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An a-helical MA-3 domain appears in several translation initiation factors, including human eukaryotic
translation initiation factor 4G (eIF4G) and DAP-5/NAT1/p97, as well as in the tumor suppressor Pdcd4. The
function of the MA-3 domain is, however, unknown. C-terminal eIF4G (eIG4Gc) contains an MA-3 domain that
is located within the elF4A-binding region, suggesting a role for eIF4A binding. Interestingly, C-terminal
DAP-5/NAT1/p97 contains an MA-3 domain, but it does not bind to eIF4A. Mutation of amino acid residues
conserved between Pdcd4 and eIF4Gc but not in DAP-5/NAT1/p97 to the amino acid residues found in
the DAP-5/NAT1/p97 indicates that some of these amino acid residues within the MA-3 domain are cri-
tical for eIF4A-binding activity. Six Pdcd4 mutants (Pdcd4®*°%, Pdcd4”?5*A, Pdcd4®*'*¥, Pdcd44'34,
Pdcd4®>49%-PHK - and Pded4P?534P4184) Jost >90% elF4A-binding activity. Mutation of the corresponding
amino acid residues in the elF4Gc also produced similar results, as seen for Pdcd4. These results demonstrate
that the MA-3 domain is important for eIF4A binding and explain the ability of Pdcd4 or eIF4Gc but not
DAP-5/NAT1/p97 to bind to eIF4A. Competition experiments indicate that Pdcd4 prevents ca. 60 to 70% of
eIF4A binding to eIF4Gc at a Pdcd4/eIF4A ratio of 1:1, but mutants Pded4”>5** and Pdcd4P?534P4184 ¢ not.
Translation of stem-loop structured mRNA is susceptible to inhibition by wild-type Pdcd4 but not by
Pdcd4P?53A, Pdcd4P*'84, or Pdcd4P>354P418A Together, these results indicate that not only binding to eIF4A
but also prevention of elF4A binding to the MA-3 domain of eIF4Gc contributes to the mechanism by which

Pdcd4 inhibits translation.

Translation initiation of capped mRNA is proposed to occur
by a ribosomal scanning mechanism (20). A 43S ribosomal
complex comprised of a 40S ribosomal subunit, the initiator
Met-tRNAI, and translation initiation factors binds to the cap
structure of mRNA at the 5’ end and scans downstream along
the 5'-untranslated region (5'UTR) searching for the initiation
codon. The rate-limiting step for this process is the binding of
the 40S ribosomal subunit to mRNA. Several eukaryotic trans-
lation initiation factors (eIFs), including the critical factor
elF4A, participate in this process.

Translation initiation factor eIF4A is a member of the
DEAD-box RNA helicase protein family. The DEAD-box
family proteins catalyze RNA unwinding and/or rearrange-
ment. eIF4A is an ATP-dependent RNA helicase that func-
tions in translation initiation to catalyze the unwinding of
mRNA secondary structure at the 5'UTR (36). Mutations of
elF4A that reduce or inactivate the RNA helicase activity
result in inhibition of translation in vitro (28-30). The RNA
helicase activity of eIF4A is enhanced by elF4B or elF4H
binding (1, 35, 37). eIF4A is most active as a helicase when it
is a subunit of eIF4F (a complex containing eIF4A, eIF4E, and
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elF4G) (38). The eIF4G is a scaffold protein containing two
elF4A-binding sites: one located within the middle one-third
(eIF4AGm) (amino acids 635 to 1039) and the other located
within the C-terminal one-third (eIF4Gc) (amino acids 1040 to
1560) (24). Binding of eIF4A to eIF4Gm is sufficient for cap-
dependent translation (11) and for internal ribosomal entry
site-mediated translation (23), but binding of eIF4A to the
elF4Gc and elF4Gm is required for robust translation (24).

Comparison of the amino acid sequences of several transla-
tion initiation factors reveals a conserved a-helical region
called an MA-3 domain (or MI domain), which is located in
human eIF4G, plant elF(is0)4F, and eIF4G isoform DAP-5/
NAT1/p97 but not in yeast eIF4G (2, 33). This domain is also
found in two copies in the programmed cell death 4 (Pdcd4).
The MA-3 domain extends over 120 amino acids with 80 to
85% consensus secondary structure. In the human eIF4G, the
MA-3 domain is located within an eIF4A-binding region, im-
plying that the MA-3 domain may play a role in binding to
elF4A. Interestingly, the C-terminal half of DAP-5/NAT1/p97
also contains an MA-3 domain, but it does not bind to eIF4A
(18). Whether the MA-3 domain is essential for binding to
elF4A is unknown.

Pdcd4 is a ubiquitous protein expressed in all tissues exam-
ined (39). Although expression of the pdcd4 gene is upregu-
lated in response to treatment with apoptosis inducers (7, 39)
and downregulated by treatment with interleukin-2 or topo-
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isomerase inhibitor (3, 27), no functional significance of Pdcd4
in these responses has been demonstrated. Recently, Pdcd4
was identified as a novel tumor suppressor (43), and loss of
Pdcd4 expression is highly correlated to tumor progression (8).
Reduction of Pdcd4 protein in JB6 transformation-resistant
cells is accompanied by acquisition of a transformation-suscep-
tible phenotype (9). Conversely, elevation of Pdcd4 protein
level inhibits tetradecanoyl phorbol acetate (TPA)-induced
transformation in JB6 transformation-susceptible cells and
suppresses tumor phenotype in JB6 transformed cells (43, 44).
Pdcd4 suppresses TPA-induced transformation and expression
of tumor phenotype by specifically inhibiting AP-1 but not
NF-kB or serum response element-dependent transcription
(43, 44). Pdcd4 is a binding partner of eIF4A (14, 42). This was
established by yeast two-hybrid and confirmed by glutathione
S-transferase pull-down, immunoprecipitation, and immunolo-
calization (42). Pdcd4 inhibits translation both in the rabbit
reticulocyte lysate system and in transfected JB6 cells (42). The
inhibition of translation and of AP-1-dependent transcription
requires binding to eIF4A because Pdcd4*'®4, a mutant in-
activated for binding to eIF4A, fails to inhibit cap-dependent
translation or AP-1 transactivation (42). An in vitro binding
assay indicated that Pdcd4 prevented eIF4A binding to eIF4Gc
(42). In addition, Pdcd4 also binds to eIF4Gm independently
of eIF4A binding. These findings suggest a possible mechanism
in which Pdcd4 inhibits translation by (i) competition with
elF4Gc for binding to eIF4A (ii) inhibition of the helicase
activity of eIF4A when Pdcd4 binds to the eIF4Gm (42).

In order to elucidate the mechanism by which Pdcd4 inhibits
translation and to determine the function of the MA-3 domain,
we performed deletion and mutation analyses of the MA-3
domains of Pdcd4 and eIF4Gc. These analyses demonstrate
that the MA-3 domain is essential for binding of both Pdcd4
and eIF4Gc to elF4A. We also demonstrated that the MA-3
domain in DAP-5/NAT1/p97 is nonfunctional for eIF4A bind-
ing. The Pdcd4 mutants that are defective for binding to eIF4A
fail to prevent eIF4A binding to eIF4Gc and fail to inhibit
translation, indicating that prevention of eIF4A binding to
elF4Gc contributes to the mechanism by which Pded4 inhibits
translation.

MATERIALS AND METHODS

Construction of plasmids. The plasmids pCMV-BD-Pdcd4 and pCMV-AD-
elF4A were used for mammalian two-hybrid analysis as previously described
(42). To construct pPCMV-BD-eIF4Gec, a fragment amplified by Pfu DNA poly-
merase-dependent PCR, which encodes the eIF4Gc (amino acids 1040 to 1560)
was inserted into the EcoRI and Apal sites of the pCMV-BD vector. The
plasmid pCMV-NLS-Pdcd4 used for competition experiments was constructed
by deleting the DNA sequence of NF-kB activation domain of pCMV-AD by
Clal and BamHI digestion and ligation with Pdcd4 cDNA. The luciferase cDNA
was excised from pGL3-Basic vector (Promega), ligated into the HindIII and
BamHI sites of the pcDNA3.1+ vector (Invitrogen), and named pcDNA-LUC.
The pcDNA-SL-LUC plasmid was constructed by insertion of an oligonucleo-
tide, 5'-AAGCTTGGGCCCAGATCTACGCGTACGTACGCGTAGATCTG
GGCCCAAGCTT-3' (26), at the HindIII site of pcDNA-LUC plasmid. This
plasmid produced a 24-bp stem-loop structure at the 5'UTR of luciferase mRNA
with a AG of —44.8 kcal/mol (as calculated by the mfold program).

Recombinant protein expression and purification. His-eIF4A was expressed in
Escherichia coli BL21(DE3). The recombinant His-eIF4A expression was in-
duced by adding IPTG (isopropyl-p-p-thiogalactopyranoside) to a final concen-
tration of 1.0 mM when cells were cultured to mid-log phase (optical density at
600 nm of 0.6 to 1.0). After 4 h, cells were harvested and lysed by using
BugBuster reagent (Novagen) including Benzonase (25 U/ml). The His-eIF4A
was purified by nickel-agarose beads (Qiagen) as described previously (31).
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The recombinant Pdcd4 was expressed in insect Sf9 cells and purified on
nickel-agarose resin as described previously (42).

Site-directed mutagenesis. Site-directed mutagenesis of the MA-3 domains of
Pdcd4 or eIF4Gce was performed by using a QuickChange kit (Stratagene), and
all mutations were verified by DNA sequence analysis. The mutated Pdcd4 or
elF4Gc cDNAs were excised from the template plasmids and cloned into the
EcoRI and Apal sites of pCMV-BD to produce Gal4 DNA-binding domain-
fused Pdcd4 or eIF4Gc constructs. The mutated Pdcd4 cDNAs were also cloned
into pcDNA3.1+ or pcDNA4/His/Max B to produce the expression constructs.

Mammalian two-hybrid assay for protein-protein binding. The Pdcd4 and its
site-specific mutated cDNAs were fused to Gal4 DNA-binding domain (BD) of
plasmid pCMV-BD and named pCMV-BD-Pdcd4. The eIF4A cDNA was fused
to NF-«B activation domain (AD) of plasmid pCMV-AD and named pCMV-
AD-eIF4A. A luciferase reporter becomes activated when the BD-Pdcd4 (wild-
type or mutant) fusion protein binds to the AD-eIF4A fusion protein. JB6 RT101
cells (10* cells) were seeded in 24-well plates in Eagle minimal essential medium
(EMEM) with 4% fetal bovine serum (FBS). Cells were transfected with 50 ng
of pCMV-BD-Pdcd4 (wild type or mutants), 50 ng of pCMV-AD-elF4A, 25 ng
of Gal4-luciferase reporter gene, and 10 ng of thymidine kinase-Renilla luciferase
gene with 2 pl of Lipofectamine (Invitrogen). For e[F4Gc-eIF4A binding assays,
400 ng of pCMV-AD-elF4A was used. After 4 to 6 h, cells were incubated with
EMEM containing 4% FBS. After 48 h, cells were lysed in 1X passive lysis buffer
(Promega), and the luciferase activity was measured as previously described (43).
The transfection efficiency was normalized to Renilla luciferase activity.

Pull-down and immunoprecipitation assays. The pull-down assays were per-
formed as previously described (42). In brief, 5 X 10° JB6 RT101 cells were
transfected with 10 pg of wild type or a site-specifically mutated Pdcd4 expres-
sion construct. After 48 h, cells were harvested and lysed in lysis buffer (20 mM
HEPES-KOH [pH 7.6], 100 mM KCI, 0.5 mM EDTA, 20% glycerol, 0.5% Triton
X-100, 50 pg of RNase A/ml, and 1X protease inhibitor cocktail [Boehringer
Mannheim]). A total of 50 pg of His-eIF4A recombinant protein was mixed with
a 10-pl bed volume of Co-Sepharose resin (Pierce). After a wash with lysis buffer,
His-eIF4A bound resin was added to cell lysates, followed by incubation for 2 h
at 4°C. For immunocoprecipitation assays, 5 X 10° JB6 RT101 cells were trans-
fected with 10 pg of xpress-tagged wild-type or site-specifically mutated Pdcd4
expression construct. After 48 h, 2 pg of xpress antibody (Invitrogen) was added
to the cell lysate, followed by incubation for 2 h at 4°C. Then, 10 pl of protein
G-Sepharose beads (Pharmacia) was washed with 250 ul of lysis buffer twice,
added to the cell lysates, and rotated overnight at 4°C.

The beads were washed three times with 250 wl of lysis buffer and boiled in
sodium dodecyl sulfate (SDS) sample buffer. The bound proteins were resolved
on a 10% Tris-Bis NuPage gel (Invitrogen) and detected by using Pdcd4 or
eIF4AI antibody (Santa Cruz).

Competition assays. JB6 RT101 cells (10* cells) were seeded in 24-well plates
in EMEM with 4% FBS. Cells were transfected with increasing amounts (0 to
400 ng) of pCMV-NLS-Pdcd4 (wild type or site-specific mutant), 50 ng of
pCMV-BD-elF4Gc, 400 ng of pCMV-AD-elF4A, 25 ng of Gal4-luciferase re-
porter gene, and 10 ng of thymidine kinase Renilla luciferase gene with 2 pl of
Lipofectamine (Invitrogen). After 4 to 6 h, cells were incubated with EMEM
with 4% FBS. After 48 h, cells were lysed in 1X passive lysis buffer (Promega),
and the luciferase activity was measured as previously described (43). The trans-
fection efficiency was normalized to the Renilla luciferase activity.

In vitro transcription and in vitro translation. The luciferase and stem-loop
luciferase mRNAs were in vitro transcribed by using a MEGAscript T7 kit
(Ambion) with pcDNA-LUC and pcDNA-SL-LUC as templates, respectively.
Portions (10 ul) of nuclease-treated rabbit reticulocyte lysate (Promega) were
mixed with 1 pl of SUPERase.In (40 U; Ambion), 1 wl of amino acid mixture-
Met (1 mM each amino acid), 0.2 pg of luciferase or stem-loop luciferase
mRNA, 15 pCi of [*>S]methionine, and recombinant Pdcd4 protein (0 to 2.0 pg).
The reaction mixture was added to buffer A (20 mM HEPES-KOH [pH 7.6], 100
mM KCI, 0.1 mM EDTA, 1 mM dithiothreitol, 10% glycerol) to a final volume
of 20 pl, followed by incubation at 30°C for 1 h. The products of translation were
resolved by SDS-polyacrylamide gel electrophoresis, fixed with 40% metha-
nol-7% acetic acid, and treated with Amplify (Amersham). The intensity of
bands was determined by a Storm 850 PhosphorImager (Molecular Dynamics).

Transient-transfection assays of translation. An in vivo translation assay of
the luciferase and stem-loop luciferase reporter system was described previously
(42). Briefly, 8 X 10* JB6 RT101 cells were seeded in a six-well plate in EMEM
with 4% FBS. After transfection with 0 to 2 pg of pcDNA-Pdcd4 (or Pdcd4
mutants) or 0.2 pg of pcDNA-LUC (non-stem-loop luciferase) or pcDNA-SL-
LUC (stem-loop luciferase), cells were allowed to recover for 12 to 18 h in
EMEM with 4% FBS. Cells were then serum starved with 0.2% FBS in EMEM
medium for 24 h, followed by incubation in EMEM-4% FBS for an additional
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FIG. 1. Both MA-3 domains of Pdcd4 are required for elF4A-
binding activity. (A) Structures of elF4G1, DAP-5/NAT1/p97, and
Pdcd4. The numbers refer to the size (in amino acids) of eIF4G1,
DAP-5/NAT1/p97, and Pdcd4 and to the location of the eIF4A-bind-
ing domain and the MA-3 domain (2, 17, 24). The MA-3 domains (gray
box) in eIF4G1, DAP-5/NAT1/p97, and Pdcd4 are indicated schemat-
ically. The eIF4A-binding domains (strip box and arrows) in eIF4G1
are indicated schematically. (B) Partial deletion of N- or C-terminal
MA-3 domain of Pdcd4 dramatically decreases the elF4A-binding
activity. Plasmid pCMV-BD-Pdcd4 (50 ng) (wild type [WT] or deletion
mutants) was transiently transfected with pCMV-AD-eIF4A (50 ng)
and Gal4-luciferase reporter DNA (25 ng) into JB6 RT101 cells. After
48 h, cells were lysed and the luciferase activity was measured. The
luciferase activity with wild-type Pdcd4 was designated as 100%. These
experiments were repeated three times with five independent trans-
fections, and representative data are shown. The results are expressed
as the means plus the standard deviation. (C) Protein expression level
of wild-type and truncated Gal4 DNA-binding domain-Pdcd4. Cell
lysates (15 pg) from transiently transfected empty vector (lane 1),
wild-type (WT) Pdcd4 (lane 2), or truncated Pdcd4 (lanes 3 and 4)
were separated on 10% Bis-Tris NuPage gels, transferred to nitrocel-
lulose, and subjected to immunoblotting with Pdcd4 or actin antibody
with visualization by chemiluminescent detection.

24 h. Cells were lysed in 1X passive lysis buffer (Promega), and the luciferase
activity was measured as previously described (43).

Northern blot analysis. RT101 cells (5 X 10° cells) were transiently transfected
with 10 pg of pcDNA-Pdcd4 expression plasmid (or Pdcd4 mutants) and 1 pg of
pcDNA-SL-LUC as described above. After serum starvation for 24 h, cells were
incubated with EMEM-4% FBS medium for an additional 24 h. Cells were then
harvested and lysed in TRIzol reagent (Invitrogen). The total RNA was isolated
according to the manufacturer’s protocol. Then, 10 pg of RNA was separated on
a 1% formaldehyde gel and transferred to a nylon membrane (Boehringer
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Mannheim) as previously described (45). The membrane was prehybridized with
NorthernMax Prehybridization/Hybridization buffer (Ambion) for 30 min, hy-
bridized by incubation with 3?P-labeled luciferase cDNA in NorthernMax Pre-
hybridization/Hybridization buffer, and then washed according to the manufac-
turer’s instructions.

RESULTS

The MA-3 domains of Pdcd4 are required for binding to
elF4A but the MA-3 domain of DAP-5/NAT1/p97 is not func-
tional for eIF4A binding. Previously, we demonstrated that
elF4A is a binding partner of Pdcd4 (42), but the Pdcd4 do-
mains used for binding to eIF4A are not known. Analysis of
the amino acid sequence of Pdcd4 indicates that Pdcd4 con-
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tains two MA-3 domains. One MA-3 domain consists of amino
acids 164 to 275 (N-terminal MA-3 domain), and the other
spans amino acids 327 to 440 (C-terminal MA-3 domain) (Fig.
1A). The eIF4G protein also contains an MA-3 domain lo-
cated within the second elF4A-binding domain (amino acids
1241 to 1451) (24) (Fig. 1A). Because MA-3 domains are
prominent in two proteins that bind to eIF4A, namely, Pdcd4
and eIF4G, the MA-3 domain may play a role in binding to
elF4A. To determine whether the MA-3 domains in Pdcd4
function as mediators for binding to elF4A, we performed
mammalian two-hybrid assays with the Gal4 DNA-binding do-
main fused to various lengths of deleted Pdcd4 plasmids and
the NF-kB activation domain fused to full-length eIF4A plas-
mid. The mammalian two-hybrid assay is a sensitive method
for detecting protein-protein interaction. The luciferase assay
contributes to the high sensitivity, as does the fact that DNA-
binding domain-Pdcd4 and activation domain-eIF4A translo-
cate into the nucleus, thereby decreasing the background in-
terference. Although overexpression of Pdcd4 and eIF4A may
force binding, the physical interaction between these two pro-
teins has been carefully evaluated previously by independent
methods in vitro and in vivo (42). The mammalian two-hybrid
assay renders likely the possibility that mutants scored as in-
activated are not physically interacting with each other.

The Pded4®¢4%? and Pdcd4'®+**? mutants have the first 85
and 163 amino acid residues of Pdcd4 deleted, respectively,
and contain both MA-3 domains intact. Two further N-termi-
nal deletions, Pdcd4'77-*%° and Pdcd4'#94%°, are partially de-
leted in the N-terminal MA-3 domain and retain the intact
C-terminal MA-3 domain. The Pdcd4'#% is partially deleted
in the C-terminal MA-3 domain and retains the N-terminal
intact MA-3 domain (Fig. 1B). As shown in Fig. 1B, the
full-length Pdcd4, Pdcd43%-4%° and Pdcd4'®*4%° show similar
elF4A-binding abilities. Deletion mutants Pdcd4'77-45°,
Pdcd4'84? and Pdcd4' % showed ~10% of the eIF4A-bind-
ing activity seen for full-length Pdcd4, indicating that partial
deletion of either the N- or the C-terminal MA-3 domain
dramatically decreases binding to eIF4A. These results indi-
cate that both MA-3 domains of Pdcd4 are critical for binding
to elF4A. The decrease in the elF4A-binding activity is not
due to reduced Pdcd4 protein expression since wild-type Pdcd4
and Pdcd4 deletion mutants show similar expression (Fig. 1C).

To further define the amino acid residues of the Pdcd4
MA-3 domain that mediate binding to eIF4A, we created site-
specific mutations in the MA-3 domains. In the human eIF4G,
the MA-3 domain is located within the second eIF4A-binding
domain (amino acids 1241 to 1451) (24). However, DAP-5/
NAT1/p97, although containing an MA-3 domain in the C-
terminal half (2, 33), fails to bind to eIF4A (18). Comparison
of the amino acid sequences in Pdcd4, eIF4G, and DAP-5/
NAT1/p97 indicates that several amino acid residues are con-
served between Pdcd4 and human eIF4G but not in DAP-5/
NAT1/p97 (Fig. 2A). Our strategy to generate the Pdcd4
mutants was to change the amino acid residues that are iden-
tical between Pdcd4 and eIF4G but differ in DAP-5/NAT1/p97
to the amino residues found in the DAP-5/NAT1/p97 (marked
as asterisks in Fig. 2A). In addition, we randomly created
three site-specific mutations (Pdcd4™*3*4, Pdcd4¥3%°E, and
Pdcd4P*'84) within the C-terminal MA-3 domain (Fig. 2A,
arrows). The wild-type or mutated Pdcd4 cDNA was cloned
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into the Gal4 DNA-binding domain vector (pCMV-DB), and
the eIF4A cDNA was cloned into the NF-kB activation do-
main vector (pCMV-AD). These two plasmids and Gal4-lucif-
erase reporter plasmid were then cotransfected into JB6
RT101 cells. The binding of eIF4A to various Pdcd4 mutants
was determined by mammalian two-hybrid assay.

We first assessed site-specific mutations within the C-
terminal MA-3 domain of Pdcd4. Pdcd433°4, Pdcd4Y3%E,
Pdcd4™2!'= and Pdcd4V**°* showed no significant differ-
ence in elF4A-binding activity compared to the wild-type
Pdcd4 (Fig. 2B). When ***Asp was changed to Asn, ***Leu was
changed to Met, **’Ala changed to Val, or **’Gly changed to
Glu, these mutants of Pdcd4 showed a partial (40 to 60%)
decrease in elF4A-binding activity (Fig. 2B). In agreement
with previous observations (42), the Pdcd4P*'84 showed a dra-
matic decrease in binding to eIF4A. In addition to Pdcd4P*'84,
the Pdcd4P*'*¥ in which Asp was changed to Lys, also showed
ca. 10% of wild-type elF4A-binding activity, indicating that
this amino acid residue is also critical for eIF4A-binding ac-
tivity in the C-terminal MA-3 domain of Pdcd4.

To define N-terminal MA-3 residues of Pdcd4 that contrib-
ute to elF4A-binding activity, we created several mutations
within the N-terminal MA-3 domain. As shown in Fig. 2C,
amino acid residues mutated to correspond to the mutations
made in the C-terminal MA-3 domain have eIF4A-binding
activity similar to the C-terminal MA-3 domain mutants. The
Pdcd4®?%°L corresponding to Pdcd4™*'™ in the C-terminal
MA-3 domain, showed-binding activity similar to wild-type
Pdcd4. The Pdcd4 PN Pdcd4t1™, and Pdcd4S?7?E corre-
sponding to Pdcd4P34+*N, Pdcd4™*>*M, and Pdcd4“**"F, respec-
tively, have 40 to 50% of the eIF4A-binding activity seen for
wild-type Pdcd4. Mutation of >*°Glu to Lys or of ***Asp to Ala
in the N-terminal MA-3 domain of Pdcd4, corresponding to
Pdcd4P414% and Pdcd4P484 in the C-terminal MA-3 domain,
produced ~10% of wild-type eIF4A-binding activity. Double
mutations Pdcd4E?49KP44K and Pdcd4PZ3A-P4H8A in which
2%Glu and *'*Asp were changed to Lys and *>*Asp and *'®Asp
were changed to Ala, respectively, showed 5 to 8% of wild-type
Pdcd4-binding activity (Fig. 2B; see also Fig. 3D). As shown in
Fig. 2D, the expression of wild-type Pdcd4 (lane 1), a mutant
with high elF4A-binding activity (Pdcd4¥***V) (lane 7), two
mutants showing a partial reduction of eIF4A-binding activity
(Pdcd4™"8"™ and Pdcd4™*>*M) (lanes 2 and 4), and mutants
with very low eIF4A-binding activity (Pdcd4P?*>4, Pdcd4P' 4K,
Pdcd4P184 and Pdcd4P?354-P4184) (Janes 3, 5, 6, and 8) all
show similar protein expression levels, indicating that loss of
elF4A-binding activity was not attributable to loss of expres-
sion of mutant Pdcd4s.

To further confirm the interaction between Pdcd4 mutants
and elF4A, we performed pull-down assays. The recombinant
His-tagged eIF4A (His-eIF4A) was expressed and purified
from E. coli and added to the RT101 cell lysate after overex-
pression of wild-type or site specifically mutated Pdcd4. The
protein complex was pulled down by Co-Sepharose beads and
resolved by SDS-polyacrylamide gel electrophoresis. As shown
in Fig. 2E, His-eIF4A, in agreement with the observations seen
in the mammalian two-hybrid assay, was able to pull down wild-
type Pdcd4 and Pdcd4Y*** (lanes 1 and 5). The vector control
showed a faint band that corresponded to endogenous Pdcd4
pulled down by His-eIF4A (ca. 5 to 10% of wild-type Pdcd4).
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FIG. 2. The MA-3 domain of DAP-5/NAT1/p97 is not functional for binding to eIF4A. (A) Alignment of the MA-3 domain of elF4Gl,
DAP-5/NAT1/p97, and Pdcd4. Conserved (yellow box) and similar (red box) amino acid residues between eIF4G1, DAP-5/NAT1/p97, and Pdcd4
are indicated. The amino acids that are conserved between elF4G1 and Pdcd4 but are different from DAP-5/NAT1/p97 are marked with asterisks.
(B and C) Point mutation analyses of the C-terminal (B) and N-terminal (C) MA-3 domain of Pdcd4 for eIF4A-binding activity. Plasmid
pCMV-BD-Pdcd4 (50 ng) (wild type [WT] or site-specific mutants) was transiently transfected with pPCMV-AD-elF4A (50 ng) and Gal4-luciferase
reporter DNA (25 ng) into mouse JB6 RT101 cells. After 48 h, cells were lysed and the luciferase activity was measured. The luciferase activity
with wild-type Pdcd4 was designated as 100%. These experiments were repeated three times with five independent transfections, and representative
data are shown. The results are expressed as the means plus the standard deviations. In panel C, the corresponding mutant in the C-terminal MA-3
domain is indicated in parentheses. (D) Similar expression of wild-type and mutant Gal4 DNA-binding domain-Pdcd4. RT101 cell lysates (10 pg)
from transient transfection with wild-type (lane 1) and mutant (lanes 2 to 8) pCMV-BD-Pdcd4 expression plasmids were separated on 10% Bis-Tris
NuPage gels, transferred to nitrocellulose, and subjected to immunoblotting with Gal4 DNA-binding domain antibody, with visualization by
chemiluminescent detection. (E) Pull-down assay of Pdcd4 with His-eIF4A. RT101 cell lysates from a transient transfection with Pdcd4 wild-type
expression plasmid (lane 1), empty vector (lane 2), or site-specific Pdcd4 mutant expression plasmids (lanes 3 to 6) were pulled down with
His-eIF4A. The bound proteins were resolved by using a 10% Bis-Tris NuPage gel, transferred to nitrocellulose, and subjected to immunoblotting
with Pdcd4 or eIF4A antibody. (F) Coimmunoprecipitation of eIF4A with xpress-tagged Pdcd4. RT101 cell lysates from transient transfection with
xpress-tagged Pdcd4 wild-type expression plasmid (lane 1), empty vector (lane 2), or site-specific xpress-tagged Pdcd4 mutant expression plasmids
(lanes 3 to 8) were immunoprecipitated with mouse monoclonal xpress antibody. The bound proteins were resolved by using a 10% Bis-Tris
NuPage gel, transferred to nitrocellulose, and subjected to immunoblotting with eIF4A or xpress antibody.

His-eIF4A also pulled down Pdcd4P*** and Pdcd4™*'®* (lanes  has very weak eIF4A-binding activity that is barely distinguish-
3 and 4), but the amount was 30 to 40% of the wild-type Pdcd4 able from the vector control level. It is noteworthy that the
and Pdcd4Y4*%4 (lanes 1 and 5), indicating that these Pdcd4 ~ abundant endogenous elF4A and His-eIF4A compete with
mutants have a weak elF4A-binding activity. The band inten-  each other for binding to Pdcd4 (or Pdcd4Y**%%), resulting in
sity of double mutant, Pdcd4P?334 P84 (Jane 6), is ca. 10 to  less Pded4 (or Pdcd4Y**%%) being pulled down by His-eIF4A.
20% of wild-type or Pded4V#*%4, suggesting that this mutant This competition may contribute to the observation that the
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elF4A-binding activity of Pdcd4®?34 or Pdcd4P*'¥4 was only
reduced two- to threefold in contrast to a 10-fold reduction in
the mammalian two-hybrid assay. In addition to pull-down
assays, we also performed coimmunoprecipitation assays with
xpress antibody. As shown in Fig. 2F, xpress antibody copre-
cipitated eIF4A from the lysates after transient transfection

F Pdcd4 mutants
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with xpress-tagged Pdcd4 and Pdcd4V**°* (lane 1 and 7). The
xpress-tagged Pdcd4™>*™ coprecipitated ca. 60 to 80% as much
elF4A as Pdcd4 or Pdcd4Y**%4 (lane 5). The xpress-tagged
PdCd4E249K, PdCd4D253A, Pdcd4D418A, and Pdcd4D253A,D418A
also coprecipitated with eIF4A, but the amount was 3 to 15%
of the amount for Pdcd4 or Pdcd4V#43°* (lanes 3, 4, 6, and 8).
Interestingly, Pdcd4P#'84 showed a little higher eIF4A binding
than Pdcd4?>** in both pull-down and coimmunoprecipita-
tion assays. It is noteworthy that the RT101 cells express a low
level of Pdcd4 (44). The coimmunoprecipitation assays show
little interference by endogenous Pdcd4, with the result that
the eIF4A-binding activity of Pdcd4”2>3* or Pdcd4P#'84 shows
a greater fold reduction than that seen in pull-down assays.
These coimmunoprecipitation results are in agreement with
the results of mammalian two-hybrid (Fig. 2B and C) and
pull-down assays (Fig. 2E).

Mutations in either MA-3 domain of Pdcd4 dramatically re-
duced the elF4A-binding activity, indicating that both N- and
C-terminal MA-3 domains mediate binding to eIF4A. Both MA-3
domains are important and have similar e[F4A-binding activity. It
was also demonstrated that the MA-3 domain of DAP-5/NAT1/
p97 does not have elF4A-binding activity because several criti-
cal amino acid residues in MA-3 domain are not conserved.
For example, negatively charged residues *'*Asp of Pdcd4 and
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1329 Asp of eIF4G are conserved but a positively charged resi-
due ®'Lys is found in DAP-5/NAT1/p97.

The MA-3 domain of eIF4Gc is functional for eIF4A bind-
ing. To determine whether the MA-3 domain in the eIF4Gc is
also functional for eIF4A binding, point mutations in the
MA-3 domain of elF4Gc were created by changing to the
amino acid residues found in the DAP-5/NAT1/p97, which are
identical between Pdcd4 and eIF4G but differ in DAP-5/
NAT1/p97 (marked as asterisks in Fig. 2A). These mutants
were assayed for elF4A-binding activity by mammalian two-
hybrid assays. In order to increase the sensitivity for detect-
ing the binding of eIF4Gc and elF4A, the ratio of eIF4Gc
to eIF4A was increased to 1:8 instead of the 1:1 ratio that
was used previously with Pdcd4. As shown in Fig. 3A,
eIF4GcC1283Y | eIF4GcH133°k  and eIF4G©'*°2F have an
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FIG. 3. eIF4Gc has an MA-3 domain that is functional for eIF4A
binding. (A) Plasmid pCMV-BD-eIF4Gc (50 ng) (wild type [WT] or
site-specific mutant) was transiently transfected with pCMV-AD-
elF4A (400 ng) and Gal4-luciferase reporter DNA (25 ng) into JB6
RT101 cells. (B) Similar expression of wild-type and mutant Gal4
DNA-binding domain-eIF4Gc. RT101 cell lysates (10 pg) from a tran-
sient transfection with wild type (lane 2) and site-specific mutants
(lanes 3 to 6) pPCMV-BD-eIF4Gc expression plasmids were separated
on 10% Bis-Tris NuPage gels, transferred to nitrocellulose, and sub-
jected to immunoblotting with Gal4 DNA-binding domain antibody,
with visualization by chemiluminescent detection. (C) Coimmunopre-
cipitation of eIF4A with xpress-tagged elF4Gc. RT101 cell lysates
from transient transfection with xpress-tagged eIF4Gc (lane 1), xpress-
tagged eIF4GcP'*°N (lane 2), or xpress-tagged eIF4GcF32°% (lane 3)
expression plasmids were immunoprecipitated with mouse monoclonal
xpress antibody. The bound proteins were resolved on a 10% Bis-Tris
NuPage gel, transferred to nitrocellulose, and subjected to immuno-
blotting with eIF4A or xpress antibody. (D) Plasmid pCMV-BD-Pdcd4
(50 ng) (wild type [WT] or point mutation mutants) or pCMV-BD-
elF4Gc (50 ng) was transiently transfected with pPCMV-AD-eIF4A (50
ng) and Gal4-luciferase reporter DNA (25 ng) into JB6 RT101 cells.
After 48 h, cells were lysed and the luciferase activity was measured. The
luciferase activity with wild-type Pdcd4 was designated as 100%. These
experiments were repeated three times with five independent transfec-
tions, and representative data are shown. The results are expressed as the
means plus the standard deviations. An asterisk indicates a significant
difference compared to the transfection with pCMV-BD-elF4Gec, as de-
termined by Student ¢ test (P < 0.005). (E) Relative eIF4A-binding ac-
tivity of eIF4Gc. RT101 cell lysates from a transient transfection with
empty vector (lane 1) xpress-tagged Pdcd4 expression plasmid (lane 2) or
xpress-tagged elF4Gc expression plasmid (lane 3) were immunoprecipi-
tated with mouse monoclonal xpress antibody. The bound proteins were
resolved on a 10% Bis-Tris NuPage gel, transferred to nitrocellulose,
and subjected to immunoblotting with eIF4A or xpress antibody.

elF4A-binding activity similar to wild-type eI[F4Gc. Two point
mutants (eIF4GcP'*°N and eIF4Gc™'*""™) showed ca. 30 to
40% of wild-type binding activity, whereas the elF4GcF!329K
and elF4GcP?# expressed ca. 10% of wild-type eIF4A-bind-
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ing activity. The eIF4A binding activities of e[F4Gc mutants
are in agreement with the corresponding mutants created in
the N- or C-terminal MA-3 domain of Pdcd4 with the excep-
tion of elF4Gc®'*>?E. The elF4Gc®3*F retained 94% of
wild-type eIF4Gc binding to eIF4A, whereas the correspond-
ing mutant in the C-terminal MA-3 domain, Pdcd4°**’, had
60% of wild-type eIF4A-binding activity, suggesting some di-
vergence of the MA-3 domain in Pdcd4 and eIF4Gc. Figure 3B
shows that eIF4Gc wild type and mutants have similar protein
expression levels, indicating that loss of eIF4A-binding activity
was not attributable to the loss of expression of mutant Pdcd4s.
Since the specificity of the Gal4 DNA-binding domain anti-
body is low, it may cross-react with other proteins to generate
nonspecific bands (Fig. 3B, lane 1).

To further confirm these interactions, we performed immu-
noprecipitation assays. In these experiments, we used xpress-
tagged wild-type eIF4Gc and two representative xpress-tagged
elF4Gc mutants: eIFAGcP'>*N (40% of elF4A-binding activ-
ity) and eIF4Gc="3*% (10% of elF4A-binding activity). Xpress-
eIFGc was able to coimmunoprecipitate with eIF4A from the
lysates transiently transfected with xpress-tagged eIF4Gc (Fig. 3C,
lane 1). The amount of eIF4A coimmunoprecipitated by xpress-
elF4Gc is approximately two- to threefold higher than that
by xpress-eIF4GcP'**°N (Fig. 3C, lanes 1 and 2). Xpress-
elF4GcH?*°K shows little or no coimmunoprecipitation with
elF4A (Fig. 3C, lane 3). These results are in agreement with
the results of mammalian two-hybrid assays (Fig. 3A).

What is the relative elF4A-binding activity for eI[F4Gc that
has only one intact MA-3 domain? As shown in Fig. 3D, the
C-terminal MA-3 mutated Pdcd4”?>** and the eIF4Gc each
showed ca. 7 to 9% of the eIF4A-binding activity seen with
wild-type Pdcd4, and each has a single intact MA-3 domain,
whereas a double mutant, Pdcd4P2354-PH8A showed less
elF4A-binding activity than did eIF4Gc. The comparison of
elF4A binding to eIF4Gc and Pdcd4 was further confirmed by
a coimmunoprecipitation assay (Fig. 3E). xpress-eI[F4Gc showed
ca. 5 to 7% of the binding to eIF4A seen with Pdcd4. These
findings indicate that e[F4Gc and Pdcd4”>>*#, each containing
only one intact MA-3 domain, have similar eIF4A-binding
activities. In addition, these findings also suggest that eIF4A
must bind to two MA-3 domains in order to achieve maximal
elF4A-binding activity, while interaction with a single MA-3
domain produces weak binding.

Pdcd4 prevents eIF4A binding to eIF4Gc. The finding that
mutations in the MA-3 domain of Pdcd4 or eIF4Gc inactivate
the eIF4A-binding activity (Fig. 2 and 3) suggests that Pdcd4
may compete with eIF4Gc and inhibit its binding to eIF4A. To
test this hypothesis, we performed in vivo competition assays.
Although Pdcd4 may contain two functional nuclear export
signals, it is unclear whether Pdcd4 is able to translocate to the
nucleus (4). In order to ensure that Pdcd4 is able to translocate
to nuclei, as needed for the two-hybrid assay of binding, a
DNA sequence encoding the simian virus 40 nuclear localiza-
tion signal was ligated in front of Pdcd4 cDNA by deletion of
the NF-«kB activation domain sequence of pCMV-AD and
termed pCMV-NLS-Pdcd4. Plasmids pCMV-BD-eIF4Gc and
pCMV-AD-elF4A were cotransfected with competition
plasmid pCMV-NLS-Pdcd4 (or pCMV-NLS-Pdcd4P?34 or
pCMV-NLS-Pdcd4P?334P4184) into RT101 cells. After 48 h,
cells were lysed, and the luciferase activity was assayed to
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FIG. 4. Pdcd4 prevents elF4A binding to elF4Gc. Increasing
amounts (0, 50, 100, 200, and 400 ng) of pCMV-NLS-Pdcd4 (or
pCMV-NLS-Pdcd4P?4 or pPCMV-NLS-Pdcd4P?534-D4184) were tran-
siently transfected with pCMV-AD-elF4A (400 ng), pCMV-BD-
elF4Gce (50 ng), and Gal4-luciferase reporter DNA (25 ng) into JB6
RT101 cells. After 48 h, cells were lysed and the luciferase activity was
measured. The luciferase activity from 0 ng of pCMV-BD-Pdcd4,
pCMV-BD-Pdcd4P?3A, or pCMV-BD-Pdcd4P?34P418A was desig-
nated as 100%. These experiments were repeated two times with six
independent transfections, and representative data are shown. The
results are expressed as means * the standard deviations. Asterisks
indicate significant differences compared to the transfection with 200
or 400 ng of pCMV-BD-Pdcd4P?%A, as determined by using the Stu-
dent ¢ test (P < 0.001).

measure elF4Gc-eIF4A binding as a function of cotransfected
Pdcd4 concentration. As shown in Fig. 4, the binding of
elF4A to eIF4Gc was decreased in a concentration-depen-
dent manner when the amount of wild-type Pdcd4 was in-
creased. In contrast, expression of Pdcd4 mutants Pdcd4P2>34
and Pdcd4P2534-P418A did not affect eIF4A binding to eIF4Gec.
The binding of eIF4A to eIF4Gc was ca. 60 to 70% inhibited
by wild-type Pdcd4 at a ratio of pCMV-NLS-Pdcd4 to pCMV-
AD-elF4A of 1:1. The observation that wild type but not Pdcd4
mutant Pdcd4P?34 or Pdcd4P?34-P48A (Fig 2) inhibits
elF4A binding to elF4Gc in transfected cells supports the
hypothesis that Pdcd4 competes with eIF4Gce for binding to
elF4A in vivo.

A stable mRNA secondary structure in the 5'UTR confers
susceptibility to inhibition of in vitro and in vivo translation by
Pdcd4. Previous studies (30, 40) suggested that the helicase
activity of eIF4A is required for translation, especially trans-
lation of mRNAs having secondary structure in the 5'UTR.
Because Pdcd4 specifically inhibited the helicase activity of
elF4A (42), we suspected that translation of mRNA with a
stable secondary structure at the 5’"UTR would be sensitive to
suppression by Pdcd4. To test this hypothesis, we created a
stable secondary structure introduced in the 5’ leader sequence
of a luciferase reporter. The palindromic oligonucleotide se-
quence (AAGCTTGGGCCCAGATCTACGCGTACGTACG
CGTAGATCTGGGCCCAAGCTT) was inserted at the 5’
end of luciferase cDNA, allowing the formation of a 24-bp
stem-loop structure positioned 97 nucleotides downstream of
the cap of the mRNA. In vitro studies have shown that stem-
loop structures with free energies of between —30 and —70
kcal/mol are sufficient to inhibit translation (15). The AG value



3902 YANG ET AL.

A
AG=-44 8 kealimol
PCMV-SL-LUC
pCMV-LUC luciferase
B

Pdcd4 00 05 1.0 2.0 (ug) Pdcdd 0.0 05 1.0 2.0 (ng)

|LUC(%}l 100 102 101 86 | DC{%}| 100 80 65 55

Lane 1 2 3 4 5 6 7 8

FIG. 5. Pdcd4 preferentially inhibits translation of 5"UTR struc-
tured mRNA in vitro. (A) Structures of 5'UTR stem-loop structured
luciferase (pCMV-SL-LUC) and nonstructured luciferase (pCMV-
LUC); (B) in vitro translation of 5'UTR structured and nonstructured
luciferase. Rabbit reticulocyte lysate was preincubated with increasing
amounts of Pdcd4 (0 to 2 pg) for 5 min at 30°C prior to the addition
of the nonstructured luciferase mRNA (0.2 pg) (lanes 1 to 4) or
5'UTR structured luciferase mRNA (0.2 pg) (lanes 5 to 8). The trans-
lation was performed in a total volume of 20 wl as described in
Materials and Methods. The band intensity was determined with a
PhosphorImager. The value obtained for nonstructured or structured
luciferase mRNA with 0 pg of Pdcd4 was designated as 100%.

of the 24-bp stem-loop structure used in the present study is
—44.8 kcal/mol (as calculated by the mfold program). This free
energy of the 24-bp stem-loop is close to that of the TAR
(+111) RNA of human immunodeficiency virus, with a stem-
loop structure of free energy —49.9 kcal/mol (40).

The effects of Pdcd4 on translation of this stem-loop struc-
tured mRNA (or non-stem-loop mRNA) in vitro were mea-
sured by adding capped stem-loop luciferase mRNA (or non-
stem-loop luciferase mRNA) in a rabbit reticulocyte lysate to
which recombinant Pdcd4 was added. As expected, translation
of the stem-loop structured mRNA (in the absence of Pdcd4)
is relatively inefficient, showing ca. 2% of the translation rate
of non-stem-loop structured mRNA (data not shown). Addi-
tion of recombinant Pdcd4 (0 to 2.0 pg) to the reticulocyte
lysate inhibited stem-loop structured luciferase mRNA trans-
lation in a dose-dependent manner (Fig. 5B, lanes 5 to 8). The
addition of 0.5 and 1.0 pg of Pdcd4 to the reticulocyte lysate
inhibited ca. 20 and 35% of stem-loop structured luciferase
mRNA translation, respectively, but did not inhibit non-stem-
loop luciferase mRNA translation (Fig. 5B, lanes 2, 3, 6, and
7). A 2-pg portion of recombinant Pdcd4 inhibited translation
of stem-loop structured luciferase mRNA by ca. 45% but in-
hibited translation of non-stem-loop structured luciferase
mRNA by ca. 14% (Fig. 5B, lanes 4 and 8). The addition of
recombinant Pdcd4 to the rabbit reticulocyte lysate up to 4 pg
also showed only 50% inhibition of stem-loop luciferase trans-
lation (data not shown). These results indicate that adding
secondary structure to the 5"UTR of an mRNA enhances its
susceptibility to inhibition of translation by Pdcd4 in vitro.
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To test whether translation of mRNA with stem-loop struc-
ture in the 5'UTR is susceptible to inhibition by Pdcd4 in vivo,
the pcDNA-Pdcd4 expression plasmid and the stem-loop struc-
tured luciferase reporter, pCMV-SL-LUC (or non-stem-loop
structured luciferase reporter, pCMV-LUC), were transiently
transfected into JB6 RT101 cells. The effect of Pdcd4 on trans-
lation of stem-loop and non-stem-loop luciferase was mea-
sured by determining the luciferase activity. As shown in Fig.
6A, the level of luciferase mRNA from cells transfected with
Pdcd4 expression plasmid (pcDNA-Pdcd4) is similar to that in
the cells transfected with empty vector (pcDNA), indicating
that any inhibition of luciferase enzymatic activity cannot be
attributed to a decrease in synthesis or stability of the lucifer-
ase mRNA but must reflect translational inhibition. Transfec-
tion with increasing concentrations of pcDNA-Pdcd4 produced
a concentration-dependent decrease in luciferase activity in
both stem-loop and non-stem-loop luciferase, but the decrease
for stem-loop structured luciferase is greater than that for
non-stem-loop structured luciferase (Fig. 6B). Transfection of
2 pg of pcDNA-Pdcd4 inhibited stem-loop structured lucif-
erase expression by 50 to 60%. In contrast, transfection of the
same amount of pcDNA-Pdcd4 inhibited non-stem-loop lucif-
erase expression by only 20 to 25%. These results indicate that
a structured 5'UTR confers on an mRNA enhanced suscepti-
bility to inhibition by Pdcd4 both in vitro and in transfected
cells. It is noteworthy that inhibiting protein translation by 50
to 60% is sufficient to alter a cell’s physiological function (41).
In addition, Pdcd4 inhibits tumor promoter-induced AP-1-de-
pendent transcriptional activity by only 50% under conditions
in which transformation is inhibited (43).

Pdcd4 mutants that are defective for binding to eIF4A fail to
inhibit translation in transfected cells. To determine whether
the Pdcd4 mutants that inactivate binding to eIF4A lose the
ability to inhibit translation in vivo, the Pdcd4 (wild type or
mutant) expression plasmids and pCMV-SL-LUC plasmid
were transiently transfected into RT101 cells. After serum
starvation for 24 h, cells were returned to complete medium for
an additional 24 h and then lysed and assayed for luciferase
activity. Since Pdcd4 inhibits translation of stem-loop struc-
tured luciferase mRNA to a greater extent than that of non-
stem-loop structured luciferase mRNA (inhibition of 50 to
60% versus 20 to 30%, Fig. 6), the stem-loop structured lucif-
erase was used for testing the ability of Pdcd4 mutants to
inhibit translation in a cultured cell system. As shown in Fig. 7,
Pdcd4V#3%4 ] has an elF4A-binding activity similar to that of
wild-type Pdcd4, inhibited luciferase translation by 60%, re-
sults also similar to those obtained for wild-type Pdcd4. Two
Pdcd4 mutants, Pdcd4P '8N and Pded4™*>*M, that showed par-
tial decrease in eIF4A-binding activity inhibited ca. 40% of
translation. Pdcd4P?*>4 and Pdcd4P*'84) two Pdcd4 mutants
with ca. 10% of the wild-type eIF4A-binding activity, did not
inhibit luciferase activity in the transfected cell system. A dou-
ble mutant, Pdcd4PZ35APH8A " with ca. 5 to 8% of wild-type
elF4A-binding activity also showed no significant inhibition of
luciferase translation. These results indicate that transfection
of 2 pg of Pdcd4 mutants Pdcd4P#°4, Pdcd4P*84, and
Pdcd4PZ54-D48A into RT101 cells is not sufficient to inhibit
stem-loop structured luciferase translation. This inactivation is
not attributable to reduced expression of these mutant proteins
since all of the Pdcd4 constructs, both wild type and mutant,
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FIG. 6. Pdcd4 preferentially inhibits translation of 5'UTR struc-
tured mRNA in transfected cells. (A) Northern blotting of luciferase
mRNA. Empty vector (10 wng) (lane 1) or Pdcd4 expression plasmid
(10 pg) (lane 2) was transiently transfected with pCMV-SL-LUC (1
ng) into RT101 cells. After 48 h, the total RNA was isolated, separated
on a 1% formaldehyde agarose gel, transferred to a nylon membrane,
and visualized by hybridization with ?P-labeled luciferase cDNA.
(B) Translation of structured and nonstructured mRNA in transfected
cells. The plasmid pcDNA-Pdcd4 (0 to 2 pg) was transiently trans-
fected with pCMV-LUC (0.2.n.g) (@) or pPCMV-SL-LUC (0.2 pg) (O)
into RT101 cells. The total DNA was maintained at 2.2 ug by adding
pcDNA3.1+ vector DNA. After transfection, cells were serum starved
(0.2% FBS) for 24 h and then incubated with complete medium (4%
FBS) for an additional 24 h. The luciferase activity from the cells with
0 wg of pCMV-LUC or pCMV-SL-LUC was designated as 100%.
These experiments were repeated three times with five independent
transfections, and representative data are shown. The results are ex-
pressed as means * standard deviations. An asterisk indicates signif-
icant differences compared to the transfection with 2 pg of pCMV-
LUC plasmid, as determined by using the Student ¢ test (P < 0.001).

showed a similar level of expression (Fig. 7B). It is noteworthy
that Pdcd4P?354 Pdcd4P*8, and Pdcd4P?3>A-PHSA mytants
have weak eIF4A-binding activity (Fig. 2), but this weak eIF4A-
binding activity is not sufficient for these Pdcd4 mutants to
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compete with eIF4Gc for binding to eIF4A (Fig. 4). In addi-
tion, the finding that the eIF4A-binding activity of Pdcd4 is
highly correlated to the ability to inhibit translation of stem-
loop structured luciferase (Table 1) suggests that Pdcd4 bind-
ing to eIF4A and prevention of eIF4A binding to eIF4G are
required for inhibition of translation.

To test whether overexpression of eIF4A is able to reverse
the inhibition of translation by Pdcd4, we cotransfected Pdcd4
expression plasmid and eIF4A expression plasmid with stem-
loop luciferase reporter into RT101 cells and then carried out
an assay for luciferase activity. Cotransfection of 1 pg of eIF4A
expression plasmid partially reversed the inhibition of transla-
tion by Pdcd4 (Fig. 7C). Cotransfection of 2 pg of eIF4A
expression, however, did not produce further reversal (Fig.
7C), suggesting that other factors are also limited by Pdcd4
expression. Together, our findings suggest that binding to
elF4A is a primary requirement for Pdcd4 to inhibit translation
since Pdcd4 mutants defective in binding to eIF4A fail to
inhibit translation (Fig. 7A). In addition to binding to eIF4A,
other events, such as inhibition of eIF4A’s helicase activity,
also play a role in the inhibition of translation by Pdcd4.

DISCUSSION

Computational analysis of protein sequences from the se-
quence database reveals an MA-3 domain with an «-helical
secondary structure extended by approximately 120 amino ac-
ids (2, 33). This MA-3 domain appears in several translation
initiation factors, including human eIF4G, mouse elF4G, plant
elF(iso)4F, and DAP-5/NAT1/p97 (2). Although several
amino acid residues of MA-3 domain are conserved between
the eIF4G and Pdcd4 (Fig. 2A), no consensus sequence has
been identified. The present study demonstrates for the first
time a function of the a-helical MA-3 domains in Pdcd4 and in
the human eIF4G, which is the scaffold for binding to eIF4A
(Fig. 2 and 3). In contrast, DAP-5/NAT1/p97 contains an
MA-3 domain in the C-terminal half, but it is defective for
elF4A-binding activity. This discrepancy is now explained by
the demonstration that several amino acid residues in the
MA-3 domain of DAP-5/NAT1/p97 are different from those in
the Pdcd4 and elF4Gc (Fig. 2A). In particular, the negatively
charged amino acid residues *'*Asp of the C-terminal MA-3
domain of Pdcd4 (or ***Glu of N-terminal MA-3 domain of
Pdcd4) and "**°Asp of elF4Gc are conserved, but positively
charged amino acid residue ®*'Lys is found in the DAP5/
NAT1/p97. The Pdcd4 mutants that are defective in binding to
eIF4A fail to inhibit translation in vivo (Fig. 7), suggesting that
binding to the eIF4A is required for inhibition of translation by
Pdcd4. The results also establish that translation of mRNA
with a stem-loop structure at the 5’UTR is more sensitive to
inhibition by Pdcd4 than translation of nonstructured mRNA
in vitro and in transfected cells (Fig. 5 and 6), supporting the
hypothesis that Pdcd4 preferentially inhibits translation of
mRNAs with structured 5'UTRs. Although it is true that the
5'UTR of stem-loop luciferase is 48 nucleotides longer than
that of non-stem-loop luciferase (Fig. 5A), the length of the
5"UTR per se is not expected to lower translation efficiency.
Indeed, a long nonstructured 5'"UTR enhances translation (19,
21). Therefore, the preferential inhibition by Pdcd4 of the
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FIG. 7. Pdcd4 mutants that are defective for binding to eIF4A fail
to inhibit translation. (A) Portions (2 pg) of wild-type Pdcd4 expres-
sion plasmid (WT), empty vector (pcDNA), or site-specific Pdcd4
mutant expression plasmids (as indicated) were transiently transfected
with pCMV-SL-LUC (0.2 pg) into RT101 cells. The total DNA was
maintained at 2.2 pg by adding pcDNA3.1+ vector DNA. (B) Similar
expression level of wild-type and mutant Pdcd4. RT101 cell lysates (10
pg) from transient transfection with empty vector (lane 1), wild-type
Pdcd4 (lane 2), and Pdcd4 mutant expression plasmids (lanes 3 to 8)
were separated on 10% Bis-Tris NuPage gels, transferred to nitrocel-
lulose, and subjected to immunoblotting with Pdcd4 antibody, with
visualization by chemiluminescent detection (C) Partial reversal by
elF4A of Pdcd4 inhibition of translation. Portions (2 pg) of Pdcd4
expression plasmid and eIF4A expression plasmid (1 or 2 png) were
cotransfected with pCMV-SL-LUC (0.2 ng) into RT101 cells. The
total DNA was maintained at 4.2 wg by adding pcDNA3.1+ vector
DNA. After transfection, cells were serum starved (0.2% fetal bovine
serum) for 24 h and then incubated with complete medium (4% FBS)
for an additional 24 h. The luciferase activity from the cells transfected
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TABLE 1. Comparison of elF4A-binding activity and inhibition of
translation between wild-type and mutant Pdcd4s

Binding or inhibition”

Mutant D23SA
WT  DISON D253A L354M D418A V430A ey
elF4A binding +++ ++ + ++ + +++ +
Inhibition of ~ ++ + - + — ++ _

translation

“ +++, strong binding; ++, medium binding or inhibition; +, weak binding
or inhibition; —, no inhibition.

translation of 5'UTR-structured luciferase (Fig. 5) is likely to
be caused by its high stability.

The finding that partial deletion of N- or C-terminal MA-3
domain of Pdcd4 decreased by approximately 90%, the binding
to eIF4A (Fig. 1) suggests that both intact MA-3 domains are
important for elF4A-binding activity. Mutation analyses re-
vealed that several amino acids in the MA-3 domains of Pdcd4
are critical for binding to eIF4A, including **°Glu, ***Asp,
414Asp, and *'®Asp (Fig. 2B). These Pdcd4 mutants that are
inactivated for eIF4A-binding activity fail to inhibit translation
(Fig. 7) and fail to compete with eIF4Gc for binding to eIF4A
(Fig. 4), indicating that the inhibition of translation by Pdcd4
occurs, at least in part, through binding to the eIF4A and
preventing eIF4A binding to eIF4Gc. The elF4Gc has been
shown to have a regulatory function for translation initiation.
Mutations in eIF4Gc that decrease binding to e[F4A result in
decreased ribosome binding (24). In addition, by using the
2AP™-treated rabbit reticulocyte lysate, this eIF4Gc mutant
shows a lower capacity to stimulate cap-dependent translation
than the wild-type eIF4G (24). Therefore, inhibition of the
elF4A binding to the eIF4Gc by Pdcd4 is expected to decrease
the rate of translation. Our findings (Fig. 4 and 7) further
support our previous model that inhibition of translation by
Pdcd4 occurs in part through prevention of eIF4A binding to
elF4Gc (42). Moreover, the residues in the eIF4AG MA-3 do-
main (namely, '**°Glu and '***Asp) that are here defined as
important for binding to e[F4A have been found by Bellsolell
et al. to exist on the surface of eIF4Gc (L. Bellsolell, P. F.
Cho-Park, F. Poulin, N. Sonenberg, and S. K. Burley, unpub-
lished data).

Translation initiation factor eIF4A is one of the more highly
conserved proteins among different species. The amino acid
sequences of the yeast eIF4A and the human eIF4A are 68%
identical and 81% similar (22, 25). Recent resolution of the
crystallographic structure of full-length yeast eIF4A reveals a
dumbbell structure consisting of two compact domains con-
nected by an extended 11-amino-acid linker (6). Mutations on
either compact domain of the mouse eIF4AII result in dra-
matic decrease in Pdcd4-binding activity (H. Zakowicz et al.,
unpublished data). These findings, in combination with the
results of the present study that deletions or mutations on
either MA-3 domain of Pdcd4 dramatically lose the eIF4A-

with empty vector was designated as 100%. These experiments were
repeated three times with five independent transfections, and repre-
sentative data are shown. The results are expressed as means plus the
standard deviations.
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FIG. 8. Model for Pdcd4 binding to eIF4A. (A) Two MA-3 do-
mains (gray box) of Pdcd4 bind to two compacted domains of eIF4A
within the Pdcd4-binding region (black) to achieve a maximal binding
activity. (B) When N- or C-terminal MA-3 domain of Pdcd4 is mutated
and is defective in binding to the compacted domain of eIF4A, the
mutated Pdcd4 only contains one intact MA-3 domain, which is able to
bind to the compacted domain of eIF4A. In this case, the mutated
Pdcd4 has a very weak eIF4A-binding activity.

binding activity (Fig. 1 and 2), suggest that Pdcd4 may bind to
the two compact domains of eIF4A through the two MA-3
domains (Fig. 8), i.e., one MA-3 domain binds to one compact
domain of eIF4A. The fact that Pdcd4 mutants Pdcd4E249K,
Pdcd4P?34 ) Pdcd4PH4K and PdcdP#8* mutated on either
the N- or the C-terminal MA-3 domain of Pdcd4 lose ca. 90%
of eIF4A-binding activity indicates that both intact MA-3 do-
mains are required for maximal eIF4A binding. This finding
also suggests a cooperative interaction between the two MA-3
domains of Pdcd4 and both domains of eIF4A. However, our
data do not indicate the orientation of the interaction between
Pdcd4 and eIF4A. It is unknown whether the N-terminal MA-3
domain of Pdcd4 binds to the N-terminal compacted domain
of eIF4A or the C-terminal compacted domain of eIF4A. It is
noteworthy that the regions around amino acid residues 249 to
253 of the N-terminal MA-3 domain of Pdcd4 or amino acid
residues 414 to 418 of the C-terminal MA-3 domain of Pdcd4
appear to play a critical role in binding to eIF4A since
Pdcd45249K Pdcd4P?3A Pded4P41*K, and Pdcd4P4184 showed
a dramatic decrease in eIF4A binding activity (Fig. 2). Further
mutations of this region will be important.

Previously, we demonstrated that Pdcd4 specifically inhib-
ited the helicase activity of eIF4A but not of RNA helicase,
Dedlp (42). The helicase activity of eIF4A is thought to cat-
alyze the unwinding of the secondary structure of mRNA at
5'UTR, thus allowing the 40S ribosomal subunit to scan the
mRNA (36). Recent studies (32) using reconstitution of trans-
lation initiation factors showed that a ternary complex com-
prised of ribosomal 40S subunit, eIF3, eIF2, and eIF1 is able to
scan from the 5'-to-3’ direction of an unstructured mRNA and
locate the initiation codon. This complex, however, is not suf-
ficient to scan an mRNA containing a stable secondary struc-
ture at the 5'UTR. Scanning on such a structured mRNA
requires eIF4A helicase activity (32). Mutations of eIF4A that
reduce the RNA helicase activity result in inhibition of trans-
lation in vitro (28-30). Svitkin et al. (40) showed that domi-
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nant-negative eIF4A mutants that are defective in RNA heli-
case activity, RNA-binding ability, or ATPase activity inhibit
translation of stable secondary structured mRNAs more effi-
ciently than less-structured mRNAs. Therefore, translation of
5'UTR structured mRNA is very inefficient and highly depen-
dent on the helicase activity of eIF4A. Our finding that trans-
lation of 5'UTR structured mRNA is susceptible to inhibition
by Pdcd4 (Fig. 6) provides evidence that the helicase activity of
elF4A is important for translation of 5'UTR structured
mRNA in vivo. The finding that translation of 5" structured
mRNA is susceptible to suppression by Pdcd4 (Fig. 5 and 6)
suggests that Pdcd4 may preferentially inhibit translation of a
set of 5'UTR structured mRNAs. So-called “translationally
repressed” mRNAs have been described which contain G- or
C-rich regions in the 5'"UTR with the potential to form stable
secondary structure(s) at the 5S’"UTR (5, 34). Usually, the prod-
ucts of such translationally repressed mRNAs are involved in
cell proliferation; these products include growth factors,
growth promotion genes, and proto-oncogenes (10). Inhibiting
or decreasing elF4A helicase activity would be expected to
limit translation of this group of mRNAs, resulting in the
suppression of cell growth or transformation. Previously, we
demonstrated that overexpression of Pdcd4 in JB6 transforma-
tion-susceptible cells and transformed cells suppressed tumor
promoter-induced transformation (43) and tumor phenotype
(44), respectively. This suppression is attributable, at least in
part, to inhibiting AP-1-dependent transcription, a required
event for tumor promoter-induced transformation (16) and for
maintenance of tumor phenotype (12, 13). Pded4 does not,
however, inhibit NF-kB or serum response element-dependent
transcription (43, 44). Inhibition of AP-1-dependent transcription
in turn occurs through repressing transactivation of c-Jun and
c-Fos (44). A Pdcd4 mutant, Pdcd4P*!84 inactivated for binding
to elF4A fails to inhibit AP-1-dependent transcription, suggesting
that Pdcd4 binding to eIF4A is required for suppression of tumor
promoter-induced transformation and tumor phenotype (42).
Overexpression of Pdcd4 does not alter the protein expression
level of c-Jun or c-Fos, indicating that Pdcd4 does not directly
regulate translation of c-Jun and c-Fos (44). Therefore, Pdcd4, by
binding to eIF4A and inactivating the helicase activity of elF4A,
may inhibit translation of activators that activate c-Jun or c-Fos.
The target gene(s) whose mRNA translation is regulated by
Pdcd4 are currently under investigation.
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