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The cauliflower mosaic virus reinitiation factor TAV inter-

acts with host translation initiation factor 3 (eIF3) and the

60S ribosomal subunit to accomplish translation of poly-

cistronic mRNAs. Interaction between TAV and eIF3g is

critical for the reinitiation process. Here, we show that

eIF4B can preclude formation of the TAV/eIF3 complex via

competition with TAV for eIF3g binding; indeed, the eIF4B-

and TAV-binding sites on eIF3g overlap. Our data indicate

that eIF4B interferes with TAV/eIF3/40S ribosome com-

plex formation during the first initiation event.

Consequently, overexpression of TAV in plant protoplasts

affects only second initiation events. Transient overexpres-

sion of eIF4B in plant protoplasts specifically inhibits TAV-

mediated reinitiation of a second ORF. These data suggest

that TAV enters the host translation machinery at the eIF4B

removal step to stabilize eIF3 on the translating ribosome,

thereby allowing translation of polycistronic viral RNA.
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Introduction

Cap- and scanning-dependent translation initiation—the

main initiation pathway of protein synthesis in eucar-

yotes—involves numerous factors and the interplay of a

succession of protein–protein and protein–RNA complexes

(Hershey and Merrick, 2000). mRNA is recruited to ribo-

somes through recognition of the capped 50-end by eIF4F

(central adaptor eIF4G, cap-binding protein eIF4E and heli-

case eIF4A). eIF4A, supported by eIF4B (Jaramillo et al,

1990) and ATP, is thought to melt RNA secondary structure,

facilitating binding of a 43S preinitiation complex consisting

of the 40S ribosomal subunit carrying eIF3, eIF1, eIF1A and

the ternary complex (eIF2, GTP and Met-tRNAi). The result-

ing 48S preinitiation complex is strengthened by multiple

interactions between RNA and the 40S ribosomal subunit

mediated by eIF4F, eIF4B and eIF3. The multisubunit factor

eIF3 thus plays a major role in mediating linkage between the

cap-binding complex and the complex centered around the

40S ribosomal subunit (Hershey and Merrick, 2000). eIF3

interacts with the central domain of mammalian eIF4G

(Lamphear et al, 1995) and with eIF4B in yeast (via eIF3g;

Vornlocher et al, 1999) and mammals (via eIF3a; Méthot et al,

1996a). Once assembled, the 48S preinitiation complex scans

the 50-untranslated region (50-UTR) until a suitable initiation

codon is encountered (Pestova et al, 1998), whereupon the

ORF is translated. Other than reinitiation after short open

reading frames (sORFs; Fütterer and Hohn, 1992;

Hinnebusch, 2000; Morris and Geballe, 2000), reinitiation

of translation is suppressed in eucaryotes. To date, the only

known exception is reinitiation mediated by the cauliflower

mosaic virus (CaMV) reinitiation factor TAV (transactivator/

viroplasmin; reviewed in Hohn et al, 2002).

CaMV is a plant pararetrovirus that produces a terminally

redundant 35S RNA that acts both as replicative intermediate

and as polycistronic mRNA. Translation initiation of the 35S

polycistronic RNA is strongly cap dependent, and expression

of all major ORFs absolutely requires TAV. The transactiva-

tion activity of TAV does not require cis-specific RNA

sequences and is not much affected by the distance between

two ORFs (Fütterer and Hohn, 1991). However, the presence

of an sORF upstream of the long ORFs strongly enhances TAV-

mediated reinitiation. In addition to mediating polycistronic

translation from the 35S RNA, TAV is implicated in the

regulation of post-translational events such as stabilization

of viral proteins (Kobayashi et al, 1998), and virion assembly

(Himmelbach et al, 1996).

Recently, we have shown that TAV interacts with the host

translational machinery via eIF3 and the 60S ribosomal sub-

unit, influencing its behavior in favor of reinitiation (Park et al,

2001). Complexes between TAV and eIF3 subunit g (Park et al,

2001), as well as between TAVand 60S ribosomal proteins L24

(Park et al, 2001) and L18 (Leh et al, 2000), have been

characterized. The TAV–eIF3g interaction is critical for TAV-

mediated reinitiation of translation both in vivo and in vitro.

The significant accumulation of eIF3 in polysomal fractions

isolated from CaMV-infected cells suggests that TAV might

prevent removal of eIF3 from the host translation machinery

during translation of viral polycistronic mRNA, thus seques-

tering it for subsequent reinitiation events (Park et al, 2001).

Here, we identify a new player in the TAV-mediated re-

initiation process, initiation factor 4B, and demonstrate that

the complex formed between the canonical initiation factors

eIF4B and eIF3 on the 40S ribosome can preclude the binding

of TAV to 40S-bound eIF3 prior to the 60S subunit-joining
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step. Thus TAV can interact with ribosome-bound eIF3 only

after disruption of the 48S initiation complex, explaining why

it affects exclusively the second (and following) round of

initiation on polycistronic mRNA.

Results

The eIF4B- and TAV-binding sites on eIF3g overlap

We used the yeast two-hybrid assay to investigate whether

plant eIF3 can interact with eIF4B via subunit g of eIF3 as

proposed in yeast (Vornlocher et al, 1999). Our analysis also

included eIF3i, which is linked to eIF3g in yeast (Verlhac et al,

1997). Complete or truncated fragments encoding these three

proteins from Arabidopsis thaliana were fused to the DNA

binding (BD) and activation (AD) domains of the transcrip-

tion activator Gal4, and the resulting constructs were tested

in all combinations for two-hybrid interactions in yeast. We

detected interactions between AD-eIF3g and either BD-eIF4B

or BD-eIF3i, but not with the reciprocal combinations (i.e.

BD-eIF3g versus AD-eIF4B or AD-eIF3i) (data not shown).

Observing false-negative interactions between full-length pro-

teins in two-hybrid assays is not uncommon and can be

caused by steric hindrance or other factors. To confirm that

the full-length proteins do in fact interact, GST pull-down

experiments were performed. GST-eIF3g and GST were

expressed in bacteria and purified by immobilization on

glutathione–sepharose beads. 35S-labeled eIF4B, eIF3i and

luciferase (as a control) were produced by in vitro translation.

The labeled proteins were incubated with GST, or GST-eIF3g,

bound to glutathione beads. After removal of the supernatant

containing the unbound proteins and extensive washing,

proteins bound to glutathione beads were eluted, separated

by SDS–PAGE and visualized by autoradiography. After in-

cubation with GST-eIF3g, 3i and eIF4B were present in the

bound fraction (Figure 1, lanes 5 and 7), while they remained

in the unbound fraction after incubation with GST (lanes 10

and 12). The 35S-labeled luciferase control always remained

in the unbound fraction (lanes 8 and 14). These results

demonstrate specific binding of full-length eIF3g to eIF3i

and eIF4B in vitro.

We next identified the domains in eIF4B, eIF3g and eIF3i

that mediate their mutual interactions in vivo. The central

part of eIF3g—F2, a fragment spanning amino-acid residues

66–173 and including a zinc-finger motif—interacted strongly

with the eIF4B central domain including the G-rich domain

(residues 121–275 (4B-2); Figure 2A and B). eIF3g-F2 is also

involved in interaction with CaMV TAV (Park et al, 2001).

eIF3g-F1 (N-terminal residues 1–65) interacted strongly with

the N-terminal 162 amino acids of 3i (3i-1; Figure 2B and C).

In addition, weak interactions were observed between eIF3g-

F2 and 3i-1, and between eIF3g-F1 and eIF4B-2 (Figure 2B),

showing that the two interaction domains of eIF3g might

overlap. The C-terminal part of eIF3g contributes to neither

eIF4B nor eIF3i binding (Figure 2B). Likewise, the N- and C-

terminal domains (1–120 and 276–545) of eIF4B, and the C-

terminal domain (163–328) of eIF3i seem to be not involved

in binding to eIF3g (Figure 2A and C).

Mammalian eIF4B exists as a homodimer in vitro, the self-

dimerization motif mapping to the centrally situated DRYG-

rich domain (Méthot et al, 1996a). This motif is also present

in Saccharomyces cerevisiae eIF4B. The comparable region in

plant eIF4B is rich only in glycine (G) and aspartic acid (D).

A. thaliana eIF4B is a monomer with an extended shape

(L Mayberry and KS Browning, unpublished). The central

domain of wheat eIF4B (TaTif4B1p) has four repeats of a

GGGFRESS motif, and the equivalent Arabidopsis sequence

has four repeats of 4–9 glycine residues (see Figure 2D).

Analysis of the TaTif4B1p GGGFRESS motif revealed its

significance for the eIF4B–eIF3g interaction. eIF4B deriva-

tives F224C or G221W/G222W failed to interact with eIF3g

(Figure 2A), while other mutations (D183L/D186L, W188C

and D242W; Figure 2D) did not affect the interaction.

eIF4B outcompetes TAV for binding to intact eIF3

As residues 66–173 of eIF3g interact with both eIF4B and

CaMV TAV (Park et al, 2001), we tested whether eIF3g can

interact with eIF4B and TAV simultaneously. GST-TAV, pur-

ified recombinant Arabidopsis eIF4B and intact purified

wheat germ eIF3 were used in GST pull-down assays. GST-

TAV pulled down eIF3, confirming earlier results, but not

eIF4B (Figure 3A). No binding was observed when GST was

used as a control (Figure 3A). When a mixture of eIF3 and

eIF4B (1:1 molar ratio) was incubated with GST-TAV, almost

Figure 1 eIF3g interacts with eIF4B and eIF3i in vitro. Upper panel:
Autoradiograph of SDS–PAGE gel of 35S-labeled proteins produced
by in vitro translation of eIF3i, eIF4B or luciferase mRNAs (lanes 1,
2 and 3, respectively). Lanes 4–15: interaction of 14.5 pmol GST-
eIF3g or 48 pmol GST bound to glutathione–sepharose 4B beads
with approximately 3–4 pmol 35S-labeled eIF3i, eIF4B or luciferase.
U, unbound; B, bound fractions. Lower panel: Same gel stained
with Coomassie blue. The positions of size markers are indicated on
the right.
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no eIF3 was bound to GST-TAV (Figure 3A). This was the first

indication that eIF4B outcompetes TAV for binding to eIF3. To

exclude that the bulky GST tag might be causing specific

binding, the experiment was also performed using the small

His tag, with similar results (Figure 3B). In this case, two

different ratios of eIF4B to eIF3 were used. At a ratio of 0.5:1,

some eIF3 was still found in the bound fraction, while at a

ratio of 1:1 it was seen only in the unbound fraction

(Figure 3B).

To investigate competition between TAV and eIF4B for eIF3

binding in vivo, we used a three-hybrid system (Tirode et al,

1997) in which, besides the pair of two-hybrid fusion pro-

teins, a third protein is conditionally expressed under the

control of the Met25 promoter, which is inhibited by methio-

nine (Met). We analyzed b-galactosidase expression in yeast

cells transformed with pGAD-eIF3g expressing eIF3g and

plasmid pBrGBD-TAV/Met-eIF4B-2 expressing TAV and, in

the absence of Met, the central peptide of eIF4B.

Overexpression of eIF4B decreased reconstitution of the

Gal4 transcriptional activator complex three-fold, indicating

that the level of interaction between TAV and eIF3g was

significantly decreased in vivo (Figure 3C, cf. columns 2

and 3, �Met). An B45% reduction in the strength of inter-

action between eIF4B and eIF3g was observed when TAV was

overexpressed from plasmid pBrGBD-eIF4B-2/Met-TAV

(Figure 3C, cf. columns 5 and 6, �Met). The presence of

the inhibitor (Met) in the medium still allowed a low level of

expression of the third partner (eIF4B, see Figure 3C, cf. lanes

2 and 3, þMet; and TAV, cf. lanes 5 and 6, þMet), resulting

in an B30% reduction in the interaction strength (Figure 3C,

cf. lanes 2 and 3, þMet and 5 and 6, þMet). In control

experiments, cells cotransformed with pGAD-eIF3g and either

pBrGBD-TAV/Met0 or pBrGBD-eIF4B-2/Met0 showed a

LacZþ phenotype both in the presence and absence of Met

(Figure 3C, lanes 2 and 5). These results show that TAV and

eIF4B compete for eIF3g binding in vivo, with the eIF3g–

eIF4B interaction again being somewhat stronger than that

between eIF3g and TAV.

Figure 2 Mapping interacting regions of eIF4B, eIF3g and eIF3i in the yeast two-hybrid system. Interactions were scored by measuring b-
galactosidase activity in liquid assays. In each set of experiments, the highest value of b-galactosidase activity in the diploid yeast transformed
with the corresponding constructs was set to 100% (8 Miller units for BD-4B-2 interaction with AD-eIF3g-F2, 5 and 4 Miller units for BD-3g
interaction with AD-4B-2 and AD-eIF3i-1, respectively, and 7 Miller units for BD-3i-1 interaction with AD-eIF3g-F1). Results in (A–C) represent
the mean values from triplicate experiments7standard deviation. (A) eIF4B constructs fused to the Gal4 binding domain (BD), and their
binding activities to eIF3g fused to Gal4AD (AD-3g-F2). RRM, RNA recognition motif; asterisk, amino-acid substitutions. (B) eIF3g constructs
fused to Gal4BD and their binding activities to the central domain of eIF4B fused to the Gal4 activation domain (AD) (AD-4B-2) and to the N-
terminal part of eIF3i fused to Gal4AD (AD-3i-1). Z, zinc-finger domain. (C) eIF3i constructs fused to Gal4BD and their binding activities to AD-
3g-F1. W, WD40-repetitive motifs. (D) Alignment of the central region of domain 4B-2 with that of wheat eIF4B (TaTif4B1p) and Arabidopsis
eIF4B1 and 2 (AtTif4B1p and AtTif4B2p) generated using MACAW v. 2.0.5. Blocks of similarity between the deduced amino-acid sequences are
indicated by capital letters in agreement with Blossom 62 and Jonson amino-acid substitution matrices. Dashes, gaps in the sequence
introduced to maximize alignment; asterisks, mutations.
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To further analyze the ability of TAV to compete with eIF4B

bound to eIF3, polyhistidine-tagged wild-type TAV (His-TAV)

and a TAV mutant devoid of eIF3g affinity (His-TAVY305P; Park

et al, 2001) were tested for their ability to compete with
35S-eIF4B for binding to GST-eIF3g. Addition of a two-fold

molar excess of wild-type His-TAV to GST-eIF3g significantly

reduced the amount of 35S-eIF4B bound to GST-eIF3g, and an

eight-fold molar excess abolished the interaction (Figure 3D,

lanes 2–4). His-TAVY305P had no effect (Figure 3D, lanes 6–8).

Taken together, these results suggest that eIF3g cannot

simultaneously interact with molecules of eIF4B and TAV,

that the same domain in eIF3g is responsible for both inter-

actions, and that eIF4B can outcompete TAV for eIF3g bind-

ing.

Both eIF4B and TAV can form stable complexes with

eIF3 and 40S ribosomal subunits

As eIF4B interacts with the TAV-binding site of eIF3 and, in

mammalian systems, also with the 18S RNA component of

the 40S ribosomal subunit (Méthot et al, 1996b), we inves-

tigated whether TAV interferes with the eIF4B interaction

network.

First, we analyzed the physical association of GST-eIF4B

with purified wheat germ 40S subunits and eIF3 in vitro. GST-

eIF4B was incubated with 40S subunits alone, or with a

preformed complex of 40S subunit and eIF3. This indeed

led to the formation of a GST-eIF4B/40S complex (Figure 4A,

lane 6), GST-eIF4B/eIF3 complex (Figure 4B, lane 6) and a

higher-order complex GST-eIF4B/eIF3/40S (Figure 4B, lane

8). Addition of His-TAV in molar ratio did not change either of

these complexes, with His-TAV remaining in the unbound

fraction (Figure 4A, lane 8 and Figure 4B, lane 10).

Furthermore, the GST-eIF4B/eIF3 ternary complex with the

40S ribosomal subunit was not disrupted even by a five-fold

molar excess of His-TAV (Figure 4B, lanes 11 and 12). In a

control experiment, no binding of eIF3, 40S and His-TAV was

detected (data not shown; see also Figure 3A, lanes 14 and 16

and Figure 4A, lane 12). The reciprocal experiment, in which

a GST-TAV/eIF3/40S complex was challenged with purified

eIF4B, gave similar results, with the challenger remaining in

the unbound fraction (Figure 4C, lanes 9–12), showing that

the preformed GST-TAV/eIF3 complex bound to the 40S

ribosome (Figure 4C, lane 8) strongly resists eIF4B binding.

Interestingly, eIF3 complexed with TAV, or TAV alone, inter-

feres with direct binding of eIF4B to the 40S ribosomal

subunit (Figure 4C, lanes 9 and 11).

Together, these experiments indicate that high activation

energy separates the two types of ternary complexes, giving

either one a quasistability in the presence of the competitive

challenger. However, incubating a mixture of eIF4B, eIF3, 40S

and GST-TAV in a ratio of 5:1:1:1 did not result in the

formation of a complex between GST-TAV, eIF3 and 40S

(Figure 4D, lane 6); eIF4B, eIF3 and 40S were found in the

unbound fraction (Figure 4D, lane 5).

eIF3 associates with 60S subunits only in the presence of

TAV, and in CaMV-infected plants both TAV and eIF3 cosedi-

ment with plant polysomes (Park et al, 2001). We asked

whether eIF4B could displace eIF3 from the eIF3/TAV/60S

complex. Addition of a molar or B5-fold molar excess of

eIF4B to the preformed eIF3/GST-TAV/60S complex did not

lead to disruption of the complex; the added eIF4B was found

mainly in the unbound fraction (Figure 4C, lanes 15 and 17).

Thus, in vitro, eIF3/TAV or eIF3/eIF4B are able to form

stable supercomplexes with the 40S ribosome, and eIF3/TAV

with the 60S ribosome. Any exchange between TAVand eIF4B

within these already preformed complexes is restricted under

our conditions (i.e. with the limited set of initiation factors

used).

Figure 3 eIF4B outcompetes TAV for binding to eIF3. (A) GST-TAV
and GST were overexpressed in E. coli and purified by affinity
chromatography; eIF3 and eIF4B were purified from WGE. Lanes
1–4: Purified components. For pull-down experiments, GST-TAV or
GST bound to glutathione–sepharose beads were incubated with the
components to be tested. After washing, unbound (U) and bound
(B) fractions were separated by SDS–PAGE and stained with
Coomassie blue (note that TAV is less well stained by Coomassie
blue than eIF4B and eIF3 in equimolar amounts). In all, 20 pmol
GST-TAV or GST was incubated with 20 pmol eIF4B (lanes 5, 6 and
11, 12), 15 pmol eIF3 (lanes 7, 8 and 13, 14) or 15 pmol eIF3
followed by incubation with 31 pmol eIF4B (lanes 9, 10 and 15,
16). The positions of size markers are indicated on the left. (B) His-
TAV was overexpressed in E. coli and purified by affinity chromato-
graphy. Lanes 1–3: Purified components. Bracketed triple bands,
His-TAV (confirmed by Western blotting with anti-TAV antibodies);
arrow, eIF4B. For pull-down experiments, His-TAV bound to Ni-NTA
agarose beads was incubated with the components to be tested.
After washing the beads, unbound (U) and bound (B) fractions
were analyzed by SDS–PAGE. A measure of 20 pmol His-TAV was
incubated with 15 pmol eIF3 (lanes 4 and 5), or 15 pmol eIF3
followed by incubation with 8 pmol (lanes 6 and 7) or 15 pmol
eIF4B (lanes 8 and 9). The positions of size markers are indicated
on the left. (C) Quantification of b-galactosidase activity in yeast
cells cotransformed with the plasmid pairs indicated. The highest
values of b-galactosidase activity transformed with pGAD-eIF3g and
either pBrGBD-TAV/Met0 or pBrGBD-eIF4B-2/Met07inhibitor
(Met) are set to 100%. Expression levels of eIF3g (a), eIF4B (b)
and TAV (c) in yeast cells7Met were analyzed by immunoblotting
using polyclonal antibodies against eIF3g, eIF4B and TAV. (D) GST-
eIF3g, His-TAV and His-TAVY305P were overexpressed in E. coli and
purified by affinity chromatography. 35S-labeled eIF4B was pro-
duced by in vitro translation. The effect of increasing concentrations
of His-TAV (lanes 2–4) or His-TAVY305P (lanes 6–8) on the binding
affinity of [35S]eIF4B (2 pmol) to GST-eIF3g (3.5 pmol) was tested by
adding 7, 28 and 56 pmol TAV (or mutant TAV) to the binding
reaction.
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60S ribosomal subunit joining disrupts the eIF4B/eIF3/

40S complex

We investigated if 60S subunit joining triggers removal of

eIF4B from the eIF4B/eIF3/40S complex, and of TAV/eIF3

from the TAV/eIF3/40S complex, by challenging with addi-

tion of purified 60S ribosomal subunits in vitro. Both com-

plexes were preformed and incubated with 60S ribosomal

subunits at a ratio of 1:1. Addition of 60S to the GST-eIF4B/

eIF3/40S complex led to destabilization of the complex, and

60S, 40S and eIF3 were found in the unbound fraction

(Figure 5A, lane 6).

In contrast, upon addition of 60S to the GST-TAV/eIF3/40S

complex, all three components (60S, 40S and eIF3) were

found in the GST-TAV-bound fraction (Figure 5A, lane 9).

As GST-TAV can interact individually with both eIF3 and the

60S ribosome, in a separate experiment GST-TAV was pre-

saturated with a five-fold molar excess of the eIF3/40S

complex (Figure 5A, lane 11). After removal of unbound

eIF3 and 40S ribosomal subunits (U*, Figure 5A, lane 10),

the glutathione-bound fraction with the immobilized

GST-TAV/eIF3/40S complex (B*, Figure 5A, lane 11) was

further incubated with 60S ribosomal subunits at a 1:1

molar ratio (60S:GST-TAV). Again, 60S, 40S and eIF3 were

all found in the GST-TAV-bound fraction (Figure 5, lane 13),

suggesting that a TAV/eIF3/40S/60S complex indeed forms

(note that eIF3, 40S and 60S were not found in the

unbound fraction). This supports the hypothesis that

the TAV/eIF3/40S complex is not disrupted at the

60S-joining step in the absence of Met-tRNAi and other

initiation factors.

These results suggest that the 40S/eIF3/TAV complex is

stable in the presence of 60S ribosomal subunits and can

form an 80S/eIF3/TAV complex. Formation of such a complex

was tested directly by preincubating isolated 40S subunits

with eIF3 or eIF3þTAV followed by addition of 60S riboso-

mal subunits at 3 mM Mg(OAc)2; products were analyzed by

sucrose gradient centrifugation and the positions of ribo-

somes and subunits were determined by UV scanning

(Figure 5B). The amount of TAV and eIF3 in gradient fractions

was analyzed by Western blot with polyclonal purified anti-

TAV (Nakayashiki et al, 1993) or anti-human eIF3b (PRT1)

(Lin et al, 2001) antisera (Figure 5B). The addition of TAV

leads to the formation of an 80S complex. The 80S complex

formed under these conditions (i.e. a two-fold molar excess of

isolated ribosomal subunits over eIF3 and TAV) cosediments

with about 70% of the TAV and eIF3 detected in the gradient

(Figure 5B, panels b and c, fractions 9 and 10), the remaining

B30% eIF3 and TAV being found in the 40S ribosomal

subunit fraction, with not more than 5% TAV in the 60S

ribosomal fraction.

Figure 4 Interaction network between eIF4B, TAV, eIF3 and ribosomal subunits. GST, GST-eIF4B, GST-TAV and His-TAV were overexpressed in
E. coli and purified by affinity chromatography. 60S, 40S, eIF3 and eIF4B were purified from WGE. The left panel of each gel shows the purified
components. For pull-down experiments, GST or GST fusion proteins were bound to glutathione–sepharose beads and incubated with the
components to be tested. After washing, unbound (U) and bound (B) fractions were analyzed by SDS–PAGE. The positions of size markers are
indicated. (A) Binding of GST-eIF4B to 40S. A measure of 20 pmol GST-eIF4B, or GST alone, was incubated with 40S ribosomal subunits
(22 pmol; lanes 5–8 and 9–12, respectively). A subset was further incubated with 21.5 pmol His-TAV (lanes 7, 8 and 11, 12). (B) GST-eIF4B
interactions with eIF3 and 40S subunits. GST-eIF4B (20 pmol) was incubated with 20 pmol eIF3 (lanes 5–12). A subset of GST-bound fractions
was then further incubated with 22 pmol 40S subunits without (lanes 7–8) or with increasing concentrations of His-TAV—14 pmol (lanes 9 and
10) and 70 pmol (lanes 11 and 12). (C) eIF4B does not displace eIF3 from eIF3/GST-TAV/60S or GST-TAV/eIF3/40S complexes. In all, 20 pmol
GST-TAVor GSTwas incubated with 20 pmol eIF3 and 22 pmol 40S (lanes 7–12 and 19–22, respectively) or 20 pmol eIF3 and 24 pmol 60S (lanes
13–18 and 23–26, respectively). A subset of GST-bound fractions was further incubated with 21 pmol (lanes 9–10, 15–16, 21–22 and 25–26) or
100 pmol (lanes 11–12 and 17–18) eIF4B. (D) eIF4B interferes with the formation of the GST-TAV/eIF3/40S complex. GST-TAV (20 pmol) was
incubated with 20 pmol eIF3, 22 pmol 40S and 100 pmol eIF4B (lanes 5 and 6) simultaneously.
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In contrast, if 40S ribosomes were preincubated only with

eIF3 and 60S, most eIF3b was found in the 40S ribosomal

fraction (Figure 5B, panel a, fractions 3–5). In the absence of

ribosomal subunits, a mixture of eIF3 and recombinant TAV

was found at the top of the gradient (data not shown).

Overexpression of TAV and eIF4B in plant protoplasts

exclusively affects reinitiation

The effect of TAV, eIF3g and eIF4B on expression of first and

second ORFs in mono- and bicistronic constructs was tested

in Nicotiana plumbaginifolia protoplasts. Expression from

monoGUS, where b-glucuronidase (GUS) is the first and

only ORF, was unaffected by the presence of TAV, even in

large excess (Figure 6A, cf. lanes 1 and 3–6). In contrast,

expression of GUS from the dicistronic construct biGUS (with

CaMV ORF VII as a first ORF and GUS as a second ORF) was

strongly enhanced if a TAV-expressing plasmid was provided

(Figure 6B, cf. lanes 1 and 3), confirming earlier results

Figure 6 eIF4B suppresses TAV-mediated reinitiation in plant pro-
toplasts. All transfection experiments in N. plumbaginifolia proto-
plasts included the two reporter plasmids shown, as well as effector
plasmids in the amounts indicated below the charts. The results
represent the means obtained in three independent experiments. In
lane 3, GUS (20 000 units for monoGUS and 8500 units for biGUS
measured under comparable conditions) and CAT levels were
defined as 100%. (A) Effect of eIF4B and eIF4A overexpression on
the first initiation event. CAT (white bars) and GUS (black bars)
expression levels measured in protoplast extracts are indicated. (B)
Effect of eIF4B, eIF4B mutants and eIF4A on TAV activity. CAT
(white bars) and GUS (gray bars) expression levels measured in
protoplast extracts are indicated. (C) Expression levels of TAV,
eIF4B, their mutants and eIF4A in plant protoplasts were analyzed
by immunoblotting using polyclonal antibodies against TAV, eIF4B
and eIF4A.

Figure 5 TAVand eIF3 can form a complex with 80S ribosomes. (A)
GST, GST-eIF4B and GST-TAV were overexpressed in E. coli and
purified by affinity chromatography. 60S, 40S and eIF3 were pur-
ified from WGE. The left panel shows the purified components
(lanes 1–5). For pull-down experiments, 20 pmol GST-eIF4B and
GST-TAV was bound to glutathione–sepharose beads and incubated
with a 1:1:1 molar ratio of eIF3:40S:60S (lanes 6, 7 and 8, 9,
respectively). To saturate TAV with the eIF3/40S complex, GST-
TAV bound to glutathione beads was incubated with a five-fold
molar excess of eIF3:40S (lanes 10 and 11). After removal of the
unbound fraction (U*, lane 10) the GST-TAV-bound fraction (B*,
lane 11) was further incubated with 60S ribosomal subunits at a 1:1
molar ratio (GST-TAV:60S). The beads were then washed and the
unbound (U) and bound (B) fractions were analyzed by SDS–PAGE
(lanes 12 and 13, respectively). Asterisks, characteristic 40S pro-
teins; diamonds, characteristic 60S proteins specifically co-precipi-
tated with GST-TAV. (B) GST-TAV was overexpressed in E. coli,
purified by affinity chromatography, and TAV released from
GST-TAV by protease cleavage. Ribosomal subunits and eIF3 were
purified from WGE. 40S ribosomal subunits were incubated with
eIF3 alone (panel a) and with TAV (panels b and c), followed by
incubation with 60S ribosomal subunits and then subjected to
velocity sedimentation through sucrose density gradients.
Gradients were fractionated with optical scanning at 254 nm. The
sedimentation positions of 40S, 60S and 80S ribosomes are shown.
Aliquots (150ml) of each fraction were precipitated with 20% TCA
and analyzed by SDS–PAGE and immunoblotting using polyclonal
antibodies against TAV and eIF3b.
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(Bonneville et al, 1989). Thus, TAV is inert for first ORF

initiation but efficiently supports reinitiation at a second ORF.

Overexpression of eIF3g in this system diminishes TAV-

dependent translation transactivation of the second ORF

(Park et al, 2001). As eIF4B competes with TAV for eIF3

binding, we predicted it to be an inhibitor of TAV-mediated

second-ORF translation, while not affecting translation of the

first ORF. Overexpression of eIF4B did not affect GUS expres-

sion from monoGUS (Figure 6A, lanes 7–10), but led to

significant inhibition of TAV-mediated GUS expression from

pbiGUS (Figure 6B, lanes 4–7). This negative effect of eIF4B

on TAV-mediated reinitiation efficiency is most likely due to

competition with TAV for eIF3 binding, leading to increased

loss of eIF3 from the translation machinery. Indeed, eIF4B

mutants unable to interact with eIF3 (F224C and G221W/

G222W) do not affect TAV-mediated transactivation

(Figure 6B, lanes 8–11). (Expression levels as determined

by Western blotting with antibodies against TAV, eIF4B and

4A are shown in Figure 6C.) Increased eIF4B concentrations

did not stimulate the first initiation event, which is appar-

ently well enough supported by endogenous eIF4B.

Unlike in mammals, plant eIF4B stimulates, but is not

essential for, helicase activity (Altmann et al, 1995 and

references therein). Nevertheless, it remains possible that

an RNA melting activity of eIF4B plays a role in TAV-mediated

reinitiation in plant protoplasts. If so, it might be expected

that this function could be replaced by the helicase eIF4A.

We tested the effect of eIF4A alone and in combination

with eIF4B on TAV-mediated transactivation in vivo. Over-

expression of eIF4A had no effect (Figure 6A, lanes 11–14 and

Figure 6B, lanes 12 and 13), and coexpression of eIF4A with

eIF4B had no additional effect over eIF4B alone, on TAV-

mediated reinitiation (Figure 6B, lanes 14 and 15). Thus, the

eIF4B RNA unwinding function is not involved in TAV-

mediated reinitiation, and eIF4B has functions other than

just being a helicase coactivator.

Discussion

In principle, polycistronic translation is possible in eucar-

yotes if the first ORF is short. However, reinitiation efficiency

decreases rapidly with the increasing length of the sORF

(Kozak, 1987; Fütterer and Hohn, 1992). It is assumed that

certain initiation factors remain bound to the translation

machinery during translation of an sORF, while they are

successively lost during translation of a longer one. The

CaMV TAV protein modifies the translation machinery in

such a way that reinitiation occurs independently of the

length of the first-translated ORF and the intercistronic dis-

tance between two ORFs. Accumulation of eIF3 in the poly-

somal fraction isolated from CaMV-infected cells (Park et al,

2001) suggested that TAV might prevent loss of eIF3 from the

translating ribosome after the first initiation event, thereby

allowing it to be used for subsequent reinitiation events.

This study reveals participation of another initiation factor,

eIF4B, in TAV-mediated reinitiation. Our data indicate that

eIF4B precludes binding of TAV to eIF3 by occupying the

same eIF3g-based binding site. We demonstrate, both in vitro

and in vivo, that interactions between plant eIF4B and

intact eIF3 and/or the 40S ribosome exist, and are not

disrupted by TAV (up to at least a five-fold molar excess).

Under the conditions used, 60S subunit joining might trigger

removal of eIF4B from the eIF4B/eIF3/40S complex.

Following eIF4B removal, TAV can participate in higher-

order complex formation consisting of (at least) eIF3 and

80S ribosomes.

The role of eIF4B in the translation initiation process is not

yet well defined. It has been shown that eIF4B can catalyze

the hybridization of two complementary single-stranded

RNAs via an RNA annealing activity (Altmann et al, 1995),

and stimulate the RNA helicase and ATPase (Bi et al, 2000)

activities of eIF4A, although no physical association of eIF4A

and eIF4B has been observed. eIF4B might also play a role in

internal initiation because it interacts with poliovirus IRES in

an energy-dependent manner (Ochs et al, 2002). What role is

played by eIF4B in the TAV-mediated reinitiaton process?

According to our in vitro data, eIF4B is occluded in the binary

complex with the 40S ribosome and in the ternary complex

with eIF3 and the 40S ribosome, and cannot be replaced by

TAV (Figure 4B and C), thereby ensuring that TAV has no

effect on primary translation initiation events. Furthermore,

when simultaneously supplied with eIF4B, TAV could not

form a complex with eIF3 and 40S (Figure 4D). Conversely,

once TAV had formed a complex with 40S ribosome-bound

eIF3, not even a five-fold excess of eIF4B was able to release

it. This supports our hypothesis that within the 48S preinitia-

tion complex, 40S-bound eIF3 forms a stable complex with

eIF4B, while after release of eIF4B during the translation

elongation process, TAV takes over the eIF4B-binding site of

the ribosome-bound eIF3. Reconstruction of the 48S preini-

tiation complex with ternary complex will be required to test

this hypothesis.

Release of factors from the 48S initiation complex

The release of cap-binding initiation factors from the 48S

initiation complex is not well understood. eIF5 stimulates

GTP hydrolysis, promoting the removal of GDP/eIF2 from the

48S preinitiation complex, but other participants, for exam-

ple, eIF3, eIF1 and eIF1A, remain associated with 40S ribo-

somes (Pestova et al, 2000). eIF5B promotes the 60S subunit-

joining step but has no apparent role in displacing eIFs 3, 1

and 1A from the 48S complex; rather, displacement of these

factors may involve the 60S ribosome. eIFs 1, 2 and 3 were

detected in 48S but not in 80S complexes with a complete set

of initiation factors and GTP (Pestova et al, 2000). It is not

known whether eIF4F, eIF4A and eIF4B are removed before

the 60S subunit-joining step.

In addition to addressing specifically the interplay of TAV

and eIF4B in the reinitiation process, our experiments also

reveal an important role for eIF4B in the factor release

cascade. Addition of the 60S subunit to the eIF4B/eIF3/40S

complex caused a dramatic release of eIF4B (Figure 5A, lane

6). In contrast, TAV is not released upon addition of the 60S

subunit to the TAV/eIF3/40S complex. Also, in the presence

of TAV, eIF3 is not necessarily removed from the 40S subunit

during the 60S subunit-joining step, and can remain as part of

the 80S ribosome complex (Figure 5A). That TAV stabilizes

binding of eIF3 to the 80S ribosome is also seen in vivo; eIF3

is found in the polysomal fraction isolated from CaMV-

infected, but not healthy, plants.

Results from overexpression studies in vivo also support

our in vitro data: TAV does not affect the efficiency of first

initiation events even at elevated concentrations (Figure 6A),

thus confirming that TAV does not affect the eIF3 and eIF4B
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interaction network at this stage. TAV affects exclusively

reinitiation events on dicistronic mRNA (Figure 6B). eIF4B

overexpression did not affect the efficiency of the first initia-

tion event, but diminished TAV-dependent reinitiation to a

level of 15–20%, most likely by outcompeting TAV for eIF3

binding.

Role of TAV in the viral context

In CaMV-infected cells, eIF3 remains associated with poly-

somes due to its interaction with TAV. A likely scenario

(Figure 7) is that following, or concomitant with, disruption

of the eIF3–eIF4B interaction, TAV is sequestered by eIF3,

thus strengthening the otherwise unstable complex, which

remains attached to the translation machinery. This would

allow second and subsequent eIF3-dependent reinitiation

events at downstream viral ORFs. The affinity of TAV for

the 60S ribosomal subunit might further enhance TAV entry

and might lead to deposition of eIF3 on the solvent surface of

60S via L18, where it would not interfere with the elongation

process.

At a later stage of infection, when TAV accumulates to

higher concentrations and becomes a main component of

viral inclusion bodies, it would inhibit translation by binding

to L24 (Park et al, 2001), which is located on the ribosome

interface surface of the 60S ribosomal subunit, or interfere

with eIF3 and eIF4B at the initiation phase of viral RNA

translation, thereby liberating the CaMV RNA for packaging

and reverse transcription.

Experimental procedures

Protein purification

eIF4B was purified from wheat germ extract (WGE) as

described in Metz et al (1999). Wheat germ eIF3, 40S and

60S ribosomes were isolated from WGE according to Lax et al

(1986) and Spremulli et al (1977).

pGST-TAV, pHis-TAV and the mutant pHis-TAV(Y305P)

(Park et al, 2001) were transformed into Escherichia coli

BL21 (DE3). pGST6P-TAV was constructed by cloning a TAV

fragment obtained by PCR from pHelp7 (Bonneville et al,

1989) into the Xma–XhoI sites of pGEX6P-1 (Amersham

Pharmacia). Bacterial growth, lysis, protein Ni-NTA affinity

column and glutathione–sepharose 4B bead purifications

were performed as described in the manufacturer’s protocols

(Qiagen, Amersham Pharmacia). Purified proteins were

quantified by Bradford assay.

Ribosome complex formation and density

centrifugation

GST6P-TAV was overexpressed in E. coli, and purified by

affinity chromatography followed by TAV release from the

GST6P-TAV fusion by cleavage with Prescission protease

(Amersham). 80S ribosome complexes were formed as

follows: reaction mixture a (100 ml) in buffer A (20 mM

Tris–HCl (pH 7.5), 100 mM KCl, 3 mM MgAc2, 1 mM DTT)

contained 0.6 A260 units 40S ribosomal subunits and 7 mg

eIF3; reaction mixture b contained in addition 1 mg purified

TAV. After incubation for 20 min at 301C, 1.2 A260 units 60S

ribosomal subunits were added to a and b. After incubating

for an additional 10 min at 301C, reactions a and b were

chilled, then layered onto 10–30% sucrose gradients in reac-

tion buffer A and centrifuged at 45 000 rpm for 2.5 h in an SW

50.1 rotor. Gradients were fractionated using an ISCO gradi-

ent fractionator, and the absorbance profile at 254 nm was

monitored.

Figure 7 Model of TAV entry into the host translational machinery.
Note that in (A) and (B), the model is viewed from the ‘front’, with
movement of the initiation complex from left to right, and in (C)
and (D) from the ‘back’ (movement from right to left). The solvent
side of 40S and 60S ribosomal subunits is depicted in gray, with the
internal interface side in white. Asterisks, RNA recognition domains
(RRM) within eIF4B and eIF3g. (A) eIF4B, in concert with eIF4F
(4E/4G/4A) or eIFiso4F, interacts with eIF3 bound to the 48S
preinitiation complex. The complex scans until it encounters the
first suitable start codon. During the codon–anticodon recognition
step, eIF5-dependent GTP hydrolysis occurs and eIF2 is removed
from 40S. eIF3 and its subunits g (3g), i (3i), b (3b), a and c
(3aþ 3c); eIF1 (1), eIF2 (2), eIF5 (5), tRNA and TAV are depicted.
(B) During the 60S subunit-joining step eIF4B is displaced from the
ribosome, while eIF3 is still associated with the solvent side of the
40S subunit. TAV binds to the eIF3/40S complex via eIF3 subunit g.
ORF1 elongation begins. L24 is positioned on the interface side of
the 60S subunit. (C) During the elongation process, the TAV/eIF3/
80S complex is stabilized, possibly by transfer of TAV/eIF3 to the
60S subunit through TAV interaction with L18. (D) The TAV/eIF3
complex is relocated back to the 40S subunit during ORF 1
termination. The TAV/eIF3/40S complex re-acquires the ternary
complex and scans for ORF 2.
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Western blots

Proteins were separated on 12.5% polyacrylamide gels and

transferred to nitrocellulose membranes by electroblotting

(1 h, 1 mA/cm2 gel). TAV and eIF3b in sucrose density gra-

dient fractions were detected using a purified polyclonal

rabbit anti-TAV antiserum (Nakayashiki et al 1993) or an

anti-human eIF3b (PRT1) antiserum (Lin et al, 2001). In

plant protoplast extracts, TAV and its mutants were detected

using rabbit anti-TAV antiserum (De Tapia et al, 1993). eIF4B

and its mutants and eIF4A were detected using rabbit anti-

eIF4B and -eIF4A polyclonal antisera.

Yeast two-hybrid analysis

Two-hybrid analysis of interacting proteins was performed

using a cotransformation procedure. Diploid strain

GC1945xY187 was cotransformed with plasmids expressing

BD fused with full-length or truncated TAV sequences and AD

fused to full-sized or truncated wheat eIF4B (TaTif4B1; Metz

et al, 1999) or Arabidopsis eIF3i sequences. Plasmid BD-eIF3g

was produced by PCR from AD-eIF3g (Park et al, 2001) and

cloned between the SmaI and PstI sites of pAS2DD. AD-eIF4B

and AD-eIF3i were produced by ligating EcoRI–BamHI frag-

ments prepared by PCR from peIF4B/pET3d (Metz et al,

1999) and from the expressed sequence tag (EST) from the

Arabidopsis Biological Resource Center (ABRC) at Ohio State

University (Columbus, OH), into EcoRI–BamHI-digested

pGAD424 (Clontech). eIF4B and eIF3i deletion mutants

fused to AD were produced by PCR and inserted between

the EcoRI and BamHI sites of pGAD424. Protein expression

levels were controlled by Western blotting; no significant

variations in the amount of protein expressed were observed

between wild-type and truncated fusion proteins (data not

shown).

In vitro transcription and translation

pT7eIF4B and pT7eIF3i were produced by ligating BamHI–

PstI fragments prepared by PCR from pAD-eIF4B and pAD-

eIF3i, respectively, into BamHI–PstI-digested pBluescript II

(Stratagene). pT7 Luciferase was supplied by Promega. T7-

directed transcripts were transcribed in the presence of the

cap analog 7mGpppG and translated in WGE as described by

Ryabova and Hohn (2000).

In vitro GST pull-down assays

Constructs pGST-TAV and pGST-eIF3g were described pre-

viously (Park et al, 2001). pGST-eIF4B was made by cloning

EcoRI–SalI fragments from pLex4B—constructed by cloning

EcoRI–BamHI fragments from peIF4B/pET3d (Arabidopsis

eIF4B, AtTif4B2p; Metz et al, 1999)—into pGEX6P-1

(Pharmacia) as in-frame fusions with the GST domain.

Expression of GST fusion proteins was induced by the addi-

tion of isopropyl-b-D-thiogalactopyranoside (IPTG) to a final

concentration of 0.1 mM. In vitro GST pull-down assays were

performed essentially as described by Park et al (2001), as

detailed below. In all cases, bound and unbound fractions

were separated by 12.5% SDS–PAGE and [35S]-labeled pro-

teins were visualized by autoradiography.

GST-eIF3g interaction with [35S]eIF4B or [35S]eIF3i. [35S]eIF4B

or [35S]eIF3i were produced by in vitro translation using

[35S]Met. Aliquots (300ml) of GST or GST-eIF3g bound to

beads were incubated with 10ml WGE translation mixture

containing [35S]-labeled proteins for 1 h at 41C with gentle

shaking prior to separation of bound (60 ml) and unbound

fractions by centrifugation. Aliquots of 5 ml (bound fraction)

or 25 ml (unbound fraction) were analyzed.

Competition between [35S]eIF4B and TAV for eIF3

binding. Fractions of GST-eIF3g (3.5 pmol) bound to beads

and 10ml of in vitro translation mixtures containing [35S]-

labeled eIF4B (about 1–2 pmol) were incubated with increas-

ing concentrations of purified His-TAV or His-TAVY305P (0.5,

10 and 20mg) for 1 h at 41C with gentle shaking. After

extensive washing, proteins bound to beads were eluted

and analyzed by SDS–PAGE.

In the following sections, unless stated otherwise, binding

reactions were carried out by incubating the components

indicated in a final volume of 300 ml buffer R (10 mM Tris–

HCl, pH 7.5, 50 mM NaCl, 3 mM MgCl2 and 2 mM b-mercap-

toethanol) for 30 min at 301C with gentle shaking, followed

by centrifugation to separate unbound and bound (60 ml)

fractions. Aliquots of 10 ml (bound fractions) or 25 ml (un-

bound fractions) were separated by 12.5% SDS–PAGE.

Competition between eIF4B and TAV for eIF3

binding. Aliquots of 20 pmol GST TAV (or GST alone)

bound to beads were incubated with 1.2 mg eIF4B or 10.2 mg

eIF3. Bound fractions of GST-TAV (or GST) and eIF3 were

further incubated with 1.8 mg purified eIF4B. His-TAV

(20 pmol) bound to Ni-resin was incubated with 10 mg eIF3.

Bound fractions of His-TAV and eIF3 were further incubated

with 0.6 or 1.2 mg purified eIF4B.

Interactions between GST-eIF4B, 40S and His-TAV. GST-eIF4B

(20 pmol) (or GST) bound to beads was incubated with 0.5

A260 units 40S. After washing, the GST-bound fraction was

further incubated with 1.5 mg purified His-TAV.

Interactions between GST-TAV, 40S, eIF3 and eIF4B. GST-TAV

(20 pmol) bound to beads was incubated with 20 pmol eIF3,

22 pmol 40S and 100 pmol eIF4B.

Interactions between GST-eIF4B, 40S, eIF3 and His-TAV. GST-

eIF4B or GST (20 pmol) bound to beads was incubated with

20 pmol eIF3. After washing, GST-bound fractions were

further incubated with 0.5 A260 units 40S or with a mixture

of 0.5 A260 units 40S and 1 or 5 mg purified His-TAV.

Interactions between GST-TAV, eIF3, eIF4B and ribosomal

subunits. GST-TAV or GST (20 pmol) bound to beads was

incubated with 13.3 mg eIF3 and 0.5 A260 units 40S subunits

or 0.9 A260 60S subunits. GST-bound fractions containing

eIF3, 40S or 60S ribosomes were further incubated with 1.2

or 5.8 mg eIF4B.

Complexes between GST-TAV or GST-eIF4B with eIF3 and both

ribosomal subunits. About 20 pmol each of GST-TAV, GST-

eIF4B or GST alone was incubated with a mixture of 13.3 mg

eIF3, 0.5 A260 units 40S subunits (22 pmol) and 20 pmol tRNA

in 300ml buffer R for 5 min at 301C with gentle shaking. After

addition of 0.9 A260 units 60S subunits (24 pmol), the mixture

was further incubated for 30 min at 301C with gentle shaking.

To saturate TAV with the eIF3/40S complex, in a parallel

experiment GST-TAV was incubated with a five-fold molar
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excess of the eIF3/40S subunit complex. After washing to

remove unbound eIF3 and 40S ribosomal subunits, the GST-

TAV/eIF3/40S complex was incubated with 60S ribosomal

subunits at a 1:1 molar ratio.

Yeast three-hybrid system

The three-hybrid system was performed according to stan-

dard Clontech protocols using the yeast strain HF7c. The

eIF3g ORF was fused to AD behind the ADH promoter of

vector pGAD424 carrying the LEU 2 selection gene (pGAD-

eIF3g). BglII–NotI eIF4B-2 and TAV fragments obtained by

PCR from pBD-eIF4B and pBD-TAV (Park et al, 2001) were

introduced into the BglII–NotI site of the Bridge vector (pBr,

Clontech). In addition, EcoRI–BamHI fragments from pGAD-

TAV and pGAD-eIF4B-2 were fused to BD in the Bridge vector

with or without eIF4B-2 and TAV to produce pBrBD-TAV/Met-

eIF3g and pBrBD-TAV/Met-0 and pBrBD-eIF4B-2/Met-TAV

and pBrBD-eIF4B-2/Met-0, respectively.

Transient expression

The eIF4B coding sequence from pAD-eIF4B and wheat eIF4A

from pETeIF4A (Metz and Browning, 1993) was subcloned

under the control of the CaMV 35S promoter in pTAV (p35S-

P6; Kobayashi et al 1998). pmonoCAT, pmonoGUS and

pbiGUS have been described previously (Bonneville et al,

1989).

Leaf protoplasts derived from Nicotiana plumbaginifolia

were prepared and samples of 6�105 protoplasts were used

for polyethylene glycol-mediated transfection as described

previously (Fütterer and Hohn, 1992). A monocistronic

(pmonoGUS; 5mg) or dicistronic (pbiGUS; 5mg) GUS-expres-

sing reporter plasmid was cotransfected with a CAT-expres-

sing plasmid (pmonoCAT; 2mg) as an internal standard of

transfection efficiency and protoplast quality. In addition,

5mg pTAV with and without increasing concentrations of

peIF4B and/or peIF4A (as indicated) was cotransformed.

CAT and GUS activities were determined in protein extracts

prepared after overnight incubation as described previously

(Pooggin et al, 2000). Values given are the means from more

than three independent experiments.
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