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ABSTRACT

Eukaryotic initiation factor (elF) 4A unwinds secondary and tertiary structures in the 5’-untranslated region of mRNA, permit-
ting translation initiation. Programmed cell death 4 (Pdcd4) is a novel transformation suppressor and elF4A-binding partner that
inhibits elF4A helicase activity and translation. To elucidate the regions of elF4A that are functionally significant in binding to
Pdcd4, we generated point mutations of el[F4A. Two-hybrid analysis revealed that five elF4A mutants completely lost binding
to Pdcd4 while four elF4A mutants retained wild-type levels of binding. The residues that, when mutated, inactivated Pdcd4
binding specified ATP binding, ATP hydrolysis, or RNA binding. With the exception of the Q-motif mutant elF4A">%", the elF4A
mutants inactivated for Pdcd4 binding were inactivated for binding to elF4G (G,,, G, or both) and for enhancing translation.
Several elF4A mutants showing wild-type level binding to Pdcd4 were also inactivated for binding to elF4G and for enhancing
translation. Thus, significant dissociation of elF4A’s Pdcd4- and elF4G-binding regions appears to occur. Because three of the
four elF4A mutants that retained Pdcd4 binding also suppressed translation activity in a dominant-negative manner, the
structure that defines the Pdcd4-binding domain of elF4A may be necessary but is insufficient for translation. A structural
homology model of elF4A shows regions important for binding to Pdcd4 and/or elF4G lying on the perimeters of the hinge area
of elF4A. A competition experiment revealed that Pdcd4 competes with C-terminal elF4G for binding to elF4A. In summary, the
Pdcd4-binding domains on elF4A impact both binding to elF4G and translation initiation in cells.
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INTRODUCTION UTR) toward the initiation codon; and (3) binding of the
60S ribosomal subunit to the 43S preinitiation complex to
form the 80S ribosome at the AUG site, whereupon protein
elongation from the initiator tRNA can commence (Pain
1996). elF4A is thought to facilitate binding of the 43S
ribosomal subunit to the mRNA by catalyzing the unwind-
ing of mRNA secondary and tertiary structure at the cap
structure and 5'-UTR (Ray et al. 1985; Linder 2003), allow-
ing scanning in a 5'-to-3" direction toward the initiation
codon and subsequent translation initiation (Kressler et al.
1997; Rogers et al. 2001; Svitkin et al. 2001).
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Eukaryotic translation initiation is orchestrated by a group
of proteins called eukaryotic translation initiation factors
(elFs), of which elF4A is a member. Eukaryotic translation
initiation consists of three basic steps: (1) the association of
the initiating tRNA, elFs, and the 40S ribosomal subunit to
form the 43S preinitiation complex; (2) binding of the 43S
preinitiation complex at the 5'-cap structure of mRNA,
followed by scanning along the 5'-untranslated region (5'-
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1999), leading to the hypothesis that functional eIF4A is
associated with eIF4F (Rozen et al. 1990). eIF4A is the pro-
totype of the DEAD-box family of proteins, with the name
referring to one of the conserved domains of this family
(Linder et al. 1989; Linder 2003). DEAD-box family RNA
helicases typically contain seven to eight conserved domains
(including the DEAD-box domain) that are involved in
binding an NTP (typically ATP) and using the energy from
NTP hydrolysis to unwind dsRNA (Tanner and Linder
2001; Rocak and Linder 2004). eIF4A has thus far been
characterized to contain at least 10 such conserved domains
(Svitkin et al. 2001; Tanner et al. 2003).

elF4G bridges the ribosome to the mRNA. Being a scaf-
fold protein, it binds elF4E and eIF4A, as well as other
proteins (Korneeva et al. 2000). eIF4G can be divided into
three distinct functional domains: the N-terminal domain
(amino acid residues 1 to 674), which contains the eIF4E-
binding site; the middle domain (residues 675 to 1079),
which contains the first of two elF4A-binding sites and an
RNA-binding site; and the C-terminal domain (residues
1080 to 1600), which contains the second elF4A-binding
site (Imataka and Sonenberg 1997). Studies of the eIF4G
middle domain (elF4G,,) show that it is sufficient for cap-
independent, internal ribosome entry site-dependent trans-
lation (Lomakin et al. 2000) and cap-independent but 5'-
end-dependent translation (De Gregorio et al. 1998),
whereas the eIF4G C-terminal domain (eIF4G) serves a
regulatory role during translation (Morino et al. 2000).
Whether elF4A associates with eIlF4G in a 1:1 (Li et al. 2001)
or 2:1 (Korneeva et al. 2001) ratio is not yet established.

Programmed cell death 4 (Pdcd4) protein was discovered
by mRNA differential display analysis to be highly expressed
in transformation-resistant (P~) but not in transformation-
susceptible (P) JB6 mouse epidermal cells (Cmarik et al.
1999). Overexpression of Pdcd4 in P* cells renders them
resistant to neoplastic transformation by tumor promoters
(Yang et al. 2001). Pdcd4 suppresses the tumor phenotype
when transfected into transformed (Tx) cells, at least in part
through the inhibition of AP-1-dependent transcription
(Yang et al. 2003b). Recently, overexpression of Pdcd4 in
human carcinoid cells has been shown to inhibit cell pro-
liferation (Goke et al. 2004), and to induce apoptosis in
human breast cancer cells (Afonja et al. 2004).

How does Pdcd4 inhibit neoplastic transformation and
tumor phenotype? Yeast two-hybrid assays have determined
that Pdcd4 associates with eIF4A (Yang et al. 2003a).
Through its association with elF4A, Pdcd4 inactivates the
helicase function of elF4A and suppresses cap-dependent
translation (Yang et al. 2003a). Pdcd4 mutants inactivated
for eIF4A binding are also inactivated for inhibiting trans-
lation and for inhibiting the AP-1-dependent transcription
required for transformation (Yang et al. 2001, 2003a). The
MA-3 domains, two regions of Pdcd4 that are predicted to be
mostly a-helical, are necessary for mediating this inhibitory
effect of Pdcd4 (Aravind and Koonin 2000; Ponting 2000).
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Pdcd4 is proposed to inhibit translation by binding to
elF4A and to eIF4G,,, and by preventing eIF4A from inter-
acting with eIF4G (Yang et al. 2003a). The Pdcd4 mutants
inactivated for eIF4A binding fail to compete with eIF4Gg,
a region of eIF4G shown to have a regulatory function in
translation initiation, for binding to eIF4A. Thus, it appears
that by suppressing elF4A’s helicase activity and its inter-
action with elF4G., Pdcd4 inhibits AP-1 transactivation
and thus neoplastic transformation and tumor phenotype.
In this way, Pdcd4 acts as a tumorigenesis suppressor
through the novel mechanism of translation regulation.

Mutation of the conserved domains in eIF4A affects its
ability to bind and unwind RNA, to hydrolyze ATP, and to
facilitate translation (Pause and Sonenberg 1992; Pause et
al. 1993, 1994; Svitkin et al. 2001; Tanner et al. 2003). Be-
cause Pdcd4 inhibits functions inactivated by these con-
served domain mutations in eIF4A, we hypothesized that
such mutations may also define residues involved in Pdcd4—
elF4A interaction. Furthermore, because eIF4A activity is
enhanced when bound to elF4G in the eIF4F complex,
elF4A mutants may owe loss of translation activity to loss of
binding to eIF4G. In order to determine which eIF4A resi-
dues are involved in binding to Pdcd4 and to characterize
these residues for their significance in binding to eIF4G,,
and elF4Gg, as well as in translation initiation, we per-
formed a mutational analysis of e[F4A. Results showed par-
tial overlap between eIF4A regions required for Pdcd4 bind-
ing and eIF4G binding. Residues of eIF4A responsible for
binding Pdcd4 are required, but not sufficient, for transla-
tion initiation, indicating that Pdcd4 contacts only some of
the domains critical for translation. The ribbon and surface
model reveals Pdcd4 to bind along the hinge region of
elF4A. Finally, eIF4G. and Pdcd4 compete for binding to
elF4A.

RESULTS

Discrete motifs of elF4A specify interaction with
Pdcd4, elF4G,,, and elF4G,

Both Pdcd4 (Yang et al. 2003a) and eIlF4G (Imataka and
Sonenberg 1997) have been shown to interact with elF4A.
Likewise, the regions of Pdcd4 (Yang et al. 2004) and eIF4G
(Morino et al. 2000) that interact with eI[F4A (the MA-3
domains) have been identified and their functions analyzed.
However, the regions of eIF4A that bind to Pdcd4 and to
elF4G have not been characterized. Mutation of eIF4A has
revealed the location of motifs important for translation
initiation (Pause and Sonenberg 1992; Pause et al. 1993,
1994; Svitkin et al. 2001; Tanner et al. 2003). The known
functions of some of the conserved elF4A domains are
shown in Figure 1. Motifs I (AQSGTGKT) and II (DEAD)
are required for ATP binding and hydrolysis, motifs Ia
(PTRELA) and Ib (TPGR) bind RNA, and motifs ITI (SAT)
and VI (HRIGRGGR) link ATP hydrolysis to RNA unwind-
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FIGURE 1. The 15 point mutations of eIF4A, shown in bold letters where an amino acid has
been changed. At the fop is shown wild-type eIF4A with its 10 highly conserved domains.

ing and binding activity, respectively. Additionally, a pos-
tulated conserved Q motif is required for ATP binding and
hydrolysis (Tanner et al. 2003). Because Pdcd4 inhibits
translation, we hypothesized that Pdcd4 binds to eIF4A resi-
dues important for some of the translation functions. We
thus performed site-directed mutagenesis of elF4A to create
mutations identical to those known to inactivate translation
(Fig. 1). Wild-type (WT) and all eIF4A mutants were ex-
pression-verified in JB6 RT101 cells (figure not shown).
Mammalian two-hybrid analysis used the NF-kB activation
domain (pCMV-AD) fused to wild-type or mutant elF4A
c¢DNA and the Gal4 DNA-binding domain (pCMV-BD)
fused to pdcd4, eIF4G,,, or elF4G- cDNA. Both pCMV-AD
and pCMV-BD vectors contain the nuclear localization sig-
nal (NLS), enabling them to translocate into the nucleus.
These AD and BD fusion constructs and Gal4-luciferase
reporter gene were cotransfected into RT101 cells. After 48
h, the cells were lysed and luciferase activity was assayed as
a measure of e[F4A interaction with Pdcd4 or eIF4G.

As shown in Figure 2A, the Pdcd4-binding activity of
wild-type eIF4A was designated as 100% when WT-Pdcd4
(bait) and WT-eIF4A (prey) were cotransfected into RT101
cells at a ratio of 1:1. The mutants e[F4AF>>A) eIF4AA77Y,
eIF4AAT™ 1R and eIF4AR**Q retained wild-type or greater
interaction with Pdcd4. The elF4A mutants having >100%
binding activity may have a higher than wild-type affinity
for Pdcd4. The mutants elF4AT ", eIF4AKSN e[F4AC137P
elF4A™°P) and eIF4A™**°? showed only background-
level luciferase activity, indicating that these eIF4A mu-
tants do not bind or weakly bind to Pdcd4. The mu-
tants eIF4ATE110,112RV) eIF4ATEL110,112,113RVA) eIF4AD183N,
elF4ASH 44, eIF4AST2142168A " and eIF4AR*SQ showed par-
tial inactivation of eIF4A binding to Pdcd4.

To confirm these interactions, we performed GST pull-
down assays (Fig. 2Bi). RT101 cells were transiently trans-
fected with the xpress-tagged wild-type or mutant e[F4A
vectors. After lysis and addition of GST-Pdcd4 and glutha-
thione-Sepharose beads, the bound proteins were analyzed
by SDS-PAGE. The band intensity of xpress-tagged wild-
type eIF4A binding to Pdcd4 was designated as 100%, and
the mutants eIF4A™", eIF4A"77Y, eIF4A™'%, and
elF4AR***? bound Pdcd4 at or near wild-type level. In con-
trast, e[F4A™°", e[F4AC'7P, eIF4A™"*°P, and eIF4AMQ
showed little to no binding to Pdcd4. It should be noted
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endogenous Pdcd4, so that any loss
of interaction between these eIF4A
mutants and Pdcd4 is not due to in-
terference by endogenous Pdcd4. The
mutant elF4A*®¥N (Fig 2Bi), which
had been shown not to interact with
Pdcd4 in the mammalian two-hybrid
assays, showed a low level of binding
to Pdcd4 in the GST pull-down
assays. The mutants elF4ATENIO 2RV
oIF 4ATEL110,112,113RVA) eIF4AD183N’ oIF 4A5214A’ oIF 4AST214,216AA’
and eIF4A"%°Q showed ~50% of the wild-type eIF4A level
of binding to Pdcd4. Overall, the results of these pull-down
assays were in agreement with the results of the mammalian
two-hybrid assays, confirming the binding capacity of wild-
type and mutant elF4A to Pdcd4.

SDS-PAGE, followed by Western blot analysis with
xpress antibody, was performed on 10% input amounts of
all transfected RT101 cell lysates. All lysates showed an
equal level of wild-type or mutant xpress-tagged eIF4A ex-
pression, confirming equal transfection efficiency and lane
loading (Fig. 2Biii). When densitometry readings were
taken of the GST pull-down assays (Fig. 2Bi) and compared
against RLU values for the two-hybrid assays (Fig. 2A), an
approximate linear relationship between the two sets of
measurements was evidenced (Fig. 2Biv). These results in-
dicate that wild-type eIF4A interacts with Pdcd4 both in
vivo and in vitro, and that amino acid substitutions within
the eIF4A protein sequence alter the ability of eIF4A to bind
Pdcd4.

To determine the relationship between eIF4A residues
important for binding to Pdcd4 and residues important for
binding to eIF4G,,, another mammalian two-hybrid analy-
sis of e]F4A mutants was performed. Plasmids pCMV-BD-
elF4G,, (bait) and pCMV-AD-WT/mutant elF4A (prey)
were cotransfected into RT101 cells with the Gal4-luciferase
reporter gene. In order to increase the sensitivity of binding
detection, the ratio of elF4G,, to e[F4A was set at 1:8 in-
stead of the 1:1 ratio used with Pdcd4 and eIF4A. Wild-type
elF4A binding to eIF4G,; was designated as 100%, and the
mutant elF4A”*" showed wild-type-level binding to
elFAG,, (Fig. 3A). The mutants e[F4A™"'°% and eIF4A%*'**
showed ~45% and ~70% of wild-type eIF4A binding, re-
spectively, to eIF4G,,, and eIF4AST2'*?16AA showed ~30%
of wild-type eIF4A-binding activity to eIF4G,,. All other
elF4A mutants showed background level luciferase activi-
ty, i.e., complete inactivation of binding to eIF4G,,.

The binding of eIF4A mutants to e[F4G,, was further
confirmed by immunoprecipitation. RT101 cell lysates,
containing transiently transfected HA-tagged eIF4G,, and
xpress-tagged wild-type or mutant eIF4A, were incubated
with HA antibody followed by protein G-Sepharose beads.
The bound proteins were analyzed by SDS-PAGE. The band
intensity of xpress-tagged wild-type elF4A binding to
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