are consis-
tent with a role for Eaplp as a regulator of cap-dependent
translation in response to the TOR signaling pathway in yeast.

DISCUSSION

We have identified an ORF (YKL204w) in S. cerevisiae that
encodes a novel elF4E-interacting protein, which we termed
EAPI. Eaplp competes with the eIF4Gs for binding to eIF4E
and can inhibit cap-dependent translation in vitro, consistent
with a role for this protein in translational control. However,
Eaplp also contains potential functional domains which were
not explored in the present work (i.e., a putative nuclear lo-
calization sequence and proline-rich C terminus). In particular,
one interesting possibility is that Eaplp also provides a func-
tion related to the partial localization of yeast eIF4E in the
nucleus (53, 65).

Disruption of EAPI confers partial resistance to the immu-
nosuppressant macrolide, rapamycin. Rapamycin binds to the
yeast immunophilin protein, FKBP, which then inhibits TOR1
and TOR?2 activity, resulting in a block of translation initiation
and arrest in early G, phase of the cell cycle (11, 27, 43, 44, 52,
84). Several lines of evidence suggest that the cell cycle arrest
is a consequence of reduced translation initiation: (i) reduction
of cellular translation rates is an early effect detected upon
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inhibition of TOR by rapamycin (11); (ii) a specific block in
translation through the mutation of initiation factors, including
elF4E, causes yeast cells to arrest in early G, (12, 17, 41); and
(iii) expression of the G, cyclin gene, CLN3, under control of
the 5’ untranslated region from polyubiquitin (UBI4), which
confers reduced eIF4E dependence on translation (17), sup-
presses the G, arrest induced either by rapamycin or by mu-
tation of eIF4E (11, 23). This indicates that the block in trans-
lation initiation caused by the loss of TOR function is
mediated through down-regulation of eIF4E function. Our
present observation that deletion of Eaplp maintains growth
in cells lacking TOR function (through treatment with rapa-
mycin) extends the argument that the TOR pathway regulates
translation initiation in yeast and that Eap1lp may partially act
as a functional homolog of mammalian 4E-BPs.

Rapamycin resistance conferred by a dominant TORI-1 mu-
tation is more pronounced than that observed with the
eapl::TRP1 strain. This suggests that Eaplp contributes only
partially to the TOR effects on cell growth and that additional
TOR-dependent pathways exist. In mammalian cells, the

A
TORI-1
wt
eapl
YPD YPD
+ rap (20 ng/ml)
B
wit wt
+ vector + vector
torl ’
+ vector torl
+ vector
3
eapl KT eapl torl i
veetor + vector
eapl torl eapl torl
+EAPI1 +EAPI
.
eapl torl eapl torl
+EAPI[Y109A] + EAPI1[Y109A]
SD-URA SD-URA

+ rap (1 ng/ml)

FIG. 9. Disruption of EAPI confers partial resistance to rapamycin. (A)
Yeast strains JH11-1C (TORI-1), JH6-1C (wild type [wt]), and YGCO034 (eapl)
were streaked on YPD alone and on YPD containing rapamycin (20 ng/ml) and
incubated at 30°C. (B) Indicated yeast strains were transformed with YCplac33
(vector), pTS115 (EAP1), or pTS117 (EAP1[Y109A]). Resulting transformants
were streaked on SD-Ura medium and SD-Ura medium containing rapamycin (1
ng/ml) and then incubated at 30°C. torl, strain AS93-2A; tor] eapl, strain TS6-
SA.
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mTOR signaling cascade bifurcates into two parallel pathways
which control the phosphorylation of 4E-BP1 and ribosomal
protein S6 (46, 80). Phosphorylation of S6 at multiple sites
leads to activation of translation initiation (reviewed in refer-
ence 47). Thus, mTOR has the capacity to regulate translation
via multiple mechanisms. However, phosphorylation of the
yeast homolog of S6 (S10) has little effect on protein synthesis
or cell growth (49, 51), suggesting that yeast TOR does not
modulate translation initiation through ribosomal protein
phosphorylation. Moreover, yeast mRNAs for ribosomal pro-
teins do not contain a 5’-polypyrimidine tract which mediates
the effect of S6 phosphorylation on translation (47). More
recently, however, the TOR signal transduction pathway has
been implicated in a broader range of metabolic activities
which could modulate protein synthesis and cellular growth.
These include control of amino acid transport (69), stability of
elF4G (15), cellular autophagy (61), RNA polymerase I and
III transcription (83), ribosomal biogenesis (64), and transcrip-
tional control of nutrient-regulated catabolic pathways (13).
These mechanisms may function simultaneously with TOR-
dependent regulation of Eaplp to modulate protein synthesis
and cellular proliferation.

How might TOR signal to Eaplp? EAPI (ORF YKL204w)
is constitutively expressed at low levels (100 to 1,000 times less
than actin mRNA [68]) and is not differentially regulated dur-
ing batch growth, throughout the cell cycle, or during sporu-
lation, based on yeast gene expression databases (21, 26, 68, 73,
78; SGD [see above]; P. O. Brown laboratory, Stanford Uni-
versity [http://cmgm.stanford.edu/pbrown/explore]). This sug-
gests that regulation of Eaplp function occurs posttranslation-
ally, possibly through reversible phosphorylation in analogy to
4E-BPs. Consistent with this idea, mass spectroscopy analysis
shows that Eaplp is multiply phosphorylated in vivo (U.
Schneider and P. Jené [Department of Biochemistry, Biozen-
trum, University of Basel] unpublished data). Mammalian
mTOR/FRAP phosphorylates 4E-BP1 in an in vitro immune
kinase assay (18-20, 35). Yeast TORI is also capable of phos-
phorylating 4E-BP in vitro (1). In vivo, yeast TOR phosphor-
ylates the essential protein, Tap42, thereby stimulating associ-
ation of Tap42 with the catalytic subunit of type 2A protein
phosphatases (PPH21 and PPH22) and a type 2A-related pro-
tein phosphatase (SI74) (27, 48). It is conceivable that TOR-
dependent regulation of the Tap42 complex could ultimately
modify the phosphorylation state of Eaplp as has been pro-
posed for the protein kinase NPR1 (69) and the transcription
factor GLN3 (13). Future studies will be required to define the
potential regulation and role of Eaplp phosphorylation in the
control of translation initiation.

Eaplp and p20 share homology only in the 4E-binding do-
main, with no overall similarity between the proteins. Never-
theless, both could function as translational repressors in yeast
by using a molecular mimicry mechanism in common with
mammalian 4E-BPs. The differences between Eaplp and p20
may reflect their differential regulation by upstream effectors
(evidence of which is provided by our finding that deletion of
p20 had no effect on rapamycin sensitivity) and/or additional
functions unrelated to translational control. Neither Eaplp nor
p20 is essential for cell growth under standard laboratory con-
ditions. Rather, these proteins may serve to modulate growth
in response to adverse conditions in the natural environment
(consistent with the temperature-sensitive phenotype observed
for the eap! strain). Further analysis of the pathways which
modulate Eaplp and p20 should yield insights into the regu-
lation of cellular growth through the function of eIF4E-asso-
ciated proteins.
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