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Viral replication depends on compatible interactions between a virus and its host. For RNA viruses, the viral replicases
(RNA-dependent RNA polymerases; RdRps) often associate with components of the host translational apparatus. To date,
host factors interacting with potyvirus replicases have not been identified. The Potyviridae, which form the largest and most
economically important plant virus family, have numerous similarities with the animal virus family, the Picornaviridae.
Potyviruses have a single-stranded, plus sense genome; replication initiates at the viral-encoded, 3’ poly-(A) terminus. The
yeast two-hybrid system was used to identify host plant proteins associating with the RdRp of zucchini yellow mosaic
potyvirus (ZYMV). Several cDNA clones representing a single copy of a poly-(A) binding protein (PABP) gene were isolated
from a cucumber (Cucumis sativus L.) leaf cDNA library. Deletion analysis indicated that the C-terminus of the PABP is
necessary and sufficient for interaction with the RdRp. Full-length cucumber PABP cDNA was obtained using 5" RACE; in vitro
and Escherichia coli-expressed PABP bound to poly-(A)-Sepharose and ZYMY RdRp with or without the presence of poly-(A).
This is the first report of an interaction between a viral replicase and PABP and may implicate a role for host PABP in the

potyviral infection process. © 2000 Academic Press

INTRODUCTION

Successful systemic infection by a pathogen depends
on compatible interactions between the pathogen and its
host. This is particularly true for viral pathogens which
have extremely small genomes and limited protein cod-
ing capacity. Several host proteins are involved in repli-
cation of RNA viruses, either as components of the viral
replication complex or by binding directly to the viral
genome (reviewed in Lai, 1998; Strauss and Strauss,
1999). For RNA viruses, a majority of the factors found in
association with the viral replicase, the RNA-dependent
RNA polymerase (RdRp), are subverted from the host
RNA-processing and translational machinery. For exam-
ple, elongation factors EF-1a and different subunits of
elF3 are associated with the replicase complexes of an
array of bacterial, plant, and mammalian RNA viruses
such as Q3 phage, brome mosaic virus, tobacco mosaic
virus, vesicular stomatis virus, measles virus, and polio-
virus (Lai, 1998; Strauss and Strauss, 1999). The exact
roles of the translational machinery proteins in viral rep-
licase complexes are not fully understood; virus replica-
tion and translation might be coupled or the host pro-
teins may play different roles in virus replication than
they do in host translation.

The Potyviridae, which resemble the animal virus fam-
ily, the Picornaviridae, form the largest and one of the
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economically most important families of plant viruses;
approximately 200 members cause serious diseases in a
wide range of crop plants (Shukla et al, 1994). The
members of this family have a plus sense, single-
stranded RNA genome of approximately 10 Kb, a VPg
(viral protein genome linked) covalently linked to the 5’
end, and a poly-(A) tail at the 3’ end. The RNA encodes
a single polyprotein, which is subsequently cleaved into
nine proteins by viral-encoded proteases (Dougherty and
Semler, 1993); function of the various potyviral proteins
has been an active area of investigation. Among the
potyviral proteins, NIb (nuclear inclusion b; originally
named for its tendency to accumulate in the nucleus)
functions as an RdRp (Hong and Hunt, 1996; Li and
Carrington, 1995). Potyviral RdRps of tobacco etch virus
(TEV) and tobacco vein mottling virus (TVMV) interact
with other potyviral proteins including P1, P3, and the Nla
(nuclear inclusion a) protein, which is composed of the
VPg at the amino terminus and the main viral proteinase
at the carboxy terminus (Hong et al.,, 1995; Li et al., 1997,
Fellers et al., 1998; Merits et al., 1999; Daros et al.,, 1999).

Replication, which proceeds by copying of the plus
strand to the complementary minus strand intermediate,
followed by plus strand synthesis, occurs in membrane-
associated, cytoplasmic fraction (Martin and Garcia,
1991; Schaad et al.,, 1997). Cytoplasmic localization of the
replication machinery is thought to be achieved by di-
rection of a subset of the potyviral Nla protein proteolytic
precursor (including the amino-terminal adjacent 6-kDa
hydrophobic protein) toward the endoplasmic reticulum

0042-6822/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.


https://core.ac.uk/display/81137169?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

434 WANG, ULLAH, AND GRUMET

rather than the nucleus (Schaad et al,, 1997). The RdRp
is, in turn, postulated to be recruited to the membrane
fraction via interaction with the 6-kDa VPg—proteinase
(Nla) complex.

Replication of the minus strand is initiated at the 3’
poly-(A) tail of the plus sense, genomic RNA. The
presence of a poly-(A) tail is essential for replication of
picornaviruses such as poliovirus, encephalomyocar-
ditis virus, and rhinovirus (Cui et al.,, 1993; Todd and
Semler, 1996; Todd et al., 1997; Agol et al,, 1999) and
recent evidence suggests that it is also necessary for
potyvirus replication (Tacahashi and Uyeda, 1999). Ini-
tiation of poliovirus replication requires uridylylation of
the VPg which serves as a primer for minus strand
synthesis (Agol et al, 1999). The uridylylation is per-
formed by the poliovirus RdRp (3D protein) and re-
quires the presence of poly-(A) template (Paul et al,
1998). It is not known whether viral poly-(A) tails exist
as free poly-(A)s within the host or whether like eu-
karyotic mRNAs, they are found in association with
host poly-(A) binding protein (PABP). Given the re-
ported high abundance of PABPs, studies have indi-
cated an approximately 75- to 95%-fold excess of free
PABP over binding sites on cytoplasmic poly-(A)
(Drawbridge et al., 1990; Gorlach et al., 1994), associ-
ation of PABP with viral RNAs seems likely. PABP-
dependent translation of viral genomes, analgous to
the PABP-dependent translation of eukaryotic mRNAs,
has been proposed (Gallie, 1998).

Poliovirus and other picornavirus RdRps do not bind
to poly-(A) directly (Cui et al., 1993; Paul et al., 1994).
The poliovirus 3D is recruited to a complex second-
ary structure in the 3’ nontranslated region (NTR)
upstream of the poly-(A) tail via interaction with the
RNA-binding 3AB proteins (analagous to the potyviral
6-kDa VPg; 3A is involved membrane association; 3B
is the VPg) (reviews: Xiang et al., 1997; Agol et al.,
1999). These interactions are thought to provide tem-
plate specificity. Potyviruses appear to have important
secondary structure near the 3’ end of the genome
which may include sequences within both the 3" NTR
and the adjacent coat protein coding region (Mahajan
et al, 1996; Haldeman-Cahill et al, 1998). Although
mutations in these regions interfere with replication,
specific binding of viral proteins to these sequences
has not been demonstrated for potyviruses.

Specific host factors interacting with potyviral repli-
cases have not been identified yet. In this study we
examined interactions between zucchini yellow mosaic
potyvirus (ZYMV) and its cucumber (Cucumis sativus L.)
host by identifying cucumber proteins that interact with
ZYMV RdRp. Yeast two-hybrid analysis demonstrated re-
producible and specific interactions between ZYMV
RdRp and cucumber poly-(A) binding protein.

RESULTS

Screening of the cucumber yeast two-hybrid library
with ZYMV RdRp

The yeast two-hybrid cDNA library was constructed
from mRNA from leaf tissue of ZYMV- susceptible cu-
cumber (cv. Straight 8). The library contained 5 X 10° pfu;
greater than 90% of the excised plasmids encoded cDNA
inserts ranging in size from 0.5 to 2.5 kb. The quality of
the library was assessed by successful PCR amplifica-
tion of the low-copy cucumber gene, CS-ACS7 (ACC
synthase; Trebitsh et al, 1997). Following two separate
screenings of the library using ZYMV RdRp expressed in
the GAL4 binding domain vector as bait, 11 cucumber
clones were found to have specific, reproducible inter-
action with the RdRp. Each clone induced the two re-
porter genes allowing for growth in the absence of his-
tidine and expression of B-galactosidase activity. In each
case, plasmids encoding putative interactors were iso-
lated and retransformed back to yeast either alone or in
combination with ZYMV RdRp, human p53, Lamin C, or
binding domain vector alone. Each interacting clone
failed to induce the reporter genes alone or in any com-
bination except with RdRp.

Of the 11 verified clones showing interaction with
RdRp, 3 encoded distinct, unknown proteins, 1 had sig-
nificant sequence homology to DNA J and 1 to protein
phosphatase, and 6 encoded a protein having high ho-
mology (ca. 70% nucleotide identity) to poly-(A) binding
protein of Arabidopsis thaliana and wheat. The PABP-
homologous cDNAs ranged in size from 0.5 to 1.5 kb, the
longer the cDNA, the stronger the observed interaction
with RdRp. The 6 RdRp-interacting cDNAs were reverse
transcribed from at least three different mRNAs: cDNA NI
8, 60, and NI 351 have the same polyadenylation sites
149 nucleotides downstream of the stop codon; NI 7 has
a poly-(A) addition site 201 nucleotides from the stop
codon; and NI 439 and 447 have poly-(A) addition sites
250 nucleotides from the stop codon. Although PABPs
are encoded by a multigene family in Arabidopsis and
multiple isoforms have been observed in wheat (Belos-
totsky and Meagher, 1993; Hilson et al.,, 1993; Le et al,,
1997), the overlapping sequence of all 6 cDNAs showed
complete sequence identity, indicating that all of the
clones were transcribed from the same cucumber PAPB
gene.

The putative PABP clones were tested for interaction
with two other ZYMV proteins, coat protein (CP) and
helper component protease (HC-Pro) (Table 1). Al-
though both the CP and the HC-Pro clones were ca-
pable of self-interaction, as would be predicted based
on the ability of CP to polymerize to form capsids,
HC-Pro to dimerize, and previous yeast two-hybrid
studies (Hong et al, 1995; Thornbury et al, 1985;
Urcuqui-Inchima et al,, 1999; Wang and Pirone, 1999),
neither the ZYMV CP nor the HC-Pro interacted with
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TABLE 1

Interactions among ZYMV Coat Protein (CP), Helper Component-
Proteinase (HC-Pro), RNA-Dependent RNA Polymerase (RdRp), and
Cucumber Poly-(A) Binding Protein (PABP) in the Yeast Two-Hybrid
System

BD-CP BD-HC-Pro BD-PABP BD-RdRp
AD-CP +4++° - ND _
AD-HC-Pro - ++ ND -
AD-PABP - - - +++

AD-RdRp - - - -

Note. ND, not determined.

“ The strength of the interactions was based on the X-Gal filter assay.
+-++, colonies turned dark blue within 3 h; ++, colonies turned dark
blue within 6 h to overnight; +, colonies turned light blue overnight; —,
did not turn blue. All controls, including the clones by themselves or in
combination with human p53 or Lamin C, remained white.

cucumber PABP. These results further suggest a spe-
cific interaction between cucumber PABP and the po-
tyviral RARp. The interaction between PABP and ZYMV
RdRp did not occur when tested with RdRp fused to the
GAL4 activation domain and PABP to the DNA binding
domain. One-way interactions have been observed in
numerous other two-hybrid combinations and may be
due to conformational changes arising from the fusion
protein (Fields and Sternglanz, 1994). PABP also did
not interact with itself; this is consistent with previous
studies indicating that multimerization of PABP re-
quires the presence of poly-(A) (Kuhn and Pieler, 1996).
The ZYMV RdRp did not interact with itself, CP, or
HC-Pro.

Characterization of the cucumber PABP gene and
interacting domains of the PABP and RdRp proteins

To further examine the interaction between the ZYMV
RdRp and the putative cucumber PABP, the full-length
cDNA was obtained by 5" RACE (5’ rapid amplification of
cDNA ends). In total, a 25697-bp cDNA sequence was
obtained for the cucumber PABP gene (CS-PAPB1; Gen-
Bank Accession No. AF240679). In the 397-bp 5" NTR of
the cDNA, there are nine oligo-(A) clusters, ranging from
4 Ato 9 A. These A-rich sequences were also found in
PABPs from Arabidopsis, wheat, and other organisms
(Belostotsky and Meagher, 1993; Hilson et al., 1993; Le et
al, 1997). The 3’ NTR is 250 bp and three polyadenyla-
tion signal sequences are located at positions 2099,
21561, and 2201 bp.

The coding sequence is 1950 bp and predicts a
649-amino-acid protein with a molecular weight of 70.5
kDa, which is similar to other plant and animal PABPs
(Belostostsky and Meagher, 1993; Le et al.,, 1997). This
gene (CS-PABPT1) is most similar to the shoot-ex-
pressed Arabidopsis PABP2 gene (Belostotsky and
Meagher, 1993; Hilson et al, 1993). A comparison of

percentage amino acid identity shows greater homol-
ogy between the putative cucumber CS-PABP1 gene
and Arabidopsis PABP2 (69.7%) than between Arabi-
dopsis PABP2 and Arabidopsis PABP5 (49.4%). Consis-
tent with apparent transcription from a single gene,
Southern blot analysis of cucumber genomic DNA
indicated that the cucumber PABP clone hybridized
with a single distinct genomic band with most restric-
tion enzymes (Fig. 1); additional bands were not ob-
served in low-stringency washes (data not shown).
Although there is no EcoRI site within the coding
region of the CS-PABP1 gene, the two bands observed
in the EcoRI digest are likely due an EcoRl site within
an intron. Northern blot analysis of leaves, roots, and
immature and mature flowers from susceptible
“Straight 8" plants and leaves from the resistant lines
“TMG-1" and “Dina-1" showed expression of CS-PABP1
in all tissues tested; in each case hybridization was
with a single band (data not shown). Higher expres-
sion was observed in leaves and immature flowers;
there was no difference in expression between the
susceptible and resistant genotypes.

The amino terminal two-thirds of the predicted PABP
contains four RRMs (RNA recognition motifs), which are
found in PABPs from all sources, including yeast and
animals (Le et al, 1997) (Fig. 2). Each RRM in turn has
two conserved sequences, RNP-1 and RNP-2, which
come in direct contact with RNA (Kuhn and Pieler, 1996).
RRM-1 is responsible for the interaction with elF4G in
yeast (Kessler and Sachs, 1998). The two smaller cucum-
ber cDNAs (NI439 and NI359) lacked these RRMs, sug-
gesting that the RRMs are not involved in binding with
ZYMV RdRp.

The carboxy-terminal third of the PABP protein is not
as highly conserved as the amino terminus, and func-
tions of the C-terminus are less well defined. At the
C-terminus (amino acids 5563—624), there is a 71-amino-
acid region that is conserved among Arabidopsis, wheat,
and cucumber. This CTC (C-terminal conserved) domain
was also found within other characterized PABPs (e.g.,
yeast, vertebrate) and has been implicated in ho-
modimerization and efficient poly-(A) binding (Kuhn and
Pieler, 1996). The smallest PABP cDNA obtained from the
two-hybrid screen (NI 351) encodes the last 130 amino
acids and interacts with the ZYMV RdRp. This suggests
that the CTC domain might be involved in the interaction
with RdRp. Consistent with these results, deletion of the
C-terminal 50 amino acids of PABP abolished the inter-
action in yeast, indicating that the C-terminus of PABP is
essential for the binding with RdRp (Fig. 3A); we cannot
rule out, however, the possibility that the failure to detect
interaction with the C-terminal deleted protein is due to
lack of stability of the deleted protein.

Deletion analysis was used to examine regions of the
RdRp responsible for interaction with PABP (Fig. 3B).
Deletions from both the amino- and the carboxy-termini
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FIG. 1. PABP is a single or low-copy-number gene. Cucumber DNA (ca. 10 ng) was digested with the indicated restriction endonucleases,
transferred to a nylon membrane, and hybridized with Dig-labeled PABP coding sequence. PABP cDNA sequence does not have internal recognition
sites for these restriction enzymes.

of the RdRp abolished the interaction in yeast. Although In vitro verification of the RARp—PABP interaction

we cannot eliminate the possibility that certain deletion

products were unstable, it may be that a large portion of The in vitro expression product of the full-length PABP

the RdRp is necessary for the interaction with PABP. cDNA migrated in SDS—PAGE gels as predicted for an ca.
A

MAQVPPQPQVPNSGADPAANGGANQHVTTSLYVGDLDVNVTDSQLYDLFNQVGQVVSVRVCRDL

TSRRSLGYGYVNYSNPVDASRALDVLNFTPLNGNPIRVMYSHRDPSVRKSGSGNIFIKNLDKAI

DHKALHDTFSAFGSILSCKVATDSSGQSKGFGFVQFDTEEAALKAIEKLNGMLLNDKQVFVGP
FLRKQERESVSEKTKFNNVFVKNLAETTSEEDLKNMFGEFGPITSVVVMRDGEGKSKCFGFVNF

ENADDAARSVEALNGKKVDGKEWYVGKAQKKSEREVELKSRFEQSVKEAADKYQGANLYVKNL

DDSIDDDKLKELFTGFGTITSCKVMRDPNGISRGSGFVAFSSPEEAARALAEMNGRMIVSKPL

YVALAQRKEDRIARLQAQFSQMQPMAMA SSVAPRGMPMYPPGGPGIGQQIFYGQAPPTIISSQPGFGYQQQ
LMPGMRPGGGPMPNFFVPMVQQGQQGQRSGGRRAGAIQQTQQPVPLMQQQMLPRGRVYRYPPGRGLPDL
PMPGVAGGMFSVPYEMGGMPPRDAVHPQPVPVGALASALANATPDQQRTMLGENLYPLVEQLEPD
NAAKVTGMLLEMDQTEVLHLLESPEALKAKVAEAMEVLRSVAQQSGNAADQLASLSLTDNLDS
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FIG. 2. Predicted amino acid sequence of cucumber poly-(A) binding protein. (A) Amino acid sequence predicted from full-length cDNA. The first
four regions in bold are RNA recognition motifs (RRMs); the last region in bold is the C-terminal conserved (CTC) domain. (B) Schematic presentation
of full-length PABP protein and products of four two-hybrid interacting PABP cDNAs (numbering of the clones is as in Table 1).
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FIG. 3. Deletion analysis to determine regions in PABP and RdRp
responsible for interaction. (A) Different sizes of cDNA NI8 were am-
plified by PCR or generated by restriction enzyme digestion. All of the
deletions were tested against full-length RdRp in the yeast two-hybrid
system. (B) Different sizes of RdRp were amplified by PCR or generated
by restriction enzyme digestion. All of the deletions were tested against
NI 8 in the yeast two-hybrid system. Numbering in each case corre-
sponds to the full-length cDNA sequence.

70-kDa protein. The labeled cucumber PABP was able to
bind to poly-(A)-Sepharose in vitro (Fig. 4A, lane 7), con-
firming that the cloned cDNA encodes a true PABP. Like
other picornaviral RdRps (Cui et al,, 1993; Paul et al, 1994),
ZYMV RdRp alone did not bind directly to poly-(A) (Fig. 4A,
lane 6). To demonstrate that the cucumber PABP can bind
to ZYMV RdRp in vitro, full-length PABP was expressed in
Escherichia coli as either a His—PABP fusion protein or a
GST-PABP fusion protein and was immobilized on poly-(A)—
Sepharose or glutathione—Sepharose. Approximately 10—
20% of the input RdRp bound to these fusion proteins (Figs.
4B and 4C), but none bound to poly-(A)-Sepharose (Fig. 4B)
or GST-Sepharose alone (Fig. 4C). Luciferase did not bind
to the PABP bound to poly-(A)— or glutathione—Sepharose.
These results suggested that the RdRp and PABP bind to
one another specifically in vitro. In analogous experiments
where RdRp was expressed in E. coli as a GST-RdRp
fusion protein and immobilized on glutathione—Sepharose,
approximately 10—20% of the /n vitro labeled PABP was
retained (data not shown). Since a comparable percentage
of binding was observed whether the RdRp or PABP was
immobilized and whether RdRp was expressed in vitro or in
E. coli suggest a modest affinity between the two mole-

cules. Whether this modest affinity reflects affinity in planta
where other interacting factors may be involved is not
known.

Consistent with the ability of the C-terminal portion of the
PABP to interact with the RdRp in yeast, the binding /in vitro
did not require the presence of poly-(A) (Fig. 4C). The NI 8
and NI 439 clones also weakly bound RdRp /in vitro, but the
shortest clone, NI 351, did not show detectable binding
(data not shown). The difference between these results
with the short clones in vitro and the yeast two-hybrid assay
may reflect differences in sensitivity of the two methods.
The shorter clones also showed reduced interactions in the
yeast two-hybrid system as assayed by the speed and
intensity of blue color development.

A 25% Input poly-(A)-bound
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FIG. 4. Cucumber PABP can bind to poly-(A) and RdRp in vitro. (A)
PABP can bind to poly-(A)-Sepharose in vitro. Lanes 1-3: 25% input of
in vitro labeled luciferase (Luc), RdRp, and PABP. Lanes 5-7: proteins
retained on the poly-(A)-Sepharose after six washes. (B) PAPB can bind
to RdRp in vitro with the presence of poly-(A). Lanes 1 and 2 : His—PABP
purified from E. coli was immobilized on poly-(A)-Sepharose and incu-
bated with [*S]RdRp (lane 1) or [*S]Luc (lane 2), followed by six
washes. Lane 3: RdRp was directly incubated with poly-(A)-Sepharose
without His—PABP. Lanes 4 and 5: 10% input of [**S]RdRp and [**S]Luc.
(C) PABP can bind to RdRp /n vitro without the presence of poly-(A).
GST-PABP (Lanes 1 and 2) or GST (lane 3) was immobilized on
glutathione—Sepharose, and then incubated with [**S]RdRp (lanes 1
and 3) or [**S]Luc (lane 2), followed by six washes. Lanes 4 and 5 are
10% input of [*S]RdRp and [*S]Luc.
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DISCUSSION

The above-described results indicate that the ZYMV
potyviral RdRp is capable of specifically interacting with
host PABP in the yeast two-hybrid system and in in vitro
binding assays. To our knowledge, PABP has not been
implicated as a component of any viral replicase com-
plex nor has it been identified as playing a role in virus
replication (Lai, 1998; Strauss and Strauss, 1999). The
repeated and high-frequency isolation of PABP (6 of 11
clones) indicated that the interaction is reproducible. The
interaction of the RdRp with PABP is particularly intrigu-
ing since potyviruses are polyadenylated at the 3’ end of
the positive strand which is the site of initiation of minus
strand synthesis.

Interaction was abolished by either amino- or carboxy-
terminal deletions of the RdRp. This may reflect a com-
plex secondary or tertiary structure of the RdRp. RdRps,
like other types of DNA and RNA polymerases, consist of
finger—palm—thumb domains resulting in intramolecular
interactions between the amino- and carboxy-terminal
portions of the molecule (O'Reilly and Kao, 1998; Lesburg
et al., 1999); such interactions also may be important for
association with the PABP. Similar problems in assigning
functions to specific RdRp domains were observed with
the tobacco etch potyvirus RdRp. Loss of interaction
between the TEV RdRp and the Nla protein were ob-
served with both amino- and carboxy-terminal deletions
of the TEV RdRp, and nuclear localization capacity was
eliminated by deletions from either terminus and by
small insertions at several positions in the protein (Li and
Carrington, 1993; Li et al,, 1997).

In this study ZYMV RdRp did not interact with itself.
Previous two-hybrid analysis with TEV and tobacco vein
mottling virus potyviral RdRps have provided different
results (Hong et al,, 1995; Li et al., 1997). Self-interaction
was observed for TVMV RdRp but not TEV RdRp. The
reasons for these differences among the potyviral RdRps
are not known; they may reflect real differences or may
be an artifact due to an interfering effect of the GAL4
domains in one or both fusion proteins. We also did not
observe the interaction between RdRp and CP as was
reported for TVMV (Hong et al, 1995). In that study,
interaction was observed only when the RdRp was fused
to the binding domain. Despite known interactions be-
tween HC-Pro and CP in vivo (e.g., for aphid transmis-
sion) and demonstrations of interaction using in vitro
binding assays (Blanc et al., 1997; Peng et al., 1998), we
did not observe an interaction between HC-Pro and CP
in our yeast two-hybrid assay. The failure to bind in the
yeast two-hybrid assay may reflect burying of the amino-
terminus of the CP in the fusion protein construct. The
CP amino-terminus is normally externally located on the
virion and is critical for the CP/HC-Pro interaction.

PABP belongs to a large family of RNA binding pro-
teins that contain highly conserved RNA recognition mo-

tifs. Although PABPs generally exist as multigene fami-
lies, complete sequence identity in overlapping regions
of the interacting cucumber clones indicated that a sin-
gle cucumber PABP was interacting with the ZYMV RdRp.
Southern blot analysis showed only a single hybridizing
band, which may reflect the high sequence variability
among different members of the PABP family (Belsotosky
and Meagher, 1993; Hilson et al, 1993). These results
suggest specificity in the RdRp—PABP interaction, al-
though the possibility of developmental or tissue-specific
expression of the different PABPs such that only a single
gene family member was expressed in leaves at the time
they were harvested for cDNA synthesis cannot be elim-
inated; within Arabidopsis different members of the PABP
gene family are expressed in different tissues (Belos-
tosky and Meagher, 1993; Hilson et al, 1993). Northern
analysis indicated that the CS-PABP7 gene was ex-
pressed in all tissues tested including leaves, roots, and
immature and mature flowers.

PABP has been the subject of a good deal of recent
research indicating that it plays a critical role in eukary-
otic translation (Jacobson, 1996; Gallie, 1998; Sachs et
al, 1997). PABP is an essential component of eukaryotic
cells; deletion of PABP in yeast can cause lethality
(Sachs et al, 1987) and reduction in PABP levels, either
by cleavage or by sequestration by viral proteins, can
result in shutdown of host translation (Chen et al., 1999;
Joachims et al., 1999; Piron et al., 1998). Recent evidence
has shown that PABP also facilitates initiation and main-
tenance of efficient translation by promoting interactions
between the 5" and 3’ termini of messenger RNAs (re-
views: Gallie, 1998; Sachs et al, 1997). A typical mRNA
molecule has a 5’ cap and 3’ poly-(A) tail; the two termini
function synergistically to promote translation through
protein—protein interactions: at the 5’ end, elF4E, which
is a subunit of elF4F (containing subunits elF4E, elF4G,
and elF4A), binds to the cap structure; at the 3'end, PABP
binds to the poly-(A) tail; PABP then binds to elF4G.
These interactions result in a circular mRNA molecule.
By bringing the 5" and 3’ ends close to each other,
translation of full-length message is promoted and reini-
tiation of translation is facilitated. Although not capped,
the potyviral 5" NTR of TEV conferred synergistic en-
hancement of translation when in combination with a
poly-(A) tail (Gallie et al., 1995).

Viral RdRps frequently have been shown to interact
with components of the host translational apparatus (Lai,
1998; Strauss and Struass, 1999). The results presented
here showing interaction of PABP with the ZYMV RdRp
suggest that an additional component of the host trans-
lational machinery associates with a viral replicase and
raises some intriguing questions. Perhaps, similar to its
role in eukaryotic translation, PABP facilitates intramo-
lecular interactions relevant to potyviral replication. Cel-
lular proteins binding viral RNA may serve to bring spa-
tially separate regions, including 3" and 5’ termini, of viral
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RNA template together to form replication complexes. The
joining of plus and minus strand leader sequences is a
critical step in mouse hepatitis virus RNA synthesis (Lai,
1998). Perhaps the interaction between RdRp and host
PABP serves to promote interaction between RdRp and the
viral poly-(A) tail, either by helping to recruit RdRp to the
poly-(A) tail or by facilitating removal of PABP from the
poly-(A) tail and allowing access of the RdRp for initiation of
replication. Deletion analyses and partial clones obtained
in the yeast two-hybrid screen indicated that interaction
with the RdRp occurred via the carboxy-terminus and not
the RNA binding motifs in the amino-terminal half of the
protein. Studies with Xenopus PABP showed that the con-
served CTC domain was important for polymerization of
PABP leading to enhanced PABP binding (Kuhn and Pieler,
1996). Perhaps association of the RdRp with PABP inter-
feres with the PABP polymerization and facilitates removal
from the poly-(A) tail.

Recent studies have shown that viral-induced shut-
down of host protein synthesis, which is thought to fa-
cilitate viral infection by increasing accessibility of host
factors for viral purposes, can be mediated, at least in
part, by sequestration or cleavage of PABPs. PABPs were
sequestered by NS1 protein during influenza A virus
infection (Chen et al,, 1999), were removed from interac-
tion with elF4F during rotavirus infection (Piron et al.,
1998), and were cleaved by viral proteases during Picor-
navirus infection (Joachims et al, 1999). In each case
there was an associated reduction in host protein syn-
thesis that could be related to an effect on PABP. Inter-
estingly, the interaction between influenza A NS1 and
human PABPII, which takes place in the nucleus and
results in hnRNAs with poly-(A) tails that are too short to
allow for export, occurs via the carboxy terminus of
PAPBII.

Shutdown of host translation is less well studied for
plant viruses. In the one system that has been examined,
infection by pea seed borne mosaic potyvirus, inhibition
of host gene expression and virus-mediated mRNA deg-
radation occurred in a reversible manner during the
course of infection (Wang and Maule, 1995; Aranda et al.,
1996; Aranda and Maule, 1998). There appears to be a
widespread loss of many host mRNAs, indicating degra-
dation. If RdRp serves to remove PABP from the poly-(A)
tail, this could result in decreased mRNA stability. Such
an observation would not be inconsistent with seques-
tration of PABP. During potyvirus infection, RdRp is ex-
pressed in large quantities and can accumulate in the
nucleus as an inclusion body (NIb). Its function in the
nucleus is unknown since the viral life cycle is com-
pleted within the cytoplasm. It is possible that the NlIb/
RdRp sequesters PABP and keeps it from binding to
hnRNA in the nucleus, inhibiting RNA processing.

The possible involvement of the RdRp—PABP interac-
tion in viral replication by recruitment to the poly-(A) tail
or participation in translational inhibition is not neces-

sarily mutually exclusive. RdRp may interact with PABP to
facilitate viral replication, while at later stages increasing
quantities of RdRp might inhibit host translation. Our
future research will examine possible functions of the
interaction between potyviral RdARp and cucumber PABP.

MATERIALS AND METHODS
Strains and plasmids

Plasmid pBluescript KS and E. coli strain XL1-Blue
(Stratagene) were used for general DNA manipulation.
Yeast (Saccharomyces cerevisiae) strain YRG2 and the
GAL-4-based two-hybrid plasmids pBD-GAL4, p53,
pLAMINC, pSV40, and pAD-GAL4 were purchased from
Stratagene. pBD-GAL4 and pAD-GAL4 (binding domain
and activation domain, respectively) were used to ex-
press coat protein, helper component-proteinase, RNA-
dependent RNA polymerase, and poly-(A) binding protein
in yeast as GAL4 binding domain or activation domain
fusion proteins. pGEM-T EASY vector (Promega) was
used for cloning 5° RACE (rapid amplification of cDNA
ends) products. pGEX-bx-1 (Phamacia) was used to pro-
duce fusion proteins GST-PABP or GST-RdRp in E. coli
strain Xa 90, and pET-28a-1 (Novagen) was used to
produce His—PABP in E. coli strain BL21(DES3).

The ZYMV RdRp gene was amplified by PCR with Vent
DNA polymerase (New England Biolabs) using ZYMV
cDNA [Connecticut (CT) isolate; Grumet and Fang, 1990]
as template. The amplified product was inserted as an
EcoRI-Sall fragment into pBD-GAL4, pAD-GAL4, and
pGEX-6x-1 vectors in frame to form pBDRdRp, pADRdRp,
and pGEXRdRp, respectively, and sequenced. The prim-
ers were designed as follows (restriction sites are itali-
cized): 5’ end primer, 5° CCGGAATTCAGCAAGC-
GAGAAAGATG 3’, and 3’ end primer 5" AGAGTCGACT-
TGGAGCATCACAGTGT 3.

The helper component-protease gene was amplified
as above using the ZYMV NAA isolate cDNA (Gal-On et
al, 1992) as template, inserted as an EcoRI-Sa/l frag-
ment into pBD-GAL4 and pAD-GAL4 vectors in frame to
form pBDHC and pADHC, and sequenced. The primers
were 5" end primer 5° CCGGAATTCAGCGAAGTTGAC-
CAC 3' and 3’ end primer 5" AGAGTCGACACCAACTCT-
GTAATG 3.

The ZYMV-CT isolate coat protein gene in the
pTL37-CP construct (Fang and Grumet, 1993), was di-
gested with Ncol, filled in with Klenow fragment (Gibco
BRL), and then digested with Pstl. The blunt-Pst1 CP
fragment was then ligated to pUC119, which had been
digested with EcoRl, filled in with Klenow, and then
digested with Pstl. The EcoRI-Pstl CP fragment was then
inserted into pBD-GAL4 and pAD-GAL4 vectors to form
pBDCP and pADCP and sequenced.

The yeast two-hybrid full-length cucumber PABP
clones were generated as follows. PCR (Vent polymer-
ase) was used to amplify the 5’ end of the full-length
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PABP clone (obtained by 5" RACE as described below)
and to add an EcoRlI site to the start codon. The 5’ end
primer was 5" TAGAATTCATGGCTCAGGTTCCACC 3'.
The 3’ end primer was the GSP2 primer used for 5" RACE
(see below). The PCR product was digested with EcoRI
and Clal, ligated to the EcoRI-Clal digested plasmid
pADNI8, which had the partial PABP clone, to form pAD-
PABP. The full-length PABP was also inserted as an
EcoRI=Sall fragment into pBD-GAL4, pGEX-5x-1, and
pET-28a-1 to form pBDPABP, pGEXPABP, and pETPABP.

Construction of the cucumber leaf two-hybrid cDNA
library in A HybriZAP-2.1 vector

Total RNA was isolated from young leaves of cucum-
ber cultivar Straight 8 as described by Chomczynski and
Sacchi (1987); mRNA was further purified using the Pro-
mega PolyATract mRNA isolation system Il. Approxi-
mately 5 ug of mRNA was used for cDNA synthesis
following the protocol of the HybriZAP 2.1 two-hybrid
cDNA synthesis kit, and cDNAs (ranging from 0.5 to 2.5
kb) were inserted into the A HybriZAP-2.1 vector as
EcoRl-Xhol fragments. The primary library contained
~5 X 10° PFU (plague forming units). The primary A
cDNA library was amplified once and then converted to
a plasmid (pAD-GAL4) library by in vivo mass excision
according to the Stratagene protocol.

Screening the library with RdRp and testing for
interactions between viral proteins

Yeast transformation, growth media, and X-gal (5-bro-
mo-4-chloro-3-indolyl B-D-galactopyranoside) filter as-
says were performed following the supplier's procedures
(Stratagene). Yeast YRG2 cells were first transformed
with pBDRdRp and then transformed with CsCl-purified
cDNA library plasmid DNA. The transformants were
plated onto SD (synthetic dropout) medium without
leucine, tryptophane, or histidine (SD-L-T-H). Colonies
that grew on selection medium were restreaked onto
SD-L-T-H, transferred to nitrocellulose membrane
(Schleicher & Schuell), and assayed for expression of
B-galactosidase activity (Lac Z) by X-Gal filter assay.
Colonies that survived in medium without histidine and
turned blue in the X-Gal assay were considered putative
positives. Plasmids were recovered from putative posi-
tive yeast colonies using Zymoprep yeast plasmid mini-
prep (Zymo Research, CA), transformed to E. coli, and
amplified. The recovered plasmids were then trans-
formed back to YRG2 yeast either alone or in combina-
tion with pBD-GAL4, p53, pLamin C, or pBD-RdRp. The
transformants were plated onto SD-H or SD-L-T-H and
assayed for Lac Z activity. Those that can turn on two
reporter genes only in the presence of pBD-RdRp, but
cannot turn on reporter genes, either alone or in combi-
nation with pBD-GAL4, p53, or pLamin C, were consid-
ered positives.

5" RACE

A 5" primer, GSP1, 5'-TCATTCTTCCATTCATCTCAG-
CAA-3'), and 3’ primer, GSP2 (5'-TTGTCATCATCGATGC-
TATCAT), complementing the 5’ end of the longest PABP
cDNA (NI 8) near the Sacl and Clal sites, respectively,
were synthesized as gene-specific primers for 5’'RACE.
The fragments were then amplified according to the 5’
RACE protocol (Gibco BRL) and cloned to pGEM-T EASY
vector using AT cloning (Promega protocol). The two
longest cDNA fragments, 1.2 and 14 kb, were se-
guenced. The overlapping sequences of the two cDNAs
were the same. One had a 397-bp 5’ NTR, and the other
had a 216-bp 5’ NTR.

RdRp and PABP deletions

All the PABP deletions were made from the longest
cDNA obtained from the two-hybrid screen, NI8 (Fig. 3).
NI8A300 was amplified by PCR, using RG110 and RG157
as b’ and 3’ terminal primers. RG110 was located at the
5" end of NI8 and included an EcoRl site, 5'-AAAGAAT-
TCGGCTTTGTAAATTTTGAG-3'. RG 105 complemented
the region from positions 1801 to 1819 (position denoted
according to full-length CS-PABP cDNA) of NI8 and in-
cluded a Xhol site, 5'-TCTCTCGAGCAAATGTAGAACCT-
CAGT-3’. The PCR product was inserted into pADGAL4
as an EcoRI=Xhol fragment to form pADNISA300. NIAmlu
was amplified with RG110 and RG115, which comple-
mented the region from positions 1476 to 1495, with Xhol,
Sphl, and Sacl sites at the 5'end, 5'-GTACTCGAGCAT-
GCGAGCTCAAAGGTACAGGCTGCTGG-3'. The PCR
product was inserted as an EcoRIl-Xhol fragment into
pADGAL4 to form pADNISAmIu and into pBluescript to
form pBSNI8AmIu. pBSNISAmIu was then digested with
Sphl and religated to form pBSNI8Asph. The EcoRI-Xhol
NI8Asph fragment was then subcloned to pADGAL4 to
form pADNI8Asph.

All the RdRp deletions were made from full-length RdRp
(Fig. 3). RARpAT1, -A4, -Ab, -A6, -A7, and -A8 were amplified
by PCR using primers as indicated in Fig. 3; all the PCR
products were inserted into pBDGAL4 as EcoRI-Sall frag-
ments. The sequences of primers RG100, 101, 121, 125, 126,
and 127 were 5'-AGAGTCGACCCTGACTTTCTCAAGC-3’,
5'-CCGGAATTCTGCGCTGCGATGATT-3"; 5'-ACTGAATTC-
CTCGAGAAAGAGAGAAT-3"; 5'-GTGGAATTCCCAATTCTT-
GCTCCTGA-3"; B'-TTAGAATTCGAGCTCAGGCCGCTT-3',
and b5'-TTCGTCGACTCTCGAGTTTTGGAGTG-3', respec-
tively. RdARpA2 was generated as follows: pBDRdRp was
digested with Ncol, filled in with Klenow fragment, and
digested with EcoRI. This RdRp fragment was ligated to
pBDGAL4, which had been digested with Sall, blunted, and
then cut by £coRl to form pBDRdRpA2. pBSRdRp (RdRp in
pBluescript) was cut with £coRl and Xhol, and the EcoRI-
Xhol RARpA3 fragment was then subcloned to pBDGAL4 as
pBDRARpAS.
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In vitro expression and poly-(A)-Sepharose binding of
PABP and RdRp

Full-length PABP and RdRp were cloned to pET28a-1
to produce histidine-tagged PABP or RdRp. Each pET
plasmid and the Promega TNT system control construct
expressing luciferase without a histidine tag was ex-
pressed in a 50-ul volume using 2 ug of plasmid DNA in
the Promega TNT quick coupled transcription/translation
system with the addition of 0.4 mM magnesium acetate,
30 mM KCI, and [®*S]methionine. Five microliters of the
50-ul reaction product was incubated with poly-(A)—-
Sepharose (Sigma) for 1 h on ice in 100 ul of binding
buffer [100 mM sodium acetate, 5 mM MgCl,, 5 mM KCl,
40 mM HEPES, pH 7.6, 10% glycerol, protease inhibitor
cocktail (Sigma), 0.2% Triton X-100, 5 mM B-mercapto-
ethanol]. The beads were washed six times with 500 ul
of binding buffer plus 200 mM NaCl. The beads were
then boiled in 24 ul of loading buffer and analyzed by
SDS-PAGE followed by autoradiography overnight.

Expression of PABP and RdRp in E. coli

The E. coli stain Xa 90 harboring pGEXPABP was
grown at 37°C in LB with 50 mg/L ampicillin to ODgy =
1.0. IPTG (B-p-thiogalactoside) was added to 0.1 mM and
the cells were grown for another 3 h at 37°C and then
harvested. The E. coli stain Xa 90 harboring pGEXRdRp
was grown at 37°C in LB with 50 mg/L ampicillin to
ODg = 0.3-0.4. IPTG was added to the medium and the
cells were then grown at 16°C overnight prior to harvest-
ing. GST-tagged PABP and RdRp were purified as rec-
ommended by the supplier (Phamacia); yield of protein
was estimated by the Bio-Rad assay. E. coli strain BL21
(DE3) harboring pET-PABP was grown at 37°C in LB with
kanamycin to ODg,, = 0.6. After the addition of IPTG to 1.0
mM, the cells were grown for 3 h at 37°C. His-tagged
PABP was purified as recommended by the supplier
(Novagen).

In vitro analysis of protein—protein interaction

Five micrograms GST or GST-PABP purified from E.
coli was immobilized on 30 ul of glutathione—Sepharose
(Pharmacia) and incubated with 5 ul of in vitro **S-
labeled RdRp or luciferase (prepared using Promega
TNT quick coupled transcription/translation system) in
90 ul of binding buffer plus 10 ul of bovine serum at room
temperature for 1 h. The beads were then washed six
times with 500 wl of binding buffer plus 200 mM NaCl,
boiled in 24 ul of loading buffer, and analyzed by SDS—
PAGE followed by autoradiography overnight. For binding
to poly-(A), 5 wg of His—PABP was immobilized on poly-
(A)-Sepharose, and 5 ul in vitro *S-labeled luciferase or
RdRp was added. Binding, washing, SDS—-PAGE, and
autoradiography were as above.

DNA and RNA hybridization

Genomic DNA was extracted from young cucumber
leaves according to the protocol of Dellaporta et al.
(1985). Ten micrograms of restriction-enzyme-digested
DNA was subjected to electrophoresis on a 1% agarose
gel and transferred to a nylon membrane (Micron Sepa-
rations) by capillary blotting (Sambrook et al., 1989). Total
RNA was isolated from cucumber leaf, root, and imma-
ture and mature flowers as described by Chomczynski
and Sacchi (1987); 10 wg of each was used for Northern
blot (Sambrook et al, 1989). Full-length CS-PABP1 was
labeled using the DIG DNA labeling and detection kit
(Boeringer Mannheim). High-stringency hybridization
and wash conditions were performed according to Sam-
brook et al. (1989). Low-stringency hybridization and
wash conditions were performed following Hilson et al.
(1993).

ACKNOWLEDGMENTS

We thank Dr. Eric Stockinger for help with yeast manipulation and
protein purifications and Mr. Yaopan Mao for assistance with protein—
protein binding assays. We appreciate Drs. Richard Allison and Su-
zanne Thiem for critical reviews of the manuscript. This work was in
part supported by Research Grant Award US-2666-95 from BARD-The
United States—Israel Binational Agricultural Research and Develop-
ment Fund and by the Michigan Agricultural Experiment Station.

REFERENCES

Agol, V. I., Paul, A. V., and Wimmer, E. (1999). Paradoxes of the replica-
tion of picornaviral genomes. Virus Res. 62, 129-147.

Aranda, M., and Maule, A. (1998). Virus-induced host gene shut off in
animals and plants. Virology 243, 261-271.

Aranda, M. A, Escaler, M., Wang, D., and Maule, A. (1996). Induction of
HSP70 and polyubiquitin expression associated with plant virus
replication. Proc. Natl. Acad. Sci. USA 93, 15289-15293.

Belostotsky, D. A., and Meagher, R. B. (1993). Differential organ-specific
expression of three poly-(A)-binding-protein genes from Arabidopsis
thaliana. Proc. Natl. Acad. Sci. USA 90, 6686—6690.

Blanc, S., Lopez-Moya, J. J., Wang, R., Garcia-Lampasona, S., Thornbury,
D. W, and Pirone, T. P. (1997). A specific interaction between coat
protein and helper component correlates with aphid transmission of
a potyvirus. Virology 231, 141-147.

Chen, Z, Li, Y., and Krug, R. M. (1999). Influenza A virus NS1 protein
targets poly-(A)-binding protein Il of the cellular 3'-end processing
machinery. EMBO J. 18, 2273-2283.

Chomczynski, P, and Sacchi, N. (1987). Single-step method of RNA
isolation by acid guanidinium thiocyanate—phenol—-chloroform ex-
traction. Anal. Biochem. 162, 156—159.

Cui, T, Sankar, S., and Porter, A. G. (1993). Binding of encephalomyo-
carditis virus RNA polymerase to the 3’-noncoding region of the viral
RNA is specific and requires the poly-(A) tail. J. Biol. Chem. 268,
26093-26098.

Daros, J. A., Schaad, M. C., and Carrington, J. C. (1999). Functional
analysis of the interaction between VPg-proteinase (Nla) and RNA
polymerase (NIb) of tobacco etch potyvirus, using conditional and
suppressor mutants. J. Virol. 73, 8732—8740.

Dellaporta, S. L., Wood, J., and Hicks, J. B. (1985). Maize DNA miniprep.
In “Molecular Biology of Plants” (R. Malmberg, J. Messing, and .
Sussex, Eds.). pp. 3637, Cold Spring Harbor Laboratory, New York.

Dougherty, W. G., and Semler, B. L. (1993). Expression of virus-encoded



442 WANG, ULLAH, AND GRUMET

proteinases: functional and structural similarities with cellular en-
zymes. Microbiol. Rev. 57, 781-822.

Drawbridge, J., Grainger J. L., and Winkler, M. W. (1990). Identifica-
tion and characterization of the poly-(A) binding proteins from
the sea urchin: A quantitative analysis. Mol. Cell. Biol. 10, 3994—
4006.

Fang, G., and Grumet, R. (1993). Genetic engineering of potyvirus
resistance using constructs derived from the zucchini yellow mosiac
virus coat protein gene. Mol. Plant Micr. Interact. 6, 358—367.

Fellers, J., Wan, J., Hong, Y., Collins, G. B., and Hunt, A. G. (1998). In
vitro interactions between a potyvirus encoded genome linked
protein and RNA-dependent RNA polymerase. J. Gen. Virol. 79,
2043-2049.

Fields, S., and Sternglanz, R. (1994). The two-hybrid system: An assay
for protein—protein interactions. Trends Genet. 10, 286—292.

Gallie, D. R. (1998). A tale of two termini: A functional interaction
between the termini of an mMRNA is a prerequisite for efficient trans-
lation initiation. Gene 216, 1-11.

Gallie, D. R., Tanguay, R. L., Leathers, V. (1995). The tobacco etch viral
5'-leader and poly(A)tail are functionally synergistic regulators of
translation. Gene 165, 233-238.

Gal-On, A., Antignus Y., Rosner, A., and Raccah, B. (1992). A zucchini
yellow mosaic virus coat protein gene mutation restores aphid trans-
missibility but has no effect on multiplication. /. Gen. Virol. 73,
2183-2187.

Gamarnik, A. V., and Andino, R. (1998). Switch from translation to RNA
replication in a positive-stranded RNA virus. Genes Dev. 12, 2293—
2304.

Gorlach, M., Burd, C. G., and Dreyfuss, G. (1994). The mRNA poly-(A)
binding protein: Localization, abundance, and RNA-binding specific-
ity. Exp. Cell Res. 211, 400-407.

Grumet, R., and Fang, G. (1990). cDNA cloning and sequence analysis
of the 3’ terminal region of zucchini yellow mosaic virus RNA. /. Gen.
Virol. 71, 1619-1622.

Haldemann-Cahill, R., Daros, J. A., and Carrington, J. C. (1998). Second-
ary structures in the capsid protein coding sequence and 3’ non-
translated region involved in amplification of the tobacco etch virus
genome. J. Virol. 72, 4072-4079.

Hilson, P., Carroll K. L., and Masson, P. H. (1993). Molecular character-
ization of PAB2, a member of the multigene family coding for poly-
(A)-binding proteins in Arabidopsis thaliana. Plant Physiol. 103, 523—
533.

Hong, Y., Levay, K., Murphy, J. F, Klein, P. G., Shaw, J. G., and Hunt, A. G.
(1995). The potyvirus polymerase interacts with the viral coat protein
and VPg in yeast cells. Virology 214, 169—166.

Hong, Y., and Hunt, A. G. (1996). RNA polymerase activity catalyzed by
a potyvirus-encoded RNA-dependent RNA polymerase. Virology 226,
141-151.

Jacobson, A. (1996). Poly-(A) metabolism and translation: The closed
loop model. /n “Translational Control” (J. W. B. Hershey, M. B.
Mathews, and N. Sonenberg, Eds.), pp. 451-480. Cold Spring Harbor
Laboratory Press. Cold Spring Harbor, NY.

Joachims, M., Van Breugel, P. C., and Lloyd, R. E. (1999). Cleavage of
poly-(A)-binding protein by enterovirus proteases concurrent with
inhibition of translation in vitro. J. Virol. 73, 718=727.

Kessler, S. H., and Sachs, A. B. (1998). RNA recognition motif 2 of yeast
Pab1p is required for its functional interaction with eukaryotic trans-
lation initiation factor 4G. Mol. Cell. Biol. 18, 51-57.

Kuhn, U., and Pieler, T. (1996). Xenopus poly-(A) binding protein: func-
tional domains in RNA binding and protein—protein interaction. J. Mol.
Biol. 256, 20—30.

Lai, M. M. C. (1998). Cellular factors in the transcription and replication
of viral RNA genomes: A parallel to DNA-dependent RNA transcrip-
tion. Virology 244, 1-12.

Le, H., Chang, S-C., Tanguay, R. L., and Gallie, D. R. (1997). The wheat
poly-(A) binding protein functionally complements pab1 in yeast. Eur.
J. Biochem. 243, 350—357.

Lesburg, C. A, Cable, M. B., Ferrari, E., Hong, Z., Mannarino, A. F., and
Weber, P. C. (1999). Crystal structure of the RNA-dependent RNA
polymerase from hepatitis C virus reveals a fully encircled active site.
Nat. Struct. Biol. 6, 937-943.

Li, X. H., and Carrington, J. C. (1993). Nuclear transport of tobacco etch
potyviral RNA-dependent RNA polymerase is highly sensitive to
sequence alterations. Virology 193, 951-958.

Li, X. H., and Carrington, J. C. (1995). Complementation of tobacco etch
potyvirus mutants by active RNA polymerase expressed in trans-
genic cells. Proc. Natl. Acad. Sci. USA 92, 457-461.

Li, X. H., Valdez, P., Olvera, R. E., and Carrington, J. C. (1997). Functions
of the tobacco etch virus RNA polymerase (NIb): Subcellular trans-
port and protein-protein interaction with VPg/proteinase (Nla). J. Vi-
rol., 71, 15698—1607.

Mahajan, S., Dolja, V. V., and Carrington, J. C. (1996). Roles of the
sequence encoding tobacco etch virus capsid protein in genome
amplification: Requirements for the translation process and a cis-
active element. J. Virol. 70, 4370—4379.

Martin, M. T., and Garcia, J. A. (1991). Plum pox potyvirus RNA replica-
tion in a crude membrane fraction from infected Nicotiana clevelandii
leaves. J. Gen. Virol. 72, 785-790.

Merits, A., Guo, D. Y., Jarvekulg, L., and Saarma, M. (1999). Biochemical
and genetic evidence for interactions between potato A potyvirus-
encoded proteins P1 and P3 and proteins of the putative replication
complex. Virology 263, 15—22.

O'Reilly, E. K., and Kao, C. C. (1998). Analysis of RNA-dependent RNA
polymerase structure and function as guided by known polymerase
structures and computer predictions of secondary structure. Virology
252, 287-303.

Paul, A. V, Cao, X., Haris, K. S., Lama, J., and Wimmer, E. (1994). Studies
with poliovirus polymerase 3D Stimulation of poly (U) synthesis in
vitro by purified poliovirus protein 3AB. J. Biol. Chem. 269, 29173—
29181.

Paul, A. V., van Boom, J. H., Filippov, D., and Wimmer, E. (1998).
Protein-primed RNA synthesis by purified poliovirus RNA polymer-
ase. Nature 393, 280—284.

Peng, VY., Kadoury, D., Gal-On, A., Huet H., Wang, Y., and Raccah, B.
(1998). Mutations in the HC-Pro gene of zucchini yellow mosaic
potyvirus: Effects on aphid transmission and binding to purified
virions. J. Gen. Virol. 79, 897-904.

Piron, M., Vende, P.,, Cohen, J., and Poncet, D. (1998). Rotavirus RNA-
binding protein NSP3 interacts with elF4Gl and evicts the poly-(A)
binding protein from elF4F. EMBO J. 17, 5811-56821.

Sachs, A. B, Davis, R. W.,, and Kornberg, R. D. (1987). A single domain
of yeast poly-(A)-binding protein is necessary and sufficient for RNA
binding and cell viability. Mol. Cell. Biol. 7, 3268-3276.

Sachs, A. B., Sarnow, P, and Hentz, M. W. (1997). Starting at the
beginning, middle, and end: translation initiation in eukaryotes. Cel/
89, 831-838.

Sambrook, J., Fritsch, E. F,, and Maniatis, T. (1989). “Molecular Cloning:
A Laboratory Manual,” 2nd ed. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, NY.

Schaad, M. C., Jensen, P. E., and Carrington, J. C. (1997). Formation of
plant RNA virus replication complexes on membranes: Role of an
endoplasmic reticulum-targeted viral protein. EMBO J. 16, 4049—
4059.

Shukla, D. D., Ward, C. W,, and Brunt, A. A. (1994). “The Potyviridae.” CAB
International, Wallinford, Oxon, UK.

Strauss, J. H., and Strauss, E. G. (1999). With a little help from the host.
Science 283, 802—804.

Tacahashi, Y., and Uyeda, I. (1999). Restoration of the 3’ end of potyvirus
RNA derived from poly-(A)-deficient infectious cDNA clones. Virology
265, 147-162.

Thornbury, D. W,, Hellmann, G. M., Rhoads, R. E., and Pirone, T. P.
(1985). Purification and characterization of potyvirus helper compo-
nent. Virology 144, 260—-267.

Todd, S., and Semler, B. L. (1996). Structure infectivity analysis of the



POTYVIRAL REPLICASE-POLY-(A) BINDING PROTEIN INTERACTION 443

human rhinovirus genomic RNA 3’ non-coding region. Nucleic Acid. nardi, F. (1999). Effect of mutations within the Cys-rich region of

Res. 24, 2133-2142. potyvirus helper component proteinase on self-interaction. J. Gen.
Todd, S., Towner, J. S., Brown, D. M., and Semler, B. L. (1997). Replica- Virol. 80, 2809—2812.

tion competent picornaviruses with complete genomic RNA 3" non- Wang, D., and Maule, A. (1995). Inhibition of host gene expression

coding region deletions. J. Virol. 71, 8868—8874. associated with plant virus replication. Science 267, 229-231.
Trebitsh, T., Staub, J. E., and O'Neill, S. D. (1997). Identification of a Wang, R. Y., and Pirone, T. P. (1999). Purification and characterization of

1-aminocyclopropane-carboxylate synthase gene linked to the Fe- turnip mosaic virus helper component protein. Phytopathology 89,

male gene (F) that determines female sex expression in cucumber 564-567.

(Cucumis sativus L.). Plant Physiol. 113, 987-995. Xiang, W. K., Paul, A. V., and Wimmer, E. (1997). RNA signals in entero-

Urcuqui-Inchima, S., Maia, I. G., Drugeon, G., Haenni, A. L., and Ber- and rhinovirus genome replication. Semin. Virol. 8, 256—273.



	INTRODUCTION
	RESULTS
	TABLE 1
	FIG. 1
	FIG. 2
	FIG. 3
	FIG. 4

	DISCUSSION
	MATERIALS AND METHODS
	ACKNOWLEDGMENTS
	REFERENCES

