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Cleavage of eukaryotic translation initiation factor 4GI (eIF4GI) is required for shutoff of host cell trans-
lation during poliovirus (PV) infection of HeLa cells. Reports published by several groups have led to confusion
whether this cleavage is mediated by viral 2A protease (2Apro) or a putative cellular enzyme (termed eIF4Gase)
which is activated by 2Apro or other aspects of viral infection. Here we have further investigated eIF4Gase
activities in PV-infected cells. Column purification of eIF4GI cleavage activity separated two activities which
generated N-terminal cleavage products of different lengths. Both activities were detected using either native
eIF4G or radiolabeled recombinant eIF4G as the substrate. Analysis of cleavage products formed by each
activity on native and mutant substrates suggests that one activity cleaves eIF4G1 at or very near the 2Apro

cleavage site and the other activity cleaves approximately 40 residues upstream of the 2Apro cleavage site. When
PV infections in HeLa cells were supplemented with 2 mM guanidine, which indirectly limits expression of
2Apro, two distinct C-terminal cleavage fragments of eIF4GI were detected. These C-terminal cleavage frag-
ments of eIF4GI were purified from infected cells, and a new eIF4GI cleavage site was mapped to a unique site
43 amino acids upstream of the known 2Apro cleavage site. Further, eIF4GI cleavage in vivo could be blocked
by addition of zVAD to PV-guanidine infections. zVAD is a broad-spectrum caspase inhibitor which had no
effect on 2Apro cleavage activity or PV polyprotein processing. Lastly, similar types of eIF4Gase cleavage
activities were also detected in uninfected cells under various conditions, including early apoptosis or during
cell cycle transit. The data suggest that the same types of eIF4GI cleavage activities which are generated in
PV-infected cells can also be generated in the absence of virus. Taken together, the data support a model in
which multiple cellular activities process eIF4GI in PV-infected cells, in addition to 2Apro.

Poliovirus (PV), coxsackievirus B (CVB), and human rhino-
virus infection of HeLa cells results in a dramatic inhibition of
host translation within 1.5 to 3 h postinfection. However, only
cap-dependent translation, which comprises about 95% of to-
tal cellular translation, is blocked. Most of the remaining �5%
of cellular translation (25) as well as viral translation proceeds
via cap-independent mechanisms that require a cis-acting in-
ternal ribosome entry site on the mRNA (2). Cap-dependent
translation initiation requires a protein complex called eukary-
otic initiation factor 4F (eIF4F). eIF4F is comprised of three
subunits: eIF4E, the cap binding protein; eIF4A, an ATP-
dependent helicase; and eIF4G (formerly called p220), which
is a large, modular scaffolding protein. eIF4G contains binding
sites for several proteins that function in translation [eIF4E,
eIF3, eIF4A, mnk-1, poly(A)-binding protein (PABP)] (re-
viewed in reference 15). Since eIF4G can simultaneously bind
eIF4E and eIF3 (situated on 40S ribosome subunits) it pro-
vides the molecular link between the 5� cap group on the
mRNA and the ribosome (15, 42).

The mechanism of translation shutoff has been extensively
studied and is not yet completely understood. Early during
infection, eIF4G is proteolytically cleaved to smaller products
with kinetics which slightly precede translation inhibition (14).

This cleavage occurs at a position that separates the eIF4E-
binding domain from the eIF3-binding domain (31, 33). An
attractive hypothesis for translation shutoff was derived from
this observation that stated that shutoff was caused by this
cleavage event which split eIF4G (and the eIF4F complex),
breaking the eIF4G-mediated linkage between the capped
mRNA and ribosomes. More recently it has been postulated
that newly discovered cleavage of eIF4GII (a functional ho-
molog of eIF4GI) and PABP is also required for host transla-
tion shutoff, though the functional importance of either event
has not yet been established (18, 24, 29, 46).

The mechanism of eIF4GI cleavage itself has been contro-
versial. Early reports showed that an eIF4GI cleavage activity,
which could be measured in extracts from PV-infected HeLa
cells, did not copurify with PV 2A protease (2Apro) or 3Cpro

(35, 37). However, translation of 2Apro in vitro caused eIF4G
cleavage, and antibody that inhibited 2Apro activity did not
block eIF4GI cleavage activity after its induction (30). Thus, it
was hypothesized that 2Apro indirectly induced eIF4G cleavage
activity, which was proposed to be due to activation of a cel-
lular protease (30, 37). Subsequent experiments using recom-
binant viral 2Apro from CVB, human rhinovirus, and PV dem-
onstrated that eIF4G does serve as a direct substrate of 2Apro,
which cleaves between the eIF4E and eIF3 binding domains of
eIF4GI (33, 34, 45) and generates eIF4GI cleavage fragments
that are identical to those produced in vivo. The direct cleav-
age reaction, however, was shown to be very inefficient in vitro,
using purified protease and purified eIF4F (4). Recently, a very

* Corresponding author. Mailing address: Department of Molecular
Virology and Microbiology, Baylor College of Medicine, One Baylor
Plaza, Houston, TX 77030. Phone: (713) 798-8993. Fax: (713) 798-
5075. E-mail: rlloyd@bcm.tmc.edu.

165



efficient cotranslational direct cleavage of eIF4G by 2Apro has
been suggested, and it has been proposed that eIF4GI cleavage
in vivo is mediated primarily by 2Apro directly, possibly as
2Apro is released from ribosomes (16).

In contrast to these results, the major eIF4GI cleavage ac-
tivity that was detectable in biochemical assays was purified
from infected cells to high levels and did not contain detectable
2Apro (5). The identity of the protease responsible for this
cleavage has not been determined, although protease inhibitor
profiles and molecular mass estimates suggest a cysteine pro-
tease of about 55 to 60 kDa (49). Here we present further
analysis of eIF4GI-specific protease activity and provide evi-
dence that two or more protease activities comprise what was
formerly thought to be a single activity. One of these activities
cleaves eIF4GI at a site distinct from the 2Apro cleavage site.

MATERIALS AND METHODS

Cells and virus infection. HeLa S3 cells were grown in spinner culture in
S-MEM (Gibco) supplemented with 9% calf serum–1% fetal calf serum and
penicillin-streptomycin (Sigma) and maintained at cell densities between 3 � 105

and 8 � 105 cells/ml. K562 cells were cultured in stationary suspension culture in
RPMI supplemented with 8% calf serum–2% fetal calf serum and penicillin-
streptomycin. PV type 1 (Mahoney) was propagated and purified as previously
described (27). Serum was added to 5% final concentration at 30 min postinfec-
tion, and cells were harvested at 5 h postinfection or the times indicated in the
figures. Depending on the experiment, infections were carried out at multiplic-
ities of infection (MOI) of 20, 100, or 200 PFU/cell at 37°C. Cell lysates were
prepared for direct analysis in sodium dodecyl sulfate (SDS)-polyacrylamide gels
by suspension and incubation of cell pellets in NP-40–RSB (1% NP-40, 10 mM
NaCl, 10 mM Tris-HCl [pH 7.4], 1.5 mM MgCl2), and the cytoplasmic fraction
was mixed with SDS-polyacrylamide gel electrophoresis (PAGE) sample buffer
for gel analysis. Lysis of large amounts of HeLa cells was accomplished by
Dounce homogenization in hypotonic buffer as previously described (27).

For the induction of apoptosis, various concentrations of cisplatin (Sigma-
Aldrich), dexamethasone, and butyric acid stock solutions were diluted with
S-MEM and then incubated with HeLa or K562 cells at 37°C for the time
indicated in each figure. For in vivo inhibition experiments cells were first
preincubated with the cell-permeable caspase inhibitor Z-VAD-fmk (Enzyme
Systems Products) or guanidine-HCl for 10 min at 37°C before virus was added
to the cell cultures.

Purification of eIF4G cleavage activity and activity assays. Large-scale puri-
fication of eIF4G-specific cleavage activity (eIF4Gase activity) was performed
using lysates taken from infected HeLa cells at 5 h postinfection as previously
described (5). Briefly, S10 lysates were prepared by Dounce homogenization, and
then ribosomal salt wash (RSW) 0 to 40% ammonium sulfate precipitate frac-
tions (RSW-Acut fractions) were prepared as described previously (6). RSW-
Acut fractions were subjected to sequential chromatography over Sephacryl
S300, Fast Q Sepharose, and nickel affinity columns as previously described (5).
Some pooled fractions were also further purified by dialysis against buffer con-
taining 110 mM KCl, 20 mM HEPES (pH 7.4), 5% glycerol, 10 mM MgCl2, and
1 mM dithiothreitol and then applied to an m7GTP-Sepharose column (1 ml)
equilibrated in the same buffer. Unbound proteins were batch eluted and washed
off with the same dialysis buffer (10 ml). Bound proteins were eluted with the
same buffer supplemented with 25 mM EDTA. eIF4GI cleavage assays were
conducted as previously described (5) by incubation of test fractions in 50-�l
reaction mixtures containing 5 mM MgCl2, 50 mM NaCl, 20 mM Tris (pH 7.4),
and 7 �l of uninfected cell RSW (URSW), which is enriched in eIF4G substrate.
Reactions were incubated 2 h at 37°C, proteins were separated by SDS-PAGE
using 7% gels, and eIF4GI was visualized by immunoblot analysis using eIF4GI
N-terminus-specific polyclonal antisera as previously described (36). Cleavage
reactions using radiolabeled eIF4G substrates contained 15 �l of test lysate or
fractions combined with 15 �l of cleavage buffer and 3 �l of 35S-labeled eIF4G
substrate translation reaction.

Purified proteases. CVB3 2Apro was produced in Escherichia coli and purified
as previously described (24). Human recombinant caspase 3 bearing a hexahis-
tidine tag was also produced in E. coli and purified using metal chelate chroma-
tography (40). PV 2Apro bearing a C-terminal histidine tag was expressed in
bacteria and purified using metal chelate affinity columns as described previously
(4).

Purification of eIF4GI cleavage fragments. RSW fractions were prepared from
infected cells and then further analyzed by two-dimensional (2D) gel electro-
phoresis (12). Migration of eIF4GI and eIF4GI cleavage products was deter-
mined by immunoblot analysis. Large-scale purification of eIF4GI-CPC (where
CPC is the C-terminal cleavage product) was achieved by fractionation of RSW
(20 ml) into 40 to 70% ammonium sulfate precipitates. The precipitate was
resuspended in 20 mM MES (pH 6.5)–50 mM NaCl–1 mM EDTA–7 mM–2-
mercaptoethanol and purified over a Sephacryl S300 column (2 by 20 cm) and
then fractions containing eIF4G-CPC were subsequently fractionated over P-11
phosphocellulose (1 by 9 cm) in the same buffer. Bound proteins were eluted
with a salt gradient (50 to 1,000 mM NaCl) and analyzed by SDS-PAGE and
immunoblotting. Duplicate fractions containing eIF4G-CPC were separated by
SDS-PAGE and transferred to polyvinylidene difluoride membranes, and pro-
teins were visualized by staining with Coomassie brilliant blue. Protein bands
representing CPC were excised and subjected to sequential Edman degradation
sequencing at the University of Oklahoma Protein Chemistry Core facility.

Transcription and translation. Transcription reactions for eIF4GI using T7
RNA polymerase (Promega) were carried out according to manufacturer’s rec-
ommendations followed by purification of the RNA using spin columns (Eppen-
dorf-5 Prime). Plasmids used in transcription reactions were pAD-4G, pAD-
4G(G486E) (32) linearized with XhoI (full-length transcripts), or SpeI (truncated
transcript). A subcloned derivative of pAD-4G (pHisp120) was created by sub-
cloning a BamHI/HindIII fragment (encoding eIF4G amino acids 661 to 1600) of
pAD4G into pET-28b(�) (Novagen). The resulting pET28-4G(457–1396) plas-
mid was digested with BamHI, treated with Klenow, and then digested with AatII
to release a 7.6-kb fragment that was purified. That DNA was ligated with a
1,145-bp fragment of pSK-HFCI (50) that was released by treatment with XmaI,
followed by Klenow and final digestion with AatII. The new plasmid was termed
pHisp120 and contained the fragment of eIF4GI cDNA from just upstream of
the eIF4E binding site to the C terminus. For transcriptions, this plasmid was
linearized with SpeI. Translation reactions were performed in rabbit reticulocyte
lysate (Promega) according to the manufacturer’s recommendations in a 25-�l
reaction volume and incubated for 90 min at 30°C. Samples (2 �l) were subjected
to SDS-PAGE and analyzed by autoradiography or otherwise used in in vitro
cleavage reactions with purified eIF4Gase fractions as described above.

RESULTS

Nature of multiple isoforms of eIF4GI. When resolved in
SDS-polyacrylamide gels, eIF4GI appears as a collection of
four isoforms that differ in apparent molecular mass from each
other by about 4 to 6,000 Da. The molecular explanation for
these multiple isoforms has been lacking since eIF4GI was first
described (14, 19). The original cDNA clone of eIF4GI pro-
duced only a single polypeptide band when expressed in vitro
that migrated in SDS-polyacrylamide gels faster than all but
one of the native eIF4GI isoforms (28). It has been proposed
that the appearance of multiple eIF4GI isoforms was due to
posttranslational modifications such as phosphorylation; how-
ever, it is possible that alternate splicing of mRNA or alternate
use of initiation codons could generate the multiple isoforms
(28, 50, 51). Two groups have discovered N-terminal exten-
sions of the originally published eIF4GI cDNA sequence, thus
adding another 147 amino acids to the deduced eIF4GI coding
sequence (17, 26). We have recently discovered a new cDNA
extension that overlaps and extends past the previous exten-
sion by an additional 40 amino acids and also contains a large,
putative 5� untranslated region. Translation of this larger
eIF4GI mRNA in vitro generates a pattern of four isoforms
that comigrate in SDS-polyacrylamide gels with the isoforms of
native eIF4GI. Translation studies with derivative eIF4GI-
EGFP fusion mRNAs bearing this upstream region reveal that
alternate use of three downstream in-frame AUG codons ac-
counts for the multiple isoforms of eIF4G (53). Thus, there is
now evidence that the four isoforms of eIF4GI comprise a
family of polypeptides that are 1,600, 1,560, 1,513, and 1,404
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amino acids in length (Fig. 1) and are generated by alternative
translation initiation. Another isoform of 1,435 amino acids
may also be expressed from an additional methionine at much
lower levels (53).

The uncertainty about the molecular nature of the eIF4GI
isoforms has long hindered our analysis of eIF4GI cleavage
activities since the biochemical nature of various types of cleav-

age products was not known. When cleaved by 2Apro, the CPN

of eIF4GI also display a similar multiple banding pattern,
while the CPC generally appears as a single band in SDS gels
(31). In addition, migration of eIF4GI CPN in SDS-polyacryl-
amide gels is much slower than expected from the deduced
molecular weight of the polypeptides, possibly due to a very
high proline content (31, 50). To further investigate whether

FIG. 1. Schematic of eIF4GI complete amino acid sequence and isoforms derived from internal translation initiation at in-frame AUG codons.
All isoforms of eIF4G are depicted cleaved at the known 2Apro cleavage site. The black box represents additional amino acids found in the new
extended cDNA sequence. Hatched or gray boxes represent binding domains for the proteins PABP, eIF4E, eIF4A, eIF3, and mnk-1 as indicated.
The mapped location of epitopes recognized by the polyclonal anti-eIF4GI antisera used in this study are also indicated. Numbers to the left of
each isoform identify which amino acid in the open reading frame begins the isoforms, and the numbers to the right indicate total number of amino
acids in the isoform, along with apparent mobility in SDS-polyacrylamide gels.

FIG. 2. 2D gel analysis of eIF4GI cleavage fragments. (A) RSW from PV-infected HeLa cells (harvested at 4 h postinfection) was subjected
to isoelectric focusing in the first dimension and SDS-PAGE in the second dimension, followed by immunoblot analysis with a mixture of antibodies
specific for N-terminal or C-terminal domains of eIF4GI. Positions of isoelectric points (indicated above the panel) were determined by migration
of known isoelectric focusing protein standards. The right panel shows migration of eIF4G cleavage products in the one-dimensional SDS-PAGE
lane of the same gels. (B) Migration of CPCs from guanidine-PV infection. The right panel shows migration of eIF4G cleavage products in the
one-dimensional SDS-PAGE lane of the same gels. (C) Appearance of eIF4GI-CPC doublet in guanidine infections. Shown is an enlarged view
of the boxed region in panel B.

VOL. 76, 2002 eIF4GI-SPECIFIC ACTIVITIES IN PV-INFECTED CELLS 167



posttranslational modifications or alternate initiation was re-
sponsible for the multiple isoforms, we performed 2D gel anal-
ysis of eIF4GI CPN and CPC (Fig. 2). Each individual eIF4GI
CPN displayed a relatively tight isoelectric focusing pattern
that ranged from pH 4.3 to 4.0. Interestingly, the largest iso-
forms had pIs which were the least acidic. This result is incon-
sistent with the hypothesis that increased phosphorylation
causes the appearance of isoforms with higher apparent mo-
lecular weight in SDS-polyacrylamide gels. It has recently been
demonstrated that the majority of the phosphorylation of
eIF4GI occurs in the C-terminal domain (43). Figure 2A shows
that CPC prepared from lysates late in infection (5 h) appears
as a single band which is more basic than CPN; however, it
smears over a wide range of isoelectric points, ranging from 5.9
to 9.6. This pattern is consistent with a significant degree of
phosphorylation of CPC, and there may be too many phosphor-
ylation sites for discreet spots to emerge. Thus, taking these
date together with our translation results (53), we now have
confidence that the multiple banding pattern of eIF4GI and
eIF4G CPN results from alternate use of multiple initiation
codons that create polypeptides of lengths which are now de-
fined.

Multiple eIF4GI cleavage activities in PV-infected cells. In
our previous studies of eIF4GI cleavage activity present in
PV-infected cells, we have shown that 2Apro can be separated
by column chromatography from the predominant eIF4G
cleavage activity measured in in vitro cleavage assays (5). In
contrast, infected cell fractions containing large amounts of
native 2Apro exhibited little or no cleavage activity in vitro on
native eIF4GI substrate contained in RSW preparations (5). In
the present study, only purified eIF4Gase fractions that did not
contain detectable 2Apro were selected for further analysis (5).
We have often observed different types of eIF4GI cleavage
products that were produced in assays using purified eIF4Gase
fractions yet were unable to explain the biochemical mecha-
nism for these differences since there was such uncertainty
about the nature of the eIF4GI isoforms. Figure 3 shows ex-
amples where two types of cleavage products were obtained in
assays after chromatography of such eIF4Gase preparations.
The PV-RSW contains cleavage products of eIF4GI that comi-
grate with those produced by 2Apro (37, 52). Figure 3A shows
chromatography of purified eIF4Gase fractions over m7GTP-
Sepharose yielded an activity in fractions 4 and 5 that produced
CPN that comigrated with CPN produced in infected cells
(PvRSW) and that also comigrated exactly with 2Apro cleavage
products (4). In contrast, fraction 8 contained an activity that
generated CPN that migrated slightly faster in SDS-polyacryl-
amide gels. Two of the bands in fraction 5 (bands 2 and 3) and
8 (bands 1 and 2) also appear to overlap. To alleviate confu-
sion, we have named these two activities eIF4Gase-� and
eIF4Gase-�, which generate the larger and smaller set of N-
terminal cleavage fragments, respectively.

Figure 3B shows eIF4Gase-� activity can also be purified by
nickel-affinity chromatography. In this procedure, the
eIF4Gase-� activity does not efficiently bind the column and is
recovered in flowthrough fractions (data not shown). Immu-
noblots of cleavage assays probed with antibodies specific for
the N-terminal domain of eIF4GI revealed the same faster-
migrating eIF4Gase-� cleavage fragments shown in Fig. 3A
which migrate faster than 2Apro cleavage fragments (fraction 1

and fraction 2). However, probing the same cleavage assay
immunoblots with antibodies specific for the C-terminal do-
main of eIF4GI revealed that a larger, slower-migrating CPC is
produced by eIF4Gase-� that does not comigrate with the CPC

produced by 2Apro. These data are consistent with eIF4Gase-�
activity cleaving native eIF4GI at a novel position upstream of
the mapped 2Apro cleavage site. Further, since the two largest
isoforms of eIF4GI differ in length by 40 amino acids, the shift
in band migration of CPNs is consistent with an eIF4Gase-�
activity cleaving eIF4GI approximately 40 amino acids up-
stream of the known 2Apro cleavage site. Since PV 2Apro

cleaves very inefficiently in in vitro cleavage reactions (4, 16),
and since starting fractions used in these final chromatographic
separations did not contain detectable 2Apro, it is unlikely that
the cleavage activity measured here that produces either the
slower-migrating CPN or faster-migrating CPN is actually
2Apro. Thus, using conventional chromatographic procedures
we can separate two distinct types of eIF4GI cleavage activities
present in PV-infected cell extracts that cleave eIF4GI in dis-
tinct locations.

To further investigate eIF4Gase activities, we sought to use

FIG. 3. Chromatographic separation of different eIF4G cleavage
activities. (A) Separation on m7GTP-Sepharose. Pooled partly puri-
fied material was applied to m7GTP-Sepharose, and fractions were
eluted and assayed for eIF4G cleavage activity as described in Mate-
rials and Methods using antisera specific for N-terminal domain of
eIF4GI. Immunoblot controls are URSW and PvRSW incubated alone
for the period of the assay. The flowthrough fraction is in lane F, and
eluted fractions are in lanes labeled with numbers. Arrows indicate
CPN produced by eIF4Gase-� or 2Apro activity, and arrowheads indi-
cate CPN cleavage products produced by eIF4Gase-�. (B) Pooled
material from S300 Sepharose was applied to a nickel-affinity column,
and then fractions were eluted with either pH 6.0 buffer (fraction 1) or
25 mM EDTA (fraction 2). Fractions were tested for eIF4G cleavage
activity as described in Materials and Methods, and cleavage products
were compared with 2Apro cleavage products by immunoblotting using
antiserum specific for eIF4GI CPN (left panel) or eIF4GI CPC (right
panel).
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defined radiolabeled eIF4GI substrates generated by in vitro
translation of truncated eIF4GI mRNA. The use of truncated
forms of eIF4GI further enhanced the separation in SDS gels
of cleavage products resulting from proteolysis at closely
spaced cleavage sites. Figure 4A shows that translation of
4G(197–1118)-WT RNA generated a polypeptide with an Mr

of 147, as expected. Several smaller translation products arise
due to aberrant internal translation initiation with this con-
struct. When this substrate was incubated with purified recom-
binant PV His-2Apro, partial cleavage resulted in generation of
two new cleavage products, representing C- and N-terminal
products. The migration of each product was consistent with
expected results if 2Apro cleaved at the well-defined and
mapped cleavage site between amino acids 681 and 682. Only
a single CPN and CPC was produced, showing 2Apro cleaves at
a single site on this substrate. We also expressed a similar
eIF4G substrate containing a point mutation which changes
the required P1 glycine in the 2Apro cleavage site sequence to
glutamic acid [4G(197–1118)-GE]. This mutation causes a 10-
fold reduction in 2Apro cleavage activity (32). Cleavage by
2Apro was inhibited by this substrate, confirming that recom-
binant 2Apro cleaved the truncated eIF4G substrate at the
normal site. Note that the cleavage activity of recombinant PV
2Apro, which is prone to denaturation, is usually much lower
than that of CVB3 2Apro; hence, only partial cleavage of
eIF4GI substrate was observed in this experiment. Subsequent

experiments in this study were conducted with the more stable
CVB3 2Apro, which cleaves eIF4GI at the exact same site (31,
33), typically with greater efficiency.

When one of the highly purified, eIF4Gase-�-enriched frac-
tions was incubated with radiolabeled eIF4GI substrate, two
new major cleavage products appeared that did not comigrate
with 2Apro cleavage products. Further, this cleavage activity
was not impaired by the GE mutation in the substrate (Fig. 4A,
lane 6). The migration of the new cleavage products was con-
sistent with cleavage occurring approximately 40 amino acids
upstream of the mapped 2Apro cleavage site, similar to the
results seen in Fig. 3. This provides evidence that eIF4Gase-�
proteolytic activity is distinct from 2Apro. We also analyzed
cleavage of the recombinant form of the smallest of the natu-
rally occurring eIF4GI isoforms [eIF4GI(197–1600)] and ob-
tained similar results (data not shown).

When a third smaller eIF4Gase fragment [4G(580–1118)]
was incubated with eIF4Gase fractions, the upstream cleavage
site was not utilized; rather, an alternate cleavage site down-
stream of the 2Apro cleavage site was cleaved preferentially.
With this truncated substrate, cleavage with 2Apro still pro-
duced the two expected fragments (data not shown). This in-
dicated that a conformation change on this extremely trun-
cated substrate masked or altered the upstream eIF4Gase
cleavage site and/or exposed a new secondary cleavage site.
This alternate type of CPC cleavage product (also seen in Fig.
4A, lanes 3 and 6) may be aberrant since it has not been
observed with native eIF4GI.

eIF4GI is cleaved at two sites in vivo. We next wanted to
determine the proteolytic site where eIF4GI is cleaved in vivo
during virus infection. The site of in vitro eIF4GI cleavage by
2Apro has been well documented in the past (31, 32, 33), but
the native protein in infected cells has not been examined.
Thus, we used a CPC-specific antiserum to purify eIF4GI CPC

from PV-infected cells that was then sequenced by Edman
degradation procedures. During the course of this work, we
noticed that the first fraction eluted from phosphocellulose
columns contained a faint slower-migrating CPC isoform (Fig.
5, lane 1) whose significance and identity were unknown; how-
ever, the majority of CPC appeared as a slightly faster-migrat-
ing isoform. The CPC bands from these fractions were pooled

FIG. 4. The eIF4Gase-� cleavage site is distinct from the 2Apro

cleavage site. Defined radiolabeled eIF4G substrates were translated
in vitro and then incubated with recombinant PV His-2Apro (0.5 �g),
CVB3 2Apro, or eIF4Gase-�-enriched fractions (metal chelate pool) as
indicated. Multiple smaller bands in starting substrate preparation
result from aberrant internal initiation of translation on transcript
RNA. Cleavage products produced by 2Apro are indicated by arrows,
and cleavage products from eIF4Gase-� are indicated by arrowheads.
The gray arrowhead indicates a minor eIF4Gase CPC not detected
with native protein. WT indicates the wild-type 2Apro cleavage site in
eIF4G substrate, whereas GE indicates the form of eIF4G containing
a point mutation of Gly682 to Glu, which inhibits 2Apro cleavage.

FIG. 5. Elution of eIF4G CPC from phosphocellulose. PV infec-
tions with or without guanidine were used as source cells for purifica-
tion of eIF4GI-CPC as detailed in Materials and Methods. Pooled
fractions chromatographed over P-11 phosphocellulose were analyzed
by immunoblot analysis for eIF4GI CPC. Sequential chromatography
fractions (numbered 17 to 19) from normal PV infections are shown
(lanes 1 to 3) as well as equivalent fractions from two separate puri-
fications from guanidine-supplemented infections (lanes 4 to 10). The
left two panels are also counterstained with amido black to identify all
protein in the sample.
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and sequenced. The polypeptides contained an N terminus
beginning with a Gly that corresponded with the previously
mapped 2Apro cleavage site downstream sequence (GPPR)
(Fig. 6). This suggested most CPC was generated by cleavage
with 2Apro or eIF4Gase-� or both. Consistent with this, CPC

from PV-infected cells harvested late in infection shows only
one band in 2D gel analysis (Fig. 2A).

We also purified and sequenced CPC from infected cells that
were harvested early in infection (2.5 h). Interestingly, analysis
of this polypeptide revealed a new sequence beginning with a
Val that did not correspond to the sequence beginning at the
2Apro cleavage site (Fig. 6). We then purified eIF4GI CPC

from HeLa cells infected in the presence of 2 mM guanidine-
HCl. This drug inhibits viral RNA replication and serves to
reduce expression of 2Apro 20- to 50-fold; however, eIF4G
cleavage still occurs (5). This would be expected to lower
production of CPC beginning with the GPPR sequence by 20-
to 50-fold if all of this product was gained from 2Apro cleavage
and might increase the relative concentration of any alternate

larger CPC isoform arising from eIF4Gase-� activity. Analysis
of the CPC in cell extracts by 2D gel analysis did reveal a
doublet that smears across the entire isoelectric focusing range
of CPC (Fig. 2B and C). This is consistent with production of
the new CPC from alternate cleavage rather than phosphory-
lation; thus, there was an increase in quantity of the larger
band in guanidine infections that was only faintly visible in
normal late infection extracts. When CPC from guanidine cell
extracts was purified for sequencing, the first fraction eluting
from phosphocellulose was comprised of mostly the slow-mi-
grating, larger isoform (Fig. 5, lanes 4 and 8). The smaller
isoform still comprised the majority of CPC in the fraction,
suggesting that approximately 70% of eIF4G was still cleaved
at or near the 2Apro cleavage site. However, the relative in-
crease in the larger isoform was not the 20- to 50-fold or more
expected from depletion of 2Apro, but rather a modest 4- to
5-fold. We separately harvested large and small CPC isoforms
and subjected them to sequence analysis (Fig. 6). The data
revealed an apparent mixture of polypeptides beginning at the

FIG. 6. Sequence analysis of eIF4GI CPC. (A) Purified eIF4GI-CPC was subjected to Edman degradation sequence analysis. Protein was
purified from cells infected for 2.5 or 5 h before harvesting or cells from 4-h infections supplemented with guanidine-HCl. In addition, protein from
PV-guanidine infections separated by SDS-PAGE into fast (lower band)- and slower (upper band)-migrating forms was analyzed individually. p.i.,
postinfection. (B) Comparison of known 2Apro cleavage sites on viral polyproteins and cellular proteins and a consensus recognition sequence.
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2Apro cleavage site and identified a new sequence, VVLDKA,
that is located 43 amino acids upstream of the 2Apro cleavage
site. The upper band showed a lesser degree of contamination
with the isoform beginning with GPPR. Apparently, our meth-
ods failed to completely isolate one isoform from another,
possibly due to factors such as phosphorylation or close migra-
tion of the isoforms in gels. However, these data do identify a
novel N terminus of eIF4GI CPC that appears early in PV
infection and is emphasized in infections carried out in the
presence of guanidine. The position of this putative cleavage
site is consistent with eIF4Gase-� activity and, based on the
mapping results presented above, appears to cleave approxi-
mately 40 amino acids upstream of the 2Apro cleavage site.

Figure 6B shows the complete sequence at this site com-
pared to known 2Apro cleavage sites on viral and cellular
polypeptides. Sequence requirements for 2Apro recognition
and cleavage include a hydrophobic L or M at the P4 position,
a hydroxyl-containing T or S at the P2 position and a crucial G
at the P1� position. Few of these sequence requirements are
contained in the new putative cleavage site, that contains a
charged His at P4 and Val at the P1� position. Alternatively,
caspases are known to require Asp at the P1 position, this
residue is conserved in the eIF4G cleavage site. However, the
HISD sequence in eIF4GI does not match sequence require-
ments any of the caspases whose cleavage specificities have
been well characterized to date (Fig. 6).

To further characterize the effect of guanidine on the pro-
duction or activation of eIF4Gase we examined cells early in
infection when levels of 2Apro are very low and compared the
types of eIF4Gase in normal infected cells with cells infected in
the presence of guanidine. Cell lysates were harvested after
only 2.5 h infection, processed through several rounds of col-
umn chromatography to separate all detectable 2Apro from the

samples (5) and finally purified by metal chelate chromatogra-
phy to resolve eIF4Gase-� from eIF4Gase-� activity. Compar-
ison of partly purified S300 pools revealed eIF4Gase activity
was stronger in normal infection lysate than in guanidine ly-
sates. As seen earlier, two types of cleavage activities eluted
from the column and the eIF4Gase-� activity was significantly
diminished in the guanidine lysate material, whereas the
eIF4Gase-� activity was not diminished (Fig. 7). This suggests
that eIF4Gase-� and eIF4Gase-� activity may not be induced
by the same mechanism in infected cells and that eIF4Gase-�
is more dependent on the level of viral protein expression or
RNA replication. Further, the diminution of eIF4Gase-� type
activity in guanidine infections is consistent with the cleavage
site sequence data discussed above.

Caspase inhibitor can block production of eIF4Gase in vivo.
The new putative eIF4Gase cleavage site containing an Asp
residue in the P1 position caused us to consider a role for
caspases in eIF4G cleavage in PV infection. We have previ-
ously shown that induction of apoptosis in uninfected HeLa
cells results in cleavage of eIF4GI with kinetics that correlate
with translation shutoff and that caspase 3 is the dominant
protease that cleaves eIF4GI in vivo. The caspase 3 cleavage of
eIF4GI has been mapped to two new sites (7) and generates
unique N-terminal cleavage fragments not ordinarily observed
in PV-infected cells (Fig. 8D). Several reports have indicated
that PV infection induces some apoptotic markers early in
infection, then further development of apoptosis is blocked
until late in infection (1, 47, 48). It is possible that an early
apoptosis activation cascade results in activation of eIF4Gase(s)
in PV-infected cells without development of caspase 3 activa-
tion, which is delayed until late in infection (reference 8 and
data not shown). Thus, we decided to determine if the broad-
specificity caspase inhibitor zVAD-fmk could block or delay

FIG. 7. Comparison of early eIF4Gase activities in normal and guanidine-inhibited PV infections. PV infections with (bottom panel) or without
(top panel) guanidine were performed for 2.5 h, and eIF4Gase activity was sequentially purified on Sepharose S300, Fast Q Sepharose, and metal
chelate columns. Immunoblot analysis (CPN specific) of eIF4Gase activity in fractions from the latter is shown. Arrows indicate cleavage products
produced by 2Apro/eIF4Gase-�, and arrowheads indicate cleavage products produced by eIF4Gase-�. PV, RSW fraction from PV infected cells
(4.5 h infection).
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eIF4G cleavage in PV-infected cells. Figure 8A shows kinetics
of eIF4GI cleavage in three parallel infections. Addition of
guanidine to infected cells has the effect of reducing 2Apro

concentrations 20- to 50-fold and only slightly delays eIF4G
cleavage as reported previously (5). When zVAD was added to
infected cells, eIF4G cleavage was not blocked, but the kinetics
of cleavage were slightly delayed in some experiments. Pulse-
label analysis with [35S]methionine demonstrated that com-
plete shutoff of host translation still occurred in zVAD-treated
cells; however, the kinetics were delayed somewhat (data not
shown). Investigation of the proteolytic processing of PV pro-
teins revealed no obvious alterations compared to control in-
fections; all PV polypeptides were produced as normal, sug-
gesting that zVAD did not inhibit 3Cpro- or 2Apro-mediated
processing of the viral polyprotein (data not shown). However,
when both guanidine and zVAD were used together, eIF4Gase

cleavage was inhibited significantly (Fig. 8B). If the multiplicity
of infection was raised to very high levels, this blockage of
eIF4G cleavage by combined inhibitor treatment could be
partly overcome or reversed (Fig. 8C), although longer infec-
tions were required to demonstrate greater than 80% cleavage.
We tested whether zVAD could inhibit 2Apro-mediated cleav-
age of eIF4G in vitro, which it failed to do; however, effective
inhibition of caspase 3-mediated cleavage of eIF4GI was ob-
served as expected (Fig. 8D). Thus, zVAD had no measurable
effect on 2Apro-mediated eIF4G cleavage yet was able to block
eIF4Gase activity in vivo. However, this result does not suggest
that eIF4Gase must be a caspase but rather only implies that
caspases may be involved in activation of eIF4Gase activity.
Taken together, the data provide direct evidence for cellular
eIF4G cleavage activity in vivo that is not attributable to 2Apro

yet also provide evidence that in highly productive infections in

FIG. 8. Combined treatment with guanidine and zVAD blocks development of eIF4Gase cleavage activity in PV-infected cells. (A) PV-infected
cells (MOI � 20) were collected at the indicated time points postinfection or mock-infected cells were collected at 5 h (lane M) and analyzed for
eIF4G cleavage by immunoblotting. Infections were unsupplemented (control) or supplemented with 2 mM guanidine-HCl (G) or 75 �M
zVAD-fmk (zVAD) 10 min prior to infection. (B) Same as panel A, except cells were supplemented with both inhibitors. (C) Infection and analysis
is conducted the same as for panel B, except the MOI was increased to 200. (D) Purified recombinant caspase 3 and 2Apro (0.5 �g each) were
incubated with 5 �g of URSW for 90 min at 37°C before immunoblot analysis. Indicated reactions were supplemented with 200 �M zVAD.
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HeLa cells both 2Apro and eIF4Gase(s) likely contribute sig-
nificantly to eIF4G cleavage.

eIF4Gase activity in apoptotic cells. To further investigate
relationships between eIF4Gase and apoptosis we conducted
several experiments with uninfected HeLa cells treated with
apoptosis inducers. We have previously noted transient pro-
duction of eIF4Gase-like cleavage products in HeLa cells in-
duced to undergo apoptosis with 100 �M cisplatin (40); how-
ever, all eIF4GI CPNs quickly converted to faster-migrating
forms produced by caspase 3, and in many experiments only
caspase 3 cleavage products were observed. Figure 9A shows a
similar experiment using lower levels of cisplatin in order to
delay caspase 3 induction. In this case, at 3 to 8 h after induc-

tion faint eIF4Gase-� cleavage products were detected in cell
lysates that were replaced with caspase 3 products at late time
points. When those cell lysates were incubated with URSW in
eIF4Gase assays, a modest eIF4Gase-� activity was detected
by renewed production of the eIF4Gase-� cleavage products.
The eIF4Gase-� activity measured by this assay peaked by 3 h
postinduction. This provides evidence that eIF4G can be
cleaved by a cellular enzyme(s) in the total absence of 2Apro

and those reactions produce cleavage products that comigrate
with those produced by 2Apro. We also examined the effects of
apoptosis inducers on K562 erythroblastoid cells, which in our
hands have proven to be more resistant to apoptosis inducers
than HeLa cells. Figure 9B shows that eIF4Gase-� cleavage

FIG. 9. Generation of eIF4Gase activities during early apoptosis. (A) HeLa cells treated with 25 mM cisplatin for the indicated time points were
analyzed by immunoblotting for eIF4GI cleavage (left panel) or lysates were incubated with URSW for 6 h prior to immunoblot analysis to measure
eIF4Gase activities in vitro. (B) eIF4Gase activation by various apoptosis inducers in K562 cells. K562 cells were mock treated or incubated with
dexamethasone (1 �M), cisplatin (10 �M), or butyric acid (2.5 mM) for 16 h, and then lysates were analyzed by immunoblotting. (C) Extracts taken
from HeLa cells treated with cisplatin (10 �M) for 16 h were incubated with URSW for 2 h at 37°C before immunoblot analysis. One assay also
contained 10 �M DEVD-CHO. Controls included incubated and nonincubated URSW and extract from PV-infected cells. Arrows indicate
eIF4Gase-�-type cleavage products, filled arrowheads indicate eIF4Gase-�- or -	-type cleavage products, and open arrowheads indicate caspase
3 cleavage products.
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products and probably eIF4Gase-� cleavage products can be
detected along with caspase 3 cleavage products in K562 cells
that were treated with a number of apoptosis inducers. At-
tempts to inhibit eIF4Gase-� activity induced in apoptotic
lysates with DEVD-CHO have not proven successful (Fig. 9C),
suggesting that this enzyme(s) is not closely related to caspase
3. This is not surprising since there are no aspartic acid resi-
dues in the vicinity of the 2Apro/eIF4Gase cleavage site(s) on
eIF4GI.

eIF4Gase activity in uninfected cells. eIF4GI is well known
to be degraded during preparation from uninfected cells; how-
ever, consistently, two to three types of cleavage products are
observed, which we now recognize to be from caspase 3 and
the eIF4Gases described above. Interestingly, the appearance
of degradation products are cell batch specific. Over time we
have noticed that eIF4GI in some cell extracts and the subcel-
lular fractions derived from them is inherently unstable and
produces more and more cleavage products upon handling and
incubation whereas other cell lysates and derived fractions are
extremely stable under the same conditions. This suggests that
cell growth conditions at the time of cell harvest may lead to
limited activation of eIF4Gase activities in some, but not all,
batches of cell extract. To explore this, we incubated a panel of
S10 cell extracts that had been produced without inclusion of
the normal panel of protease inhibitors. These were then in-
cubated at 34°C for 5 h and examined for appearance of
eIF4Gase cleavage products. The data showed that the eIF4G
in about 60% of S10 lysates was very stable during this incu-
bation; however, eIF4G was partly degraded to various extents
in about 40% of the lysates. Mixtures of faint eIF4G cleavage
products were observed in several lysates (data not shown);
however, some produced strong eIF4Gase cleavage products
that we initially termed eIF4Gase-	 since activation occurred
in normal uninfected cell lysates. Examination of these cleav-
age fragments revealed they were indistinguishable from
eIF4Gase-� cleavage products produced in PV-infected lysates
(Fig. 10). A few lysates also produced detectable caspase 3
fragments; however, there was no positive correlation with
eIF4Gase activity (data not shown). To determine if a sponta-

neous eIF4Gase cleavage activity could be assayed in vitro, one
lysate was incubated together with radiolabeled 4G(197–1600)
substrate for an additional period. The data show that during
this additional incubation, the remainder of uncleaved native
eIF4GI in the lysate was cleaved to eIF4Gase-� cleavage prod-
ucts (Fig. 10, lanes 4 and 5). Furthermore, the radiolabeled
substrate was also cleaved, again producing cleavage products
consistent with eIF4Gase-� type activity (Fig. 10, lanes 9 and
10).

To determine if cell cycle transit had any influence on ap-
pearance of eIF4Gase activity, we synchronized HeLa cells
with a double thymidine block and, after release, collected S10
lysates from cells as they transited the cell cycle. Examination
of the lysates revealed that caspase 3 cleavage products and
eIF4Gase cleavage products appeared during discrete times of
the cell cycle, being more concentrated in S phase and mitosis
(data not shown). eIF4G cleavage was never complete and
never approached even 50%. This result was reproducible, but
it should be noted that not every thymidine block experiment
we attempted resulted in production of significant discernible
eIF4G cleavage products, suggesting additional factors or con-
ditions other than simple cell cycle transit may be involved in
eIF4Gase activation. However, taken together, the data show
that both eIF4Gase-� and eIF4Gase-� activities can be gener-
ated in uninfected HeLa cells under a variety of conditions.

DISCUSSION

The nature of the activities that process eIF4GI in PV-
infected cells has been controversial. Significant evidence exists
to support processing by both 2Apro and a cellular activity
termed eIF4Gase. Purified recombinant 2Apro has been shown
to directly process purified eIF4G in vitro both in eIF4F com-
plexes and eIF4F-eIF3 complexes; however, the cleavage was
inefficient and required high levels of protease (4, 20). More
recent data suggest 2Apro cleavage efficiency towards eIF4GI
may be significantly enhanced in the context of ribosomes and
active translation (16). Other data suggest that cellular
eIF4Gase activities also process eIF4GI in vivo and in vitro.

FIG. 10. eIF4Gase activity in uninfected cell lysates. Uninfected HeLa cell S10 lysate was incubated at 34°C for 5 h to generate spontaneous
eIF4Gase cleavage products (lane 3). URSW samples were also incubated with recombinant 2Apro or caspase 3 to generate specific cleavage
products (lanes 1 and 2). Lysate in lane 3 (15 �g) was incubated an additional 8 h with 35S-radiolabeled 4G(197–1600) substrate (lanes 4, 5, 9, and
10) as indicated in Materials and Methods. The same 4G(197–1600) substrate was also held on ice, incubated in buffer alone, or incubated with
2Apro (lanes 6, 7, and 8, respectively).The left panel shows an eIF4GI-specific immunoblot. The right panel shows an autoradiograph of duplicate
lanes on the same gel. The migration of cleavage products is indicated with arrows, keyed as explained in the legend to Fig. 9.
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These data include the separation of in vitro eIF4G cleavage
activity from all detectable 2Apro and poor correlation between
levels of 2Apro expression and levels of eIF4G cleavage in
guanidine-PV-infected cells. Previously, only one type of
eIF4Gase activity was described that produced cleavage prod-
ucts similar to those detected in PV-infected cells. We now
propose that eIF4GI is processed in HeLa cells by two cellular
proteases in addition to 2Apro. The data in this manuscript
provide the first evidence that eIF4GI is cleaved at two sites
during PV infection.

We have not yet examined eIF4GII, the newly discovered
homolog of eIF4GI, in regards to cleavage by 2Apro or
eIF4Gase activities described here. eIF4GII represents a mi-
nor constituent of the total eIF4G pool in HeLa cells—we
estimate 10% or less of the total since it is not easily detectable
in silver-stained purified eIF4F preparations or 2Apro cleavage
products derived thereof (reference 4 and data not shown).
Delayed cleavage of eIF4GII has been correlated with a lack of
complete translation inhibition in guanidine infections (18);
however, a lack of cleavage of PABP under the same condi-
tions could also prevent complete translation shutoff (24).
More investigation is required to determine the relative signif-
icance of eIF4GII and PABP cleavage on translation inhibition
during infection; however, cleavage of eIF4GI seems to be
required.

The eIF4Gase preparations used in this study were all suf-
ficiently purified to remove detectable 2Apro. The eIF4Gase-�
activity described above generates cleavage products that are
indistinguishable from 2Apro cleavage products, and its activity
was inhibited by the GE mutation in eIF4GI that blocks 2Apro

cleavage (data not shown). If two proteases shared the same
cleavage site specificity, this result would be expected. How-
ever, this also leaves open the possibility that despite our ef-
forts to remove all contaminating 2Apro from fractions tested
here, eIF4Gase-� may represent a biochemically altered form
of 2Apro with enzymatic activity much greater than the bulk of
2Apro present in cell lysates. In contrast, evidence also exists
for a cellular eIF4Gase-� activity since it is induced in apopto-
tic cells in the total absence of 2Apro. Also, 2Apro-mediated
cleavage of eIF4GI was not inhibited by zVAD, yet the
eIF4Gase-� type activity present in low-MOI guanidine infec-
tions was blocked. Three feasible explanations are that (i) little
to none of the eIF4G cleavage observed in low-MOI guanidine
infections (which restricts expression of 2Apro) was due to
2Apro itself; (ii) the ability of 2Apro to efficiently cleave eIF4GI
is caspase dependent, possibly from caspase-mediated modifi-
cation of 2Apro; and (iii) an eIF4Gase activity may be activated
by 2Apro. No further processing of 2Apro, potentially carried
out by a caspase, has been observed previously in PV-infec-
tions and no effect of zVAD treatment on PV polyprotein
processing was observed in this study. Likewise, an examina-
tion of caspase zymogen amino acid sequences has not re-
vealed any obvious 2Apro cleavage sites near known sites of
caspase cleavage that result in caspase zymogen activation.

The new eIF4Gase-� activity described here in infected cell
lysates produces shorter N-terminal cleavage fragments than
2Apro and may be the same as the eIF4Gase-	 activity detected
in uninfected cell extracts. Using defined eIF4G substrates, we
could find no evidence for 2Apro cleavage at the upstream site
recognized by eIF4Gase-� activity. The new cleavage site that

was mapped in this study does not contain any of the known
sequence requirements for PV 2Apro recognition; thus, cleav-
age is not expected at this site. Evidence that this site is utilized
during PV infections in vivo comes from detection of two
closely migrating forms of eIF4GI CPC in 2D gels, direct se-
quencing of eIF4G fragments purified from infected cells, and
purification of eIF4Gase-� activity from infected cells which
produced alternate CPC and CPC.

These data also provide the first evidence that more than
one eIF4Gase activity is present in PV-infected cells and un-
infected cells. The multiple activities were not recognized pre-
viously since the product bands of N-terminal cleavage overlap
in SDS immunoblots. In many assays of eIF4Gase cleavage
activity and other immunoblots of eIF4G cleavage products in
infected cells, cleavage products similar to those produced by
eIF4Gase-� activity were noted or what appeared to be less-
ening of the intensity of the upper or slowest migrating eIF4GI
CPN in relationship to the staining of other CPN bands was
observed. However, no explanation was available for alternate
isoforms of eIF4GI; thus, a biochemical explanation for what
was apparently alternate forms of cleavage products was not
available. Now with knowledge that multiple isoforms result
from use of alternate initiation codons, the generation of dif-
ferent forms of CPN or CPC can be ascribed to use of different
cleavage sites. The fact that eIF4Gase activity can be separated
into at least two types of cleavage activities also helps explain
some of the difficulties encountered with purification and iden-
tification of the small amount of enzyme(s) responsible.

Recently, other investigators used zVAD-fmk in a similar
attempt to block eIF4G cleavage in PV-infected cells but saw
no inhibition of eIF4GI cleavage in the presence of zVAD and
concluded that caspases were not involved in the processing of
eIF4GI (44). We also observed little effect on eIF4GI cleavage
in our experiments carried out at normal to high MOI and
using zVAD alone. However, to minimize the impact of 2Apro

in the system, and expecting 2Apro not to be inhibited by
caspase inhibitors, we also carried out infections which in-
cluded guanidine to limit the production of 2Apro in the cells.
Under these conditions, eIF4Gase cleavage was severely inhib-
ited by zVAD, providing evidence that much of the processing
of eIF4Gase in guanidine-supplemented infections was due to
cellular enzymes and not 2Apro. Interestingly, addition of
DEVD and zVAD itself did not result in inhibition of the
eIF4Gase activity after it is induced (Fig. 9 and data not
shown), suggesting that eIF4Gase cleavage activity may reside
in not a caspase itself, but rather a distinct protease that may
be dependent upon a caspase for activation.

Both types of eIF4Gase activities (� and �) can be detected
in uninfected cell lysates as well. In this case the overall level of
cleavage activity measured was weaker than the corresponding
activity level measured in virus-infected cell lysates. Certainly,
any protease activity that leads to cleavage of eIF4GI and
down-regulates cap-dependent translation would be tightly
regulated to avoid promiscuous eIF4GI cleavage. It is not
surprising that eIF4Gase cleavage activity may be linked to
apoptosis, since down-regulation of cellular translation is al-
ways observed in apoptotic cells. Investigation of apoptotic
cells has begun to reveal a complex scheme of translation
regulation in that caspase 3 modification of eIF4GI, eIF4GII,
eIF2a, eIF3, and eIF4B alters the function of many of these
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factors but does not necessarily inactivate all of them (9, 38, 39,
40). Caspase 3 modification of eIF4GI results in release of the
central core fragment of eIF4G that has been shown to be able
to support cap-dependent and cap-independent translation (7,
11, 41). Thus, eIF4GI cleavage by caspase 3 may not destroy its
basal function in translation initiation. However, activation of
eIF4Gase-� at early times in apoptosis would serve to down-
regulate cap-dependent translation only. The mRNAs of two
key apoptosis regulatory proteins, XIAP and APAF-1, have
been shown to be translated via internal ribosome entry site
elements that would not be down-regulated by this alteration
in eIF4G or may be enhanced in their expression (10, 22, 23).
Thus, normal cellular functions of eIF4Gase may include par-
tial down-regulation of translation in apoptosis that may favor
translation of certain polypeptides over others in the early
regulation of apoptosis. Activation of caspase 3 and the further
proteolytic modification of eIF4GI, eIF4GII, eIF2, etc. are
largely late events in apoptosis that occur after commitment to
complete translation shutoff and death occurs. Another possi-
ble normal cellular function of eIF4Gase may also be to cause
down-regulation of translation during certain phases of the cell
cycle or times of cell stress. Since 2Apro largely duplicates this
eIF4G cleavage activity, it is possible that eIF4Gase is not
easily activated in all cell types that PV infects in humans; thus,
2Apro provides a backup or enables complete eIF4GI cleavage
in those cells. Even so, infection of erythroleukemic K562 cells
with PV results in only partial eIF4G cleavage despite efficient
production of 2Apro (3). Thus, it is possible that enteroviruses
have evolved 2Apro in order to grow efficiently and enhance
virus replication in cell types that may not express these en-
zymes. The ability to cleave eIF4GI may aid viral pathogenesis
and virus spread throughout the body. Alternatively, the ap-
parently duplicate function of eIF4Gase and 2Apro may be an
illusion. It is possible that each enzyme preferentially cleaves
different subcellular pools of eIF4GI. Since eIF4GI is a scaf-
folding protein with multiple binding partners, it likely exists in
distinct types of multiprotein complexes that could easily in-
fluence protease cleavage. 2Apro preferentially cleaves eIF4GI
complexed to eIF4E, not free eIF4GI (20). However, eIF4G
may exist in molar excess over eIF4E (13, 21), providing a pool
of unassociated eIF4GI that may be resistant to 2Apro cleav-
age. This specific effect, which may be conformational, may be
restricted to eIF4E, which binds very close to the 2Apro cleav-
age site. Binding of other proteins to eIF4GI, such as eIF3, has
not been shown to have any effect on 2Apro-mediated cleavage
(4).

Lastly, it has long been thought that activation of eIF4Gase
in PV-infected cells was due to production of 2Apro itself (30).
Although this may be true, it is also possible that eIF4Gase
induction may be stimulated by other events that occur during
the viral replication cycle. With the growing sense that apo-
ptosis may serve the function of a virus defense system to limit
viral replication in host animals similar to the interferon sys-
tem, it is possible that eIF4Gase activation represents a por-
tion of the apoptotic response that is activated early yet not
further controlled by expression of the viral program and that
otherwise limits full development of apoptosis (1). Since sev-
eral apoptosis activation cascades proceed via activation of
death domains on the cytoplasmic domain of receptors upon
ligand binding, it is possible that interaction of PV with the PV

receptor or coreceptors during binding and uptake may serve
to activate apoptosis or eIF4Gase. More experiments are re-
quired to test this hypothesis.
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