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Eukaryotic translation initiation factor 4GI (eIF4GI) is an essential protein that is the target for transla-
tional regulation in many cellular processes and viral systems. It has been shown to function in both
cap-dependent and cap-independent translation initiation by recruiting the 40S ribosomal subunit to the
mRNA cap structure or internal ribosome entry site (IRES) element, respectively. Interestingly eIF4GI mRNA
itself has been reported to contain an IRES element in its 5’ end that facilitates eIF4GI protein synthesis via
a cap-independent mechanism. In HeLa cells, eIF4GI exists as several isoforms that differ in their migration
in sodium dodecyl sulfate (SDS) gels; however, the nature of these isoforms was unclear. Here, we report a new
cDNA clone for eIF4GI that extends the 5’ sequence 340 nucleotides beyond the previously published sequence.
The new extended sequence of eIF4GI is located on chromosome 3, within two additional exons immediately
upstream of the previously published eIF4GI sequence. When mRNA transcribed from this cDNA clone was
translated in vitro, five eIF4GI polypeptides were generated that comigrated in SDS-polyacrylamide gels with
the five isoforms of native eIF4GI. Furthermore, translation of e[F4GI-enhanced green fluorescent protein
fusion constructs in vitro or in vivo generated five isoforms of fusion polypeptides, suggesting that multiple
isoforms of eIF4GI are generated by alternative translation initiation in vitro and in vivo. Mutation of two of
the five in-frame AUG residues in the eIF4GI cDNA sequence resulted in loss of corresponding polypeptides
after translation in vitro, confirming alternate use of AUGs as the source of the multiple polypeptides. The 5’
untranslated region of elF4GI mRNA also contains an out-of-frame open reading frame (ORF) that may
down-regulate expression of eIF4GI. Further, data are presented to suggest that a proposed IRES embedded
in the eI[F4GI ORF is able to catalyze synthesis of multiple eI[F4GI isoforms as well. Our data suggest that
expression of the eIF4GI isoforms is partly controlled by a complex translation strategy involving both

cap-dependent and cap-independent mechanisms.

Eukaryotic translation initiation factor 4G (eIF4G) is a large
modular protein that in association with eIF4E (cap-binding
protein) and eIF4A (RNA helicase) forms the translation ini-
tiation complex elF4F. elF4G contains many domains that
bind translation factors and mRNA simultaneously in preini-
tiation complexes. eIF4G can be roughly divided into three
domains, N terminal, central, and C terminal. The N-terminal
third of eIF4G contains binding sites for poly(A)-binding pro-
tein (PABP) and eIF4E as well as a large proline-rich segment
of undefined function (25, 32, 38). The central region, whose
structure was recently solved, is the most highly conserved
region of elF4G and contains binding domains for eIF3,
elF4A, and an mRNA recognition motif (32, 39). The C-
terminal domain contains another binding domain for eIF4A
and a binding domain for mnk-1 and mnk-2 kinases, which
activate eIF4AE via phosphorylation (30, 44, 47). A functional
core region has been described that comprises the binding
domains for eIF4E, elF3, and eIF4A and is capable of mini-
mally supporting translation initiation in Saccharomyces cerevi-
siae and mammalian systems (14, 42). The C-terminal domain
has been proposed to enhance and regulate the activity of the
core domain (14, 42).

Since elF4G can bind eIF4E and elF3 simultaneously, it
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is generally accepted that eIF4G forms a molecular bridge
linking the 5’ end of the mRNA to the ribosomal subunit
and thus is an essential factor in the recruitment of the 40S
ribosomal subunits to the 5 end of capped mRNA (re-
viewed in references 20 and 43). In contrast, eIF4G is also
required in cap-independent translation initiation on picor-
navirus RNAs to recruit the 40S ribosomal subunit to
mRNA (37). In this case eIF4G and other factors bind to a
large secondary-structure element within the RNA that is
termed the internal ribosome entry site (IRES); however,
elF4E is not required. Two independent isoforms of human
elF4G, now termed e¢IF4GI and eIF4GII, have been de-
scribed previously (21). These isoforms are only 46% con-
served overall but contain homologous protein binding do-
mains and interact with the same factors (eIF4E, eIF4A, and
elF3) to form functional eIF4F complexes (21). eIF4GI is
the predominant form of eIF4G in HelLa cells and is esti-
mated to comprise about 85% of the total in eIF4F com-
plexes, partly based on examination of unique cleavage
products in silver-stained gels (5, 40).

Recently, 5'-3" interactions in mRNA have also been shown
to be important for translation initiation and regulation. Spe-
cifically, eIF4G is able to bridge 5’ and 3’ ends of mRNA by
simultaneous binding of eIF4E (cap structure) and PABP
[poly(A) tail], forming pseudocircular mRNA structures (50,
52). 5’-3’' interactions mediated by this complex stimulate
translation initiation synergistically (4, 41a), play crucial roles
in the rate of mRNA turnover, and may explain the location of
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translation enhancers in the 3’ nontranslated region of certain
mRNAs (9, 15, 50).

The essential role of eIF4GI in translation initiation also
makes this protein a central target for regulation of translation.
During poliovirus or rhinovirus infection of HeLa cells, cap-
dependent translation is rapidly shut off (16, 46). The mecha-
nism involves proteolytic cleavage of eIF4GI between the
elF4E and elIF3 binding domains, thus severing the bridge
between the 40S ribosomal subunit and the 5’ cap structure
(16, 32, 34, 36, 54). The C-terminal segment of eIF4GI that is
released by cleavage contains eIF3 and eIF4A binding domains
and functions efficiently to initiate cap-independent translation
of viral RNA via the viral IRES elements (3, 29). Additionally,
elF4GI and eIF4GII are cleaved by caspase 3 during apoptosis
at times when translation is being down-regulated (11, 40, 41).
Other viral proteins are also known to modify translation by
binding to eIF4GI and interfering with its function. Influenza
nsl has recently been shown to bind to the N-terminal region
of eIF4GI, which recruits eIF4GI specifically to viral mRNA at
the expense of host translation (2). Further, adenovirus 100-
kDa protein can reduce cellular cap-dependent translation by
binding to eIF4GI, and evicting the mnk kinase (13). During
heat shock translation is down-regulated at times when levels
of functional eIF4GI are reduced, and it has been recently
shown that hsp27 binds eIF4GI to sequester it in nonfunctional
complexes (12, 33).

Interestingly, eIF4GI appears as a series of four to five
polypeptide bands with apparent molecular masses of 200 to
220 kDa when resolved in sodium dodecyl sulfate (SDS)-poly-
acrylamide gels. Despite the enormous amount of information
known about elF4GI structure and function, no molecular
explanation has emerged as to the nature of these isoforms.
The original eIF4GI clone was obtained from a human brain
cDNA library and was reported to have a long (450-nucleotide
[-nt]) 5" untranslated region (5’ UTR) (hereafter referred to as
brain expression [BE] 5" UTR) which contained an IRES el-
ement. This clone generates a single polypeptide of approxi-
mately 195 kDa when translated in vitro, and it has been
proposed that posttranslational modifications or alternate
splicing may generate the multiple isoforms observed in vivo
(25, 53). eIF4GI has been shown to be extensively phosphor-
ylated, but no correlation between phosphorylation and spe-
cific isoforms has been established (45). More recently, two
groups independently reported finding additional cDNA se-
quences for eIF4GI that extended the 5 end and expanded the
originally reported eIF4GI open reading frame (ORF) by 156
amino acids (25, 27). The nature of the polypeptide(s) gener-
ated by the addition of these extended sequences has not been
described. Interestingly, the extension segment has been pro-
posed to contain a different IRES element, conferring the
property of cap-independent expression to eIF4GI itself (27).

Here we report a new eIF4GI cDNA sequence that contains
an additional 340-nt 5’'-terminal extension beyond previous
clones and produces full-length eIF4GI that, when translated
in vitro, comigrates on gels with native eIF4GI. By fusing the
new 5’ sequence of eIF4GI onto enhanced green fluorescent
protein (EGFP) cDNA, we show that the multiple isoforms of
elF4GI result from alternative translation initiation at differ-
ent in-frame AUG codons in vitro and in vivo. Further, we
show that expression of eIF4GI is influenced by an upstream
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ORF and several isoforms can be translated from dicistronic
RNAs. Thus, eIF4GI expression in vivo is likely mediated via
a complex translation regulation scheme involving both cap-
dependent and cap-independent mechanisms that generate
multiple isoforms of eIF4GI.

MATERIALS AND METHODS

Cells and mammalian cell transfections. HeLa S3 cells were grown in SMEM
(Invitrogen) supplemented with 9% bovine calf serum-1% fetal calf serum, and
penicillin-streptomycin (Invitrogen). HeLa CCL2 and 293T cells were main-
tained in Iscove’s DMEM (Invitrogen) or high glucose DMEM (Invitrogen),
respectively, with the same amounts of serum and antibiotics. In vivo labeling and
processing of cell lysates were carried out as previously described (26). Trans-
fections of HeLa cells were performed using the calcium phosphate method (10)
with minor modifications. Sixteen hours posttransfection cells were washed once
in phosphate-buffered saline (PBS) containing 10% dimethyl sulfoxide, and the
medium was replaced. Following another 20 h of growth, cells were pelleted,
washed twice with PBS, and resuspended in DMEM containing 10% dialyzed
calf serum and lacking methionine. Transfected cells were labeled at 37°C for
1.5 h by the addition of Tran®S-label (10 wCi/ml; ICN). Labeled cells were
washed with PBS and subjected to detergent lysis (20 mM HEPES, pH 7.6; 10
mM KCI; 1.2 mM magnesium acetate; 2.5 mM dithiothreitol; 1% NP-40) for 10
min at 37°C. Nuclei were pelleted, and supernatant lysates were collected. 293T
cells were transfected with plasmid constructs using Lipofectamine (Invitrogen)
according to the manufacturer’s protocols. Cells were harvested 36 h posttrans-
fection and subjected to detergent lysis as described above.

Immunoprecipitation. Inmunoprecipitation from in vitro translation reactions
or transfected HeLa lysates was carried out in IP buffer (20 mM Tris-HCI, pH
8.0; 150 mM NaCl; 0.5% NP-40; 5 mM EDTA). Lysates were precleared by
incubation with protein A-agarose beads for 60 min at 4°C prior to the addition
of antibody. Antibody (as indicated in the figure legends) was incubated with
lysates for 1 h at 4°C, followed by incubation together with protein A-agarose
overnight at 4°C. Agarose beads were subjected to multiple washes with IP
buffer. Immunoprecipitated proteins were resolved by SDS-polyacrylamide gel
electrophoresis (PAGE), transferred to nitrocellulose membranes where indi-
cated, and detected by autoradiography or immunoblotting.

In vitro translation reactions. Nuclease-treated rabbit reticulocyte lysates
(Promega) were programmed with capped or uncapped T7 RNA transcripts in
the presence of [*>S]methionine-cysteine (Tran?>S-label) and incubated at 30°C
for 90 min. Where indicated the translation mix was then incubated with 0.05 wg
of purified coxsackievirus B3 (CVB3) 2A protease (2Apro) cotranslationally or
for 15 min at 30°C before RNA addition. Translations were analyzed by SDS-
PAGE-autoradiography as indicated. CVB3 2Apro was expressed and purified
as previously described (26).

Plasmids. pCR2.1-4Gext (27) was amplified by PCR using primers GCTC
TAGACCATGGCTAGCATGACTGGTGGACAGCAAATGAACACGC
CTCCTCAGCCCCGCC and CCCAAGCTTCAGACATGATCTCCTCTGTG
ATATCCTTTCC. The T7 tag epitope is underlined, boldface type indicates the
initiation codon in this construct, and double underlining indicates the eIF4GI
initiation codon based on the published sequence (27). The resulting PCR
fragment spanning the coding region of 4Gext was cloned into pcDNA3.1 (In-
vitrogen) to generate pcT74Gext. pT74Gl, containing the extended eIF4GI cod-
ing sequence, was constructed by cloning the EcoRI-EcoRI fragment, spanning
the original eIF4GI coding region, from pAD-4G (28, 53) fused into pcT74Gext.
pc4G-IRES was constructed by cloning the 5" UTR of the original eIF4G clone
(53) from pCMV-CAT/AGUTR/L (18, 19) into pcDNA3.1. The full-length
eIF4AGI ¢cDNA clone DKFZp7620191Q3 (accession no. AL120751), referred to
in this work as pSP4GI, was obtained from the German Cancer Research Center
(DKFZ) and was cloned into pSPORT vector (Gibco). The full-length cDNA
was subjected to further sequence analysis and resubmitted to GenBank as
accession no. AY082886. p4G(395-821)-EGFP and pIRES-EGFP were con-
structed by cloning the EGFP gene from pEGFP-N2 (Clontech) into the pT74GI
or pc4G-IRES, respectively. p4G(1-821)-EGFP was generated by cloning the 5’
end of eIF4GI cDNA from pSP4GI as a Sall/EcoRI fragment into p4G(395-
821)-EGFP linearized with Nhel/EcoRI. pAG(1-364)-EGFP was constructed by
cleavage of p4G(1-821)-EGFP with SgrAl and Agel, followed by ligation. p4G(1-
274)-EGFP was constructed by isolation of a PCR fragment from pSP4GI, using
primers 5'-CGGGATCCAAGCTTCTAGACCTGTGTGCCCCTGGGCCAGG
CCC-3'" (forward) and 5'-GCGTGATCAAAGCTTTCATCTTCATTTGGTGC
CACATCAGGGTC-3' (reverse), that was digested with HindIII and inserted
into vector pEGFP that contained both cytomegalovirus and T7 RNA polymer-




VoL. 22, 2002

ase promoters upstream of the EGFP ORF. p4G(5'uORF)-EGFP was con-
structed by digesting p4G(1-274)-EGFP with Agel, followed by blunting the
DNA overhangs with Klenow fragment and ligation.

pSP4GI AAUG275, AAUG395, and AAUG275,395 were generated by site-
directed mutation of pSP4GI. In each case the indicated ATG was mutated to
GTG using a QuikChange XL mutagenesis kit (Stratagene) and primers to
pSP4GI that incorporated the base changes (31-nt complementary primer pairs
[IDT]). p(5'uORF)-SP4GI was constructed using a QuikChange XL mutagene-
sis kit and primers to pSP4GI that incorporate a single adenosine insertion after
nt 274 in the eIF4GI 5’ UTR coding region.

pRL-EGFP was generated by ligation of an Nhel-Bsp1201 fragment containing
EGFP from pEGFP into pRL-HL (24) digested with Xbal and NotI, to remove
the hepatitis C virus IRES and firefly luciferase gene. To construct pRL-4G(275-
873)-EGFP, pSP4GI was subjected to PCR with primers 5'-CCTGTGTGCCC
CTGGGCCAGGCCCG-3' and 5-GCCCCAGACATGATCTCCTCTGTGA
T-3" (IDT) and products were gel purified and ligated into pGEM-T Easy
(Promega) to generate pGEM-TE 4G(275-873). pGEM-TE 4G(275-873) was
digested with Notl and ligated into pRL-EGFP digested with Bsp1201. A ther-
modynamically stable hairpin previously described as blocking 43S ribosomal
scanning (8) was amplified by PCR using primers 5'-CTAGCTAGCTTATAAA
AGCAGTGGCTGCGG-3' and 5'-GTCGCTAGCATTCTGTCTGTTTTGGG
GGAT-3' that added Nhel sites to each end of the product DNA. Following
digestion with Nhel, the DNA was ligated into the Nhel site of pRL-4G(275-
873)-EGFP just downstream of the T7 promoter to generate phpRL-4G(275-
873)-EGFP.

Antibodies. Rabbit polyclonal antiserum specific to the N-terminal end of
human eIF4GI (36) or antipeptide serum specific to a region in the N-terminal
domain of eIF4GI (amino acids 231 to 251) (1) was used as previously described.
Rabbit polyclonal anti-eIF4GI antiserum used for immunoprecipitation was pro-
duced by expression of the C-terminal 480 amino acid residues of eIF4GI as a
His-tagged polypeptide in Escherichia coli. Protein was purified by metal chelate
chromatography (Talon; Clontech) and injected in five boosts (50 pg each) over
3 months into rabbits to generate hyperimmune serum. Mouse monoclonal
anti-green fluorescent protein (anti-GFP) antibody was obtained from Quantum,
and rabbit polyclonal anti-EGFP antibody was obtained from Santa Cruz. Rabbit
polyclonal antibody against T7 epitope tag was obtained from Invitrogen.

Northern blotting. Transfected 293 cells were lysed directly into Trizol extrac-
tion reagent (Invitrogen). RNA samples were run on a denaturing formaldehyde
gel and blotted to a nylon membrane (MSI) using the Northern Max kit (Am-
bion). Membranes were probed overnight at 68°C with a [**P]GTP-labeled an-
tisense riboprobe directed to the EGFP ORF. Following four washes (described
in the Ambion protocol) the membranes were exposed to film overnight at
—70°C.

Nucleotide sequence accession number. The full-length eIF4GI cDNA clone
DKFZp7620191Q3 that was subjected to further sequence analysis in this study
has been resubmitted to GenBank under accession no. AY082886.

RESULTS

Sequence of complete eIF4GI cDNA. We obtained the 4Gext
cDNA sequence reported by Johannes and Sarnow (27) that
was then cloned onto the 5" end of the original eIF4GI clone
(pAD-4G) to produce plasmid pT74GI. We also searched
GenBank, including the EST (expressed sequence tag) data-
base, using the 4Gext region as the query sequence to find any
additional 5’ extension sequences. One clone generated by the
Molecular Genome Analysis Program at the DKFZ (accession
no. AL120751) from a human melanoma cell line, was found to
contain the 4Gext region and an additional sequence at the 5’
end (Fig. 1A). The published sequence listed only 637 nt in
the clone; however, further sequence analysis of both ends
and several internal regions of the insert and restriction
analysis in our laboratory (data not shown) revealed that the
DKFZp7620191Q3 clone contained the entire eIF4GI coding
region with 5’ and 3’ UTRs (Fig. 1 and 2). This clone is re-
ferred to as pSP4GI.

Alignment of the 5’ end of pSP4GI and the 4Gext region
indicated that the amino-terminal end of eIF4GI continues the
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previously predicted ORF, extending the ORF by an additional
40 amino acids (Fig. 1A). The resulting eIF4GI ORF now
contains a total of 1,600 amino acids, encoding a polypeptide
with a predicted molecular mass of 174.5 kDa. Unlike the
earlier 4Gext sequence, which contained a continuous ORF
through the most-5’ nucleotide in the sequence, the pSP4GI
sequence contains several in-frame upstream stop codons. Two
stop codons are located within 43 and 67 nt of the beginning
of the eIFAGI ORF. This supports the hypothesis that the
pSP4GI sequence represents a full-length eIF4GI coding se-
quence. All the numbering of amino acids and nucleotides of
elF4GI mRNA appearing in this work are now revised from
earlier published numbering systems to reflect this additional
sequence.

The 5" UTR of pSP4GI cDNA is 274 nt long and contains a
short upstream ORF (uORF) of 28 amino acids, overlapping
with the large eIF4GI coding region by 1 nt (Fig. 1A). This
uORF contains three in-frame AUG codons at positions 192,
258, and 270, none of which are in favorable Kozak consensus
sequences (31). In contrast, the predicted eIF4GI initiation
codon located at nt 275 to 277 is in a good sequence context to
favor translation initiation. Interestingly, there are five in-
frame AUG codons between nt 275 and nt 865, the spacing of
which corresponds well with the observed differences in gel
migration between the various native eIF4GI isoforms (Fig.
3C). Specifically, translation initiation at AUG codons begin-
ning at nt 275, 395, 536, 767, and 863 could produce polypep-
tides differing by the appropriate molecular masses to generate
the pattern of eIF4GI isoforms observed.

Apart from a few single-nucleotide alterations, the 3" UTR
of the new eIF4GI cDNA was identical to the previously pub-
lished sequence through the first 234 nt, where it ended in a
poly(A) sequence (Fig. 2). The original 3’ UTR cDNA se-
quence, derived from brain tissue, continues for an additional
319 nt before the poly(A) junction.

The full-length pSP4GI eIF4GI sequence was mapped onto
the recently drafted genomic sequence for eI[F4GI on human
chromosome 3 to determine if the new predicted 5’ exons
existed upstream of the known eIF4GI locus. Indeed, we found
that the new sequence in pSP4GI constitutes two new up-
stream exons and that splice junctions joining these exons are
normal. The first 8 of 32 eIF4GI exons are graphically depicted
in Fig. 1B. To confirm the validity of this cDNA sequence we
designed primers that would amplify nt 1 to 873 and performed
reverse transcription-PCR of HeLa cytoplasmic RNA. The
expected 0.87-kb DNA product was isolated, sequenced, and
confirmed to be homologous with the 5’ sequence of pSP4GI
(data not shown). While there is no canonical TATA box
upstream of the new exon 1 of eIF4GI, the presence of several
putative Sp1 binding sites and lack of an obvious splice accep-
tor site suggests that the new cDNA clone may encode a
full-length eIFAGI mRNA. Interestingly, the initial eIF4GI
cDNA clone derived from brain tissue contained an IRES
element in the 5" UTR (18). This IRES sequence is located in
the eIF4GI gene in an intron between exons 6 and 7 (number-
ing reflects our full-length ¢cDNA), as previously predicted
(21). Analysis of the genomic sequence of the 3’-terminal re-
gion of the eIF4GI gene indicates that both the original pub-
lished 3" UTR and the new pSP4GI cDNA 3’ UTR sequences
are derived from the same exon (exon 32). The differences
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exon 1
CCTGTGTGCCCCTGGECCAGGCCCGAACCCEGTGTCCCCGGETGEEGEETGGEGACGCCACGGCCGAAGCAGCTAGCTCCGTTCGTGATCCGGGAGCCTG 100

GTGCCAGCGAGACCTGGAATTTCCGGTCTGGTTGGTCTGGGGCCCCGCGGAGCCAGGTTGATACCCTCACCTCCCAACCCCAGGCCCTCGG ATG CCC 197

M P 2

exon 2

AGA ACC TGT AGG CCG CAC CGT GGA CTT GTT CTT AAT CGA GGG GGT GCT GGG GGG ACC CTG ATG TGG CAC CAA ATG 272

R

T c R P H R G L \% L N R G G A G G T L M W H Q M 27

exon 3
M N K A P Q S T G P P P A P S P G L P }tQ P A F P 24

AAEAAC AAA GCT CCA CAG TCC ACA GGC CCC CCA CCC GCC CCA TCC CCC GGA CTC CCA CAG CCA GCG TTT CCC 346

K 275 28

P

CCG GGG CAG

G Q T A P \Y \Y F S T P Q A T Q M N T P S Q P R Q 49
AGT ACG 421

P S R A Q P P S S A A S R v Q S A A P A R P 74

I;»exontl
AC TTC TAC CCT AGC CGG GCC CAG CCC CCG AGC AGT GCA GCC TCC CGA GTG CAG AGT GCA GCC CCT GCC. CGC CCT 496

GPAAHVYPAGSQV’_M_‘MIPSQISYPAS99
GGC_CCA_GCT GCC CAT GTC TAC CCT GCT _GGA TCC CAA GTA |ATG| ATG ATC CCT TCC CAG ATC TCC TAC CCA GCC TCC 571
[536]
exon 5
g ¢ A Y Yy 1 P 6 @@l R s T Y WV V P T Q ©Q Y P V Q P 124
CAG GGG GCC_TAC TAC ATC CCT _GGA _CAG GGG CGT TCC ACA TAC GTT.GTC.CCG.ACA CAG CAG TAC CCT GTG CAG CCA 646
exon 6
G A P G FF Y P G A S P T E L G T Y G A Y Y P A R 149
GGA_GCC CCA GGC TTC TAT CCA GGT GCA AGC CCT ACA GAA CTT GGG ACC TAC GCT GGG GCC TAC TAT CCA GCC CGA 721
G Vv ¢ @ ¥®¥ P T G V A P A P V L M N Q P P 9 I A P K 174
GGG. GTG. CAG. CAG. TTT.CCC. ACT. GGC_GTG_GCC CCC GCC CCA GTT TTG |ATG, AAC CAG CCA CCC CAG ATT GCT CCC AAG 796
767
exon 7
R E R X T {1 R I R D P N Q GG G X D I T E E I M S G 199
AGG GAG CGT AAG ACG ATC CGA ATT CGA GAT CCA AAC CAA GGA GGA AAG GAT ATC ACA GAG GAG ATC ATG|TCT GGG 871
863
exon 8
A R T A & T P T P P Q|T 6 6 G L E P Q A N G E T P 224
GCC CGC ACT GCC TCC ACA CCC ACC CCT CCC CAG ACG GGA GGC GGT CTG GAG CCT CAA GCT AAT GGG GAG ACG CCC 946

T4

FIG. 1. (A) 5’ terminal sequence of eIF4GI cDNA. The sequence begins with the first nucleotide of cDNA insert in pSP4GI. The amino acid
sequence of eIF4GI is shown above the nucleotide sequence starting at nt 275. The amino acid sequence of the upstream ORF beginning at nt
192 is shown below the nucleotide sequence. In frame ATG codons within the eIF4GI ORF are boxed. Boldface underlining denotes nucleotides
shared between the original eIF4GI clone, 4Gext sequence, and pSP4GI. Double underlining indicates nucleotide sequence shared between 4Gext
reported by Gradi et al. (21), that reported by Johannes and Sarnow (27), and pSP4GI. Dotted underlining indicates sequence shared between the
longer Johannes 4Gext segment (27) and pSP4GI. The single-underlined sequence is shared between an unmapped cDNA extension reported by
Poncet and Cohen (accession no. AF002815.1) and pSP4GI. The complete eIF4GI cDNA sequence present in pSP4GI has been deposited in
GenBank under accession no. AY082886. Exon junctions are indicated by arrows. (B) A linear map of the 5’ end of the eIF4GI genomic locus
(located at 3q27). Exons are depicted as open boxes, and translation initiation codons are depicted as arrowheads. Arrowheads above the line are
in frame with the main eIF4GI ORF, while arrowheads below the line indicate uORF initiator codons. The break in the line indicates the position
of a gap in the contiguous sequence which is not yet defined. The shaded box indicates the location of the IRES described in the BE 5’ UTR of
the original eIF4GI cDNA (18, 53).
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pPSPAGT
original 4GI

pSPAGI
original 4GI

pPSPAGI
original 4GI

pPSP4GT
original 4GI

original 4GI
original 4GI
original 4GI

original 4GI

CATGAATTCAATTAAAAAAANAAR
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GACCACAACTGAGGGCTGGTGGGGCCGGGGACCTGGAGCCCCATGGACACACAGATGGC~CCGG
GACCACAACTGAGGGCTGGTGGGGCCGGGGACCTGGAGCCCCATGGACACACAGATGGCTCCGG

CTAGCCGCCTGGACTGCAGGGGGGCGGCAGCAGCGGCGGTGGCAGTGGGTGCCTGTAGTGTGAT
CTAGCCGCCTGGACTGCAGGGGGGCGGCAGCAGCGGCGGETGGCAGTGGGTGCCTGTAGTGTGAT

GTGTCTGAACTAATAAAGTGGCTGAAGAGGCAGGATGGCTTGGGGCTGCCTGGGCCCCTCTCCA
GTGTCTGAACTAATAAAGTGGCTGAAGAGGCAGGATGGCTTGGGGCTGCCTGGGCCCCCCTCCA

GGATGCCGCCAGGTGTCCCTCTCCTCCCCCTGGGGCACAGAGATATATTATTAAAARAAALL
GGATGCCGCCAGGTGTCCCTCTCCTCCCC-TGGGGCACAGAGATATATTATATATAAAGTCTTGA

AAATTTTGAAATTTGGTGTGTCTTGGGGTGGGGAGGGGCACCAACGCCTGCCCCTGGGGTCCTT
TTTTTTATTTTCTGAAAATCACTCTCGGACTGCCGTCCTCGCTGCTGGGCATATGCCCCAGCCC

CTGTACCACCCCTGCTGTTGCCTGGGCAGGGGGAAGGGGGGGCACGGTGCCTGTAATTATTAAA

FIG. 2. 3'-terminal sequence of eIF4GI cDNA clone. Shown is a comparison of the original eIF4GI cDNA clone reported by Yan et al. (53)
and pSP4GI. The stop codon terminating the eIF4GI OREF is underlined, and boldface type indicates the nonhomologous residues in the two

sequences.

observed in the 3" UTR between the two cDNA clones prob-
ably result from the usage of alternative poly(A) cleavage sites.

Expression of extended eIF4GI ¢cDNA clones. The 4Gext
region and the truncated polypeptide it encodes were previ-
ously tested for the ability to bind PABP in isolation from the
bulk of the eIF4GI gene region and were not reconstructed on
the genuine 3’ end of eIF4GI (25). This region was also re-
ported to contain an IRES; however, the nature of polypep-
tides expressed using this 4Gext region was not examined (27).
We constructed the plasmid pT74GI, which contains this ex-
tension fused to the original eIF4GI ORF derived from pAD-
4GI. pAD-4GI contains the original eIF4GI clone with a
unique 5" UTR containing a different IRES element.

To determine if pSP4GI or pT74GI represents a full-length
eIF4GI cDNA clone and what types of polypeptides would be
synthesized from mRNAs containing extension segments,
RNA from plasmids was transcribed and translated in vitro.
The polypeptide products were directly compared to those
from endogenous elF4GI by mixing samples prior to SDS-
PAGE analysis (Fig. 3C, left panel). As shown, pSP4GI en-
codes a protein with an apparent molecular mass of about 220
kDa and generates several polypeptides that comigrate with all
elF4GI polypeptides detected in HeLa extract. However, in
vitro translation of pAD4GI and pT74GI did not produce all
isoforms of native eIF4GI detected on Western blots. Specif-
ically, pT74GI did not produce the largest, slowest-migrating
isoform of eIF4GI; however, this isoform was produced by
pSP4GI. Migration of eIF4GI polypeptides is easier to discern
after truncation by CVB3 2Apro, which cuts eIF4GI between
amino acids 681 and 682 (new numbering based on pSP4GI
clone sequence), generating a set of N-terminal cleavage prod-
ucts (CPy) and a single C-terminal cleavage product (CP). In
this case, it is clear that only CPy produced by pSP4GI RNA
comigrates with the largest native eIF4GI CPy (Fig. 3C), and
products generated by pT74GI RNA are missing this large
CPy. This suggests that pT74GI contains an incomplete
elF4GI sequence.

Based on inspection of numerous gels, we determined that

five isoforms of eIF4GI can be produced from pSP4GI RNA,
and five isoforms of native eIF4GI can sometimes be detected
by high-resolution SDS-PAGE, particularly in analysis of CPy
(Fig. 3C, right panel). We have denoted these isoforms
elF4Gl-a through eIF4Gl-e, with eIF4GI-a denoting the slow-
est-migrating form. The eIF4GI-d and eIF4GlI-e isoforms ap-
pear with various intensity in translation reactions and in West-
ern blots with different antisera, for reasons that remain
unknown. Since multiple eIF4GI polypeptide isoforms are pro-
duced from translation of a single pT74GI or pSP4GI RNA,
these data strongly suggest that alternative translation initia-
tion is capable of producing multiple isoforms of eIF4GI.

pT74GI was constructed with a T7 epitope tag fused to the
elF4GI start codon (AUG 395). To substantiate which eIF4GI
polypeptide was derived from initiation at the first AUG codon
in the pT74GI RNA, in vitro-translated pT74GI polypeptides
were immunoprecipitated with anti-T7 antibody. Results
showed that only the largest isoform reacted with the anti-T7
antibody (Fig. 3B), further suggesting that the multiple forms
of eIF4GI generated from this construct contained different
amino ends and do not arise from posttranslational modifica-
tion(s).

Initiation at alternative AUG codons generates multiple
forms of eIF4GI fusion proteins. To test the hypothesis that
alternative translation initiation occurs on the eIF4GI mRNA,
constructs were made that contained regions of the eIF4GI 5’
end fused in frame with EGFP (the schematic map of these
clones is depicted in Fig. 4C). All plasmids were used to gen-
erate capped mRNAs in vitro, which were determined to be
intact by denaturing gel electrophoresis. Equimolar amounts
of mRNAs were translated in vitro in rabbit reticulocyte lysates
and protein products analyzed by SDS-PAGE-autoradiogra-
phy (Fig. 4A). Translation of pPEGFP RNA alone generated a
large amount of a single EGFP polypeptide that migrated at
the expected apparent molecular mass of 27 kDa (Fig. 4A, lane
2). When the original 5" UTR/IRES described by Gan and
Rhoads (18) was inserted upstream of the EGFP OREF, a single
polypeptide corresponding in size to EGFP was made, though
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FIG. 3. (A) Linear maps of eIF4GI cDNA clones. Boxed regions indicate the eIF4GI ORF, and the binding domains for other translation
initiation factors are labeled. Arrows indicate proposed start points for translation. Letters on each arrow indicate the eIF4GI isoform produced,
and the number in parentheses indicates the first amino acid of the isoform. The location of dominant amino-terminal immunogenic epitopes and
the site of enterovirus 2Apro cleavage are also marked on pSP4GI. (B) In vitro expression of a T7-tagged eIF4GI cDNA. mRNA transcribed from
pT74GI was translated in vitro and subjected to immunoprecipitation using normal rabbit serum (lane 2), rabbit polyclonal anti-T7 tag antibody
(lane 3), or antiserum specific for the C-terminal domain of eIF4GI (lane 4). Starting nonprecipitated polypeptides (lane 1) and immunoprecipi-
tated polypeptides were analyzed by SDS-PAGE-autoradiography. (C) In vitro expression of eI[F4GI cDNAs. mRNAs transcribed from pADA4G,
pT74GI, and pSP4GI were translated in vitro, and full-length polypeptides or 2Apro cleavage products of those polypeptides were analyzed by
SDS-PAGE followed by transfer to nitrocellulose membranes and autoradiography. In both panels, S10 denotes Western analysis of HeLa
cytoplasmic lysate using polyclonal antisera specific for eIF4GI residues 1 to 600 (left panel) (36) or an eIF4GI peptide located in residues 231
to 251 (right panel) (1). In the left panel, 10 pl of HeLa cytoplasmic lysate containing human eIF4GI was combined with 5 pl of reticulocyte
translation reaction mixture before SDS-PAGE. Lanes 7 and 8 in the left panel are a direct Western blot overlay of the autoradiogram shown in
lanes 5 and 6. Migration of intact eIF4G isoforms is noted as is migration of CPy and the CP.. The multiple smaller polypeptides in translation
reactions which migrate faster than the band with the 195-kDa apparent molecular mass are aberrant translation products derived from improper
initiation. The unmarked band appearing in the center of lanes 7 and 8 represents the p170 fragment of eIF3, which cross-reacts with this antiserum.

the amount of translation product was markedly reduced.
However, when RNA containing the 4Gext segment fused in
frame to EGFP was translated [p4G(395-821)-EGFP] four
polypeptides were efficiently produced (Fig. 4A, lane 4). The
fastest-migrating product comigrated with EGFP, whereas
three products with molecular masses greater than that of
EGFP were also produced. These have apparent molecular
masses of 44, 39, and 31 kDa, which matches well with deduced
molecular masses of proteins that would be produced by initi-
ation of translation at eIF4GI AUG codons 395, 536, and 767,
respectively. The largest polypeptide was translated much
more efficiently than other fusion protein isoforms, suggesting
that cap-dependent scanning may largely drive initiation on
this RNA.

When RNA containing the full eIF4GI leader sequence
[p4G(1-821)] fused to EGFP was translated, five polypeptides

were synthesized, four of which comigrated with products pro-
duced by p4G(395-821)-EGFP RNA (Fig. 4A, lane 5). The
largest polypeptide migrated with an apparent molecular mass
of 49 kDa, and migration of the whole set of fusion proteins
was consistent with initiation occurring at AUGs 275, 395, 536,
and 767 and the authentic EGFP initiator codon (nt 865).
Thus, transfer of the first 821 nt of eIF4GI mRNA to a het-
erologous ORF promotes alternate selection of initiation
codons. The initiation codons that were utilized from the
p4G(1-821)-EGFP RNA seem to be the same as those utilized
by the full-length eIF4GI mRNA. Unlike products translated
from p4G(395-821)-EGFP RNA, translation of the largest
polypeptide was not enhanced relative to the other fusion
protein isoforms.

Translation efficiency of p4G(1-821)-EGFP RNA was con-
sistently much lower than that of p4G(395-821)-EGFP RNA,
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FIG. 4. Expression of eIF4AGI-EGFP fusion constructs. (A) In vitro expression of eIF4GI-EGFP fusion constructs. Capped mRNAs transcribed
in vitro from plasmids were translated in vitro and analyzed by SDS-PAGE-autoradiography. Translation reactions were programmed with 0.25
pmol of each RNA. pIRES-EGFP mRNA contains the original eIF4G (BE) IRES cloned upstream of the EGFP initiator codon. Each EGFP
fusion product was confirmed by immunoprecipitation with EGFP-specific antiserum (data not shown). (B) In vivo expression of eIF4AGI-EGFP
fusion constructs. Indicated plasmids were transfected into HeLa cells. Cells were radiolabeled at 36 h posttransfection, and EGFP fusion
polypeptides were immunoprecipitated and analyzed by SDS-PAGE-autoradiography as described in Materials and Methods. Three times more
cell lysate was used for the immunoprecipitation shown in lane 4 than for those shown in lanes 1 to 3. Numbers on the right denote assignment
of the eIF4GI AUG serving as an initiator codon in the fusion polypeptide. (C) EGFP fusion constructs containing portions of eIF4GI extension
sequences. The nucleotide numbering is based on the complete sequence in plasmid pSP4GI. Boxes indicate ORF segments, hatched regions
denote eIF4GI coding sequence, and open boxes represent additional amino acids derived from multiple cloning sites on plasmid constructs.
Triangles represent location of all AUG codons. Boxed areas below the line indicate the out-of-frame uORF.

suggesting that the additional upstream sequence (nt 1 to 394)
may regulate translation. In order to test this hypothesis,
EGFP expression constructs containing eIF4GI nt 1 to 364 or
nt 1 to 274 were also made (Fig. 4C). Both of these constructs
translated at a lower efficiency than did pEGFP RNA (Fig. 4A,
compare lane 2 to lanes 6 and 7). Translation efficiency was
more impaired in p4G(1-364)-EGFP RNA than in p4G(1-
274)-EGFP RNA, which contains only the 5" UTR. This dif-
ference could be explained in p4G(1-364)-EGFP RNA by the
maintenance of a portion of the main eIF4GI ORF in frame
with EGFP and of the overlap of stop and start codons at the
uORF/eIF4GI OREF junction.

It was also important to determine whether alternative
translation initiation from these clones could be reproduced in

vivo. To address this, HeLa cells were transfected with p4G(1-
821)-EGFP, p4G(395-821)-EGFP, or pEGFP. Cells were
pulse-labeled with [*>S]methionine 36 h posttransfection, and
radiolabeled proteins were immunoprecipitated with monoclo-
nal anti-EGFP antibodies and detected by autoradiography.
HeLa cells transfected with p4G(395-821)-EGFP generated
four polypeptides that could be immunoprecipitated with anti-
GFP antibodies (Fig. 4B). Though all four polypeptides were
consistently observed, the fusion protein initiating at AUG 395
was consistently predominant and the fusion protein initiating
at AUG 536 generated only a very weak band. When p4G(1-
821)-EGFP was transfected into cells, five polypeptides were
immunoprecipitated, suggesting that all five initiator codons
were utilized in vivo. Interestingly, the dominant polypeptide
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FIG. 5. Mutation of AUG codons interrupts expression of eIF4GI isoforms. (A) Wild-type pSP4GI cDNA (WT) was mutated to replace AUG
with GUG at nt 275 (A AUG 275), nt 395 (A AUG 395), or both (A AUG 275, 395), and then mRNA was transcribed, translated in vitro, and
analyzed as described in Materials and Methods. (B) Same as panel A, except eIF4GI translation products were cleaved by inclusion of 2Apro in
translation lysates. eIF4GI isoforms are identified on the left, and migration of marker proteins in kilodaltons is denoted on the right of panels.

precipitated was the largest, suggesting that in vivo more ribo-
somes are directed to AUG 275 than to the downstream ini-
tiator codons. This relative pattern of expression of the five
polypeptides was not duplicated in vitro in reticulocyte lysates
(compare Fig. 4A, lane 5) in which the middle-sized polypep-
tide initiating at AUG 536 was usually more dominant. How-
ever, consistent with in vitro data, the overall level of expres-
sion from the full-length p4G(1-821) leader sequence was
consistently much lower than that of the cognate construct
lacking the eIF4GI 5" UTR [p4G(395-821)-EGFP], requiring
immunoprecipitation from three times the number of trans-
fected cells to easily visualize translation products. Taken to-
gether, these data indicate that alternative translation initia-
tion associated with the eIF4GI RNA 5’ region is not merely
an artifact of the in vitro translation system but rather a specific
mechanism for generation of alternative protein isoforms.

Translation initiation at in-frame AUGs in eIF4GI mRNA.
To further substantiate the hypothesis that alternate transla-
tion initiation produces elF4GI isoforms from a single RNA
species, we introduced point mutations into the full-length
elF4GI RNA. In these constructs AUG 275, AUG 395, or both
AUGs were mutated to a GUG codon that does not normally
mediate translation initiation. Analysis of in vitro translation
products generated by these mutated mRNA species demon-
strated that AUG 275 and AUG 395 initiate synthesis of the a
and b isoforms of eIF4GI, respectively, as illustrated by the
disappearance of either isoform or both when corresponding
RNAs were translated (Fig. 5A). To better visualize the elim-
ination of isoform synthesis in the mutants, each translation
lysate was also cleaved with CVB3 2Apro prior to analysis (Fig.
5B).

The eIF4GI 5’ uORF alters eIF4GI translation. We ob-
served that the eIF4GI 5" UTR was able to reduce translation
efficiency of EGFP fusion protein (Fig. 4A, lanes 5 and 6). The
5" UTR contains a small upstream ORF that may down-regu-
late eIF4GI initiation, particularly since the uORF stop codon
partly overlaps the AUG codon initiating synthesis of the
elF4GlI-a isoform (AUG 275). This uORF contains three in-

frame AUG codons; however, all three are in poor Kozak
consensus sequences. To test whether the uORF is able to
recruit ribosomes, we made an eIF4GI-EGFP fusion construct
in which the uORF was in frame with the EGFP ORF
[p4G(5'uORF)-EGFP (Fig. 6)]. In vitro translation of capped
and uncapped RNAs derived from this construct generated
two polypeptides (Fig. 6, left panel). The faster-migrating
polypeptide comigrated with EGFP, and the slower-migrating
polypeptide displayed a mobility consistent with initiation at
AUG 192, i.e., the beginning of the uORF. This suggests that
the uORF is functional and can recruit ribosomes in vitro.
Also, expression of capped versus uncapped RNA resulted in
differential translation of the two polypeptides. With capped
RNA, significantly more ribosomes initiated at the down-
stream AUG than the upstream uORF AUG, consistent with
leaky scanning. When uncapped mRNA was tested, overall
translation levels dropped as expected; however, the initiation
from the upstream uORF AUG dropped much more than
initiation from the EGFP AUG. Thus, initiation at AUG 192
may proceed by a cap-dependent mechanism.

To determine if the uORF was functional in the context of
full-length eIF4AGI mRNA, an additional construct was made
in which the uORF was shifted 1 nt to bring it in frame with the
elF4GI ORF (Fig. 6). Translation products derived from this
construct (p5S'uORF-SP4GI) were compared to eIF4GI trans-
lation products after cleavage with CVB3 2Apro, which aids
separation and visualization of isoforms in gels. Interestingly,
the intensity of the eIF4GI-a CPy isoform was sharply in-
creased when the frame-shifted RNA was translated. Quanti-
tation of polypeptides produced from this mutant mRNA com-
pared to native eIF4GI mRNA showed increased production
of both elF4GI-a and elF4GI-b CPy isoforms as well as a
corresponding increase in CP. (Fig. 6, right panel). The data
also revealed a new CPy polypeptide was formed that migrated
more slowly than eIF4GI-a CPy, termed elF4GI-a’. This was
consistent with weak initiation at AUG 192, at the uORF 5’
AUG. These results suggest that the uORF recruits ribosomes;
however, the poor Kozak consensus surrounding AUG 192
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FIG. 6. In vitro expression of eIF4GI uORF. Constructs which fuse the eIF4GI 5’ uORF in frame with either EGFP or the main ORF of
elF4GI were generated by PCR and cloning or by site-directed mutagenesis as indicated in Materials and Methods. (Left panel) Equal amounts
of capped or uncapped T7 transcripts from p4G(5'uORF)-EGFP were translated in nuclease-treated rabbit reticulocyte lysates for 1 h prior to
SDS-PAGE-autoradiography. (Middle panel) pSP4GI (wild type)- or p5'uORF-SP4GI-capped T7 transcripts were translated in vitro and
subsequently treated with CVB3 2Apro, for 1 h each, prior to SDS-PAGE-autoradiography. (Right panel) Quantitation of translation of pSP4GI
and p5'uORF-SP4GI polypeptides by scanning densitometry. M, vector-specific background band used to show equal loading.

enables many ribosomes to scan further downstream to AUG
codons in a better context. In the case of the native elF4GI
mRNA, the juxtaposition of the uORF stop codon over AUG
275 results in termination and loss of some ribosomes, poten-
tially down-regulating overall eIF4GI expression.

Production of multiple eIF4GI isoforms from dicistronic
RNA. Johannes et al. proposed that e[F4GI RNA contained an
IRES element in the region between nt 395 and 863; however,
the polypeptide products produced by translation initiation
from this element were not determined. This putative IRES is
embedded in the eIF4GI ORF; thus, we wished to determine
which of the multiple eIF4GI isoforms could be initiated via a
cap-independent process. The eIF4GI sequence from nt 275 to
873 (lacking the 5" UTR) was inserted into the dicistronic
construct pRL-EGFP (Fig. 7C). Capped RNA was transcribed
from dicistronic constructs and analyzed by denaturing gel
electrophoresis to ensure that RNAs were not nicked and were
of unit length (data not shown). Translation of capped RNA
from the control pRL-EGFP construct revealed efficient trans-
lation of Renilla luciferase (Fig. 7A) and a small amount of
leaky reinitiation at the downstream EGFP ORF, probably due
to the close spacing of stop and start codons in this construct
(42 nt apart). When the eIF4GI sequence was inserted in the
intercistronic region of pRL-EGFP a significant enhancement
in translation of EGFP and EGFP fusion proteins (12.6-fold,
total fusion proteins) was observed. In addition, monocistronic
and dicistronic RNAs generated eI[FAGI-EGFP fusion proteins
with nearly equivalent efficiency, suggesting that cap-indepen-

dent translation is relatively robust in this context. The most-
intriguing observation was formation of multiple eIF4GI-
EGFP fusion isoforms from the dicistronic RNA, particularly
since the putative IRES element must be located downstream
of the AUG that generates the largest fusion polypeptide. All
fusion polypeptide products generated by the dicistronic RNA
migrated slightly more slowly than products from monocis-
tronic RNA due to the insertion of a short linker sequence
(Fig. 7C). Interestingly, translation appears not to initiate from
one downstream AUG (AUG 863) in this context (Fig. 7C) for
reasons that are unknown, but this could be due to altered
RNA secondary structure in this construct.

To further test whether the second cistron translation occurs
independently of the first cistron, we placed a thermodynam-
ically stable hairpin between the T7 promoter and the Renilla
luciferase gene. Quantitation by densitometry (Fig. 7B) and
luciferase assay (data not shown) showed that addition of this
hairpin reduced translation from the upstream Renilla lucif-
erase cistron ninefold, whereas translation of the downstream
cistron originating from the five eIF4GI AUG codons was
decreased only about twofold on average (Fig. 7B). This sug-
gests that translations of the upstream and downstream cis-
trons are largely independent. Other preliminary experiments
suggest that expression of the fusion proteins from the dicis-
tronic construct is not sensitive to blockage of cap-dependent
translation by addition of coxsackievirus 2Apro to translation
lysates (data not shown).

In order to determine which of these polypeptides could be
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FIG. 7. (A) Multiple eIF4AGI-EGFP fusion proteins translate from a dicistronic construct in vitro. In vitro translation was performed with RNA
transcripts from a control dicistronic construct (pRL-EGFP), a monocistronic eIF4AGI-EGFP fusion construct [p4G(1-821)-EGFP], and a
dicistronic eIF4GI-EGFP fusion construct [pRL-4G(275-873)-EGFP]. Where indicated, EGFP and EGFP fusion polypeptides were immunopre-
cipitated (IP) prior to SDS-PAGE to isolate genuine fusion proteins from the two vector-specific background bands (*) that migrate between RLuc
and EGFP. Numbers on the right indicate migration of molecular mass markers. (B) Second-cistron translation is independent of that of the first
cistron. In vitro translation was preformed with equal amounts of RNA transcribed from the dicistronic eIF4GI-EGFP fusion construct
[pPRL-4G(275-873)-EGFP] and an analogous construct that contains a stable hairpin upstream of RLuc [phpRL-4G(275-873)-EGFP)]. Translations
were subjected to SDS-PAGE and autoradiography, and bands were quantitated by densitometry with NIH Image software (version 1.62).
Quantitation of polypeptides is indicated on the right (no hairpin-hairpin constructs). Fold inhibition of expression of isoforms in the hairpin
construct is given in parentheses. (C) Schematic showing the RNAs translated in this figure. Open triangles indicate translation initiation codons,
and striped triangles are those which do not seem to function in a dicistronic construct.

produced from a dicistronic construct in vivo, we transfected
plasmids pEGFP, pRL-EGFP, and pRL-4G(275-873)-EGFP,
which express the indicated RNAs under the control of a
cytomegalovirus promoter, into 293T cells. Thirty-six hours
posttransfection cells were examined under an inverted fluo-
rescence microscope and harvested. 293T cells expressing
EGFP alone exhibited strong fluorescence, while cells trans-
fected with pRL-4G(275-873)-EGFP plasmid DNA fluoresced
only weakly (data not shown). No fluorescence was observed in
cells transfected with pRL-EGFP. Analysis of cytoplasmic ex-
tracts from cells transfected with pRL-EGFP revealed high
RLuc expression but that EGFP was undetectable (Fig. 8A,
lane b), suggesting that very little readthrough of the RLuc
stop codon occurred in vivo. In contrast, pRL-4G(275-873)-

EGFP expressed relatively high levels of EGFP and elF4GI-
EGFP fusion proteins from the second cistron (Fig. 8A, lanes
c and d). As was observed in vitro, multiple eIF4GI-EGFP
fusion proteins were produced from the second cistron, though
in this case translation initiation at AUG 395 was much weaker
than that on the other AUGS and required further exposure to
visualize (Fig. 8A, lane d). Northern blots of lysates from
transfected cells indicate that only one anti-EGFP reactive
RNA species was present in each set of transfections at the
correct relative size, thus ruling out specific RNA cleavage or
splicing as a significant source of second cistron translation
initiation (Fig. 8B). These experiments demonstrate that mul-
tiple eIF4GI isoforms can be translated from a dicistronic
construct both in vitro and in vivo.
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FIG. 8. (A) Multiple eIF4GI-EGFP fusion proteins are translated from a dicistronic construct in vivo. 293T cells were transfected with the
indicated DNA constructs as described in Materials and Methods. Lysates were immunoprecipitated with a monoclonal anti-EGFP antibody,
subjected to SDS-PAGE, and transferred to nitrocellulose. Western blotting was performed with polyclonal anti-EGFP antibodies. Lane a contains
lysate from 2 X 10° transfected cells, while lanes b and c contain lysate from 107 cells. Relative luciferase activity from cell lysates is shown below
the lane for the given transfected plasmid. (B) Northern blot analysis of transfected cells. Cells transfected with the indicated constructs were lysed
in Trizol reagent, and RNA was isolated and run on a 1% agarose formaldehyde gel. RNA was then transferred to a nylon membrane and probed
with a [**P]GTP-labeled antisense EGFP riboprobe. Migration of marker RNAs is shown on the left.

DISCUSSION

The human eIF4GI gene was initially cloned from a human
brain cDNA library and was reported to have a long (450-nt) 5’
UTR (BE 5’ UTR) followed by an ORF coding for a single
polypeptide 1,404 amino acids long (53). The BE 5" UTR was
reported to function as an IRES element in a dicistronic con-
struct (18, 19); however, the single eIF4GI polypeptide synthe-
sized from the original clone in vitro migrated faster than
several native eIF4GI isoforms (28). Based on this observation,
it was proposed that posttranslational modification of eIF4GI
polypeptide might account for the multiple protein isoforms
observed by Western blotting of cell lysates (28). More recently
the coding region for eIF4GI was found to contain a 156-
amino-acid extension (termed 4Gext) at the amino end, up-
stream of the proposed initiation site in the original published
sequence (21, 25, 27) (Fig. 1A). The 4Gext region contains a
different putative IRES (25, 27) and encodes a binding site for
PABP that facilitates interactions between the 5" and 3’ ends
of mRNA (35, 49, 51). The 4Gext region, however, did not
contain the long 5 UTR of the original cDNA clone, and
alignments between these clones sharply diverged at nt 810.
This difference, and the presence of a splice acceptor site at the
point of divergence led to proposals that the BE 5" UTR
sequence is part of an unspliced intron (21).

Here we describe a new cDNA clone of eIF4GI that extends
the known ORF of eIF4GI by 40 amino acid residues, from
1,560 to 1,600 amino acids, and also contains a new 5" UTR of
274 nt. The sequence of this clone overlaps both previous
cDNA clones and, combined with mapping the cDNA onto the
genomic DNA sequence, has significantly clarified the diver-
gent cDNA sequence data obtained by other investigators.

When expressed in rabbit reticulocyte lysate and compared to
HeLa elF4GI, the new cDNA clone was able to express a
protein that comigrated with the largest isoform (isoform a) of
endogenous elF4GI (Fig. 3C). Further, when cleaved by
2Apro, the CPy of the largest native isoform and largest trans-
lated isoform comigrated in gels. Coupled with the presence of
upstream stop codons and an overlapping out-of-frame uORF,
the new clone likely represents a complete cDNA sequence of
elF4G mRNA. Examination of the human genomic sequence
revealed that the entire 5’ UTR and the additional coding
region of eIF4GI reported here were located in two additional
upstream exons.

Since its first description in 1982 (17, 23), the nature of the
multiple forms of eIF4GI observed in Western blots has re-
mained unknown, though they had been postulated to result
from posttranslational modifications (28). eIF4GI is a phos-
phoprotein; however, phosphorylation does not easily explain
the size and discrete nature of the band shifts between eIF4GI
isoforms. Also, the majority of phosphorylation of e[F4GI oc-
curs in the C-terminal domain, which appears as a single band
in gels after cleavage by 2Apro (Fig. 3C) (45). Immunoblot
analysis using antibodies specific for N- or C-terminal epitopes
has shown that all the modifications associated with isoforms
are exclusively associated with the N terminus of eIF4GI (32,
34, 54).

The data presented here provide strong evidence that alter-
nate use of in-frame AUG codons occurs in vitro and in vivo,
which generates isoforms of eIF4GI that comigrate with the
native eIF4GI isoforms in HeLa cell extracts. Since the same
pattern of multiple translation products was observed when the
elF4GI N-terminal RNA sequence was appended to EGFP
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RNA, this region of RNA promotes the use of alternate AUG
codons. From AUG mutagenesis data combined with deletion
analyses, we assign AUGs 275, 395, 536, 767, and 863 as initi-
ator codons for eIF4GI isoforms a through e, respectively.
Indeed, during the revision of this work other researchers
independently confirmed by mass spectroscopy that endoge-
nous eIF4GI consists of multiple polypeptides with N termini
corresponding to initiation at methionines 1, 41, 89, and 197 as
we have predicted here (6). In several experiments, the relative
abundance of eIF4GI-d and eIF4GlI-e isoforms produced by in
vitro translation of monocistronic RNA was variable. The rea-
sons for this are unknown, but similar variability in these iso-
forms has been noted in immunoblots of HeLa eIF4GI and
may reflect some degree of translation regulation or altered
protein degradation.

Even though alternate use of translation initiation codons is
occurring with eIFAGI-EGFP RNA in vivo, this does not ex-
clude the possibility that alternative splicing may also play a
role in the generation of multiple isoforms of eIF4GI. The
original cDNA clone of eIF4GI containing the truncated ORF
was appended to an IRES element that is not present in the
pSP4GI clone of eIF4GI. This IRES element is located in an
intron between exons 6 and 7 of the eIF4GI genomic sequence.
The two sequences (pSP4GI and pAD-4GI) are homologous in
the coding region downstream of nt 810 and sharply deviate at
the 5" exon 7 splice junction (Fig. 1A) (22).

Several lines of evidence in this work suggest that expression
of eIF4GI is translationally regulated, possibly by multiple
mechanisms. One attractive hypothesis is that a central regu-
lator of translation (eIF4G) would itself be subjected to trans-
lational regulation. This would provide the ability for eIF4GI
to sense changes in translational conditions in the cell and
quickly respond by altering levels and types of eIF4GI isoforms
produced. The presence of an upstream ORF in the 5" UTR of
elFAGI mRNA provides one mechanism for translational reg-
ulation of expression of eIF4GI isoforms. Our data indicate
that when the uOREF is fused in frame to EGFP or the eIF4GI
OREF, a larger fusion polypeptide was formed. Thus, the utORF
was recognized by ribosomes even though a poor Kozak con-
sensus sequence exists for all its initiators. All EGFP fusion
mRNAs that contained this upstream element produced lower
levels of EGFP fusion proteins than those in which this ele-
ment was not present, suggesting that the upstream ORF may
serve to down-regulate cap-dependent initiation of eIF4GI
translation. We also noted that translation from the upstream
AUG was highly cap dependent when the uORF was fused in
frame to EGFP, yet translation from the downstream AUG
was not, suggesting differential regulation.

The region of the eIF4GI mRNA between nt 340 and 810
contains a putative IRES element (27), providing a route for
production of eIF4GI at times when cap-dependent translation
is restricted (e.g., cell stress or mitosis). The synthesis of
elF4GI under the control of an IRES element fits well with the
observed recovery of this protein following conditions where
cap-dependent translation had been shut off, i.e., heat shock or
hypoxia (48). Surprisingly, when this region of eIF4GI was
expressed in a dicistronic RNA, multiple eIF4GI initiation
codons were still utilized. This could result if an IRES element
recruited ribosomes to bind upstream of its core in a fashion
similar to that recently proposed for the IRES embedded in
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the human immunodeficiency virus gag ORF (7). After cap-
independent initiation at an upstream AUG codon, leaky scan-
ning could account for initiation at downstream AUG codons
(i.e., codons 395, 536, and 767). A detailed investigation will be
required to distinguish which of the isoforms are produced via
leaky scanning as opposed to cap-independent initiation or
both.

Finally, we do not know if individual isoforms of eIF4GI
function equivalently in translation. Given that eIF4GI is a
scaffolding protein with multiple protein binding partners,
unique N-terminal amino acid sequences could provide bind-
ing sites for new ancillary translation factors which allow
elF4G to promote expression of specific mRNAs or regulate
translation in other ways. Additionally, the eIF4GI-e isoform
does not contain the PABP-binding domain, and in prelimi-
nary experiments we confirmed that eIF4GI isoforms a, b, and
¢ bind PABP yet isoform e does not (data not shown). Further
experiments are required to elucidate the functional differ-
ences between the eIF4GI isoforms.
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