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Summary. Infectious bursal disease virus (IBDV), a member of the family
Birnaviridae, is a non-enveloped, double-stranded RNA virus. Viral protein 1
(VP1), the putative RNA-dependent RNA polymerase, occurs in virions both as a
free polypeptide and as a genome-linked protein, called VPg. To gain more insight
in its function, we initiated a yeast two-hybrid screen. With this approach we
identified the carboxy-terminal domain of eukaryotic translation initiation factor
4All (eIF4AIl) as an interactor for VP1. The association between these molecules
was confirmed by co-immunoprecipitation analyses. eI[F4A plays an essential
role in the initiation of translation of both capped and uncapped mRNAs. Its
association with IBDV VP1 suggests an involvement of this viral protein in IBDV
mRNA translation. An interaction between VP1 and full-length elF4AIl was,
however, not observed. In view of the known two-domain structure of eI[F4AIl
it is conceivable that the interaction of VP1 with full-length eIF4AIl requires
collaborating proteins that open up its structure and expose the VP1-binding site
in the carboxy-terminal domain. The biological relevance of the potential VP1-
elF4AIl interaction is discussed.
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Infectious bursal disease virus (IBDV) is the causative agent of a highly contagious
disease of young chickens that causes significant losses to the poultry industry.
In the infected animal, IBDV targets the developing B lymphocytes in the bursa
of Fabricius, in which it multiplies rapidly, leading to immune suppression. This
condition increases the animal’s susceptibility to opportunistic infections with
other pathogens and reduces the growth rate of surviving animals [22].

IBDV belongs to the genus Avibirnavirus of the family Birnaviridae [16].
The virus consists of a non-enveloped capsid, 60 nm in diameter, that contains
two segments of double-stranded RNA (dsRNA) of 3.3 kb (segment A) and 2.9 kb
(segment B). Segment A contains two partially overlapping open reading frames
(ORFs). The smaller ORF, located at the 5’ end, encodes VP5. This 17 kDa non-
structural protein is not required for virus replication but plays a role in viral
pathogenesis [40, 41]. The large ORF encodes a 110kDa polyprotein precursor
thatis autocatalytically cleaved to produce pVP2 (48 kDa), VP3 (32 kDa), and VP4
(28 kDa). VP4 is the protease responsible for the processing of the polyprotein.
During virion maturation pVP2 is further processed into VP2 (40 kDa) [13]. VP2
and VP3 are the structural proteins that constitute the viral capsid.

Segment B contains one ORF which encodes VP1. This 90 kDa protein shares a
number of primary sequence features with RNA polymerases from diverse origins
[7]. Based on its size, low copy number in virions, and the presence of several
conserved domains associated with RNA-dependent RNA polymerases (RdRp)
of other RNA viruses, VP1 is believed to be the virion-associated RdRp [16, 17,
20, 34]. Direct evidence demonstrating its RNA polymerase activity is, however,
as yet lacking. VP1 interacts with VP3, an association likely to be essential
for IBDV particle morphogenesis [10, 31, 36, 49, 50]. VPI is present within
virions both as a free polypeptide and as a genome-linked protein, called VPg,
attached to the 5’ end of the positive strands of both genomic segments by a
serine-5" GMP phosphodiester bond [27, 39]. This bond can be formed in vitro
during self-guanylylation of VP1, yielding VP1pG [14]. The VP1pG complex
acts as a primer during RNA synthesis/transcription both in vitro [15] and in vivo
[35], and the VPI polypeptide remains covalently linked to the 5'-end of the
RNA and thus becomes the genome-linked protein VPg. This suggests that the
VP1-primed transcription reaction proceeds via an asymmetric, semiconservative,
strand-displacement mechanism [15, 48]. Compared to other VPg’s (e.g. adeno-
and picornavirus) the IBDV VP1 protein is unusually large and its function as
primer as well as polymerase is without precedent. RNA polymerase activity can
be demonstrated in purified IBDV virions without any pretreatment [48] indicating
that, like with reovirus [47], transcription can be initiated without the need for
uncoating. Also similar to reovirus is that the newly synthesized viral mRNAs
lack a poly(A) tail at their 3" end.

Identification of cellular interaction partners of viral proteins is likely to
provide a better understanding of the dynamics of RNA replication, virus-mediated
cellular modulation and host-range restriction. Recently, we analysed the inter-
molecular interactions between the IBDV proteins using the yeast two-hybrid
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system [49, 51]. In the present study, we aimed at identifying potential cellular
partners for the putative viral RARp and genome-linked protein, VP1. To this end
we applied the inducible LexA-dependent yeast two-hybrid system (Clontech) to
screen a cDNA library from bursae of 3-weeks-old chickens using VP1 as a bait.
For this, the VP1 gene was subcloned into the yeast expression vector pLexAgpp
as described previously [49]. The generated pLexAgp—VP1 fusion plasmid was
introduced into EGY48 yeast cells (Clontech) carrying two reporter genes, i.e.
LEU? integrated in the genome, and LacZ located on the p8op-LacZ reporter
plasmid (Clontech). Expression of the VP1-fusion protein was verified by Western
blot analysis (data not shown). Activation and repression assays [19] confirmed
that the fusion protein by itself did not activate the reporter genes and that it was
localized to the nucleus (data not shown).

A yeast two-hybrid cDNA library in pB424p, constructed from poly(A)+
RNA from bursae of 3-weeks-old chickens [5], was screened with pLexAgp—VP1
used as a bait. All yeast two-hybrid media, buffers, and protocols were as described
in the Clontech Manual for the Matchmaker LexA two-hybrid system and in the
Clontech Yeast Protocols Handbook. Plasmids from positive clones were isolated
and the inserts were sequenced in both directions. The identity of the respective
genes was determined by BLAST analysis. Of the eleven putative VP1 binding
proteins that were found more than twice, three were listed by the “Interaction Trap
Table of False Positives” (http://www.fccc.edu/research/labs/golemis/main_false.
html) as notoriously non-specific interactors, and five were classified as proteins
of unknown function, i.e. having no known functional or structural homologues.
Other interacting proteins were RAN binding protein 1 (RanBP1) and the putative
cyclin G1 interacting protein [accession no: NP_006340]. However, the clone
that was frequently recovered (eight isolates) and, in addition, exhibited a more
robust B-galactosidase activity, corresponded to part of the translational eukaryotic
initiation factor 4AIl (e[F4AIl) and would thus be the chicken representative of
this initiation factor. For this reason we focused our attention on the study of
the interaction between VP1 and elF4AIl. An additional consideration was the
recent demonstration of another interaction of a viral RdRp, the NS5B protein of
hepatitis C virus, with (human) elF4AII [24].

The eight recovered elF4All-homologous cDNAs ranged in size from 983 to
1028 nt. They all mapped to the 3" end of the eIF4AII gene sequence, five clones
encoding 107 aa, one clone encoding 109 aa and two clones encoding 122 aa of
the eIF4AII carboxy-terminus (Fig. 1; indicated by asterisks). All cDNAs had the
same 662 nt-3’ UTR in which two potential polyadenylation signals occur. The
eight cDNAs were derived from at least two different mRNA populations since
a comparison of their sequences showed the occurrence of two nucleotide differ-
ences in the coding region neither of which, however, affected the predicted amino
acid sequence of eIF4AIl. As the actual N-terminus of the chicken eIF4AIl was
unknown we isolated and sequenced the full-length cDNA clone of this protein
from our bursae library. A 1845 nt cDNA sequence was obtained for the chicken
elF4AIl gene (c-elF4All; Gen-Bank accession number AF515726). Its coding
sequence of 1221 nt predicts a 407 aa protein. The 3’ terminal part of the gene
corresponding to the aa sequence that was common to all eight VP1-interacting
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Fig. 1. Comparison of the amino acid sequence for chicken elF4AIl (c-eIF4AIl) predicted
from full-length cDNA, mouse e[F4AIl (m-eIF4AIl) and mouse elF4AI (m-e[F4ATI). Amino
acid sequences were aligned using MSA Version 2.1 provided on the World Wide Web server.
Dashes indicate amino acids identical to that of the chicken eIF4AIl. The dot indicates a gap
inserted by the alignment program. The asterisks mark the start of the the amino acid sequences
of the VP1-interacting bursae library clones pB42,p-eIF4AII(C-122 aa), pB42ap-elF4AIl
(C-109 aa) and pB42p-elF4AII(C-107 aa). Bold letters indicate the start of the carboxy-
terminal domain of the “dumbbell” structure of e[F4A according to the published crystal
structure of yeast eI[F4A [8]. Conserved motifs of elF4A are boxed. The accession numbers are
as follows: c-eIF4AIl (AF515726), m-eIF4AII (S00985) and m-eIF4AI (S00986)

elF4AIl-cDNAs showed complete sequence identity. Some differences were,
however, observed in its 612 nt-3' UTR, which lacked a stretch of 53 nucleotides,
showed one transition (T to C), and contained an additional three nucleotides
(CTT) at the extreme 3" end (Fig. 2). The deduced amino acid sequence of chicken
elF4AIl was compared to that of eIF4AIl and e[F4AI from mouse (Fig. 1). The
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TAATCCCTGGAGAGGAGATGGTTTGAATGCAGTGCTCGCTGTTGCTGAATAGGCGATTCA

eIF4ATTI (full-length) 61 CTTGCATTGTGCTTCTTTCTTTGGGGATATATTGAATCTTGTCTCAATGCTCATAACGGA
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Fig. 2. Sequence alignment of the 3’ UTRs of chicken bursa eIF4AIl full-length cDNA

and the VP1-interacting chicken bursa eI[F4AII(C-122 aa) cDNA. The stop codon is given in

bold letters. Dashes indicate identical residues and asterisks mark missing nucleotides. The

polyadenylation signals are underlined and the position of poly(A) addition for both cDNAs
is indicated by an open triangle beneath the sequence

comparison indicates that the chicken protein is more similar to mouse elF4AIl
(98% identity) than to mouse elF4AI (91% identity). Both isoforms, e[F4AI and
elF4All, are involved in translation initiation and are functionally interchangeable
[52]. More recently, a third member of the elF4A family, eI[F4AIIl, has been
identified but this protein is more distantly related and its involvement in transla-
tion initiation has been questioned in view of its predominant nuclear occurrence
[21, 28].

In order to check the specificity of our observed VP1-eIF4All interaction, the
VP1I-interacting e[F4AII library clones were retransformed back to yeast either
alone or in combination with VP1, with the binding domain vector alone, or with
different proteins unrelated to VP1:pVP2 and VP3 of IBDV, and Lamin C
(Clontech). In addition, full-length eIF4AIl, termed c-elF4All(full-length), was
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assayed in the yeast two-hybrid system in the same way as the e[F4All library
clones, termed c-eIF4AII(C-107 aa), c-eIF4AII(C-109aa) and c-elF4AII(C-
122 aa). All transformants failed to induce the reporter genes except for the

Table 1. Interactions between IBDV VP1 and different lengths of chicken bursa-specific
elF4AII (celF4AII), mouse elF4AIl (melF4AIl) and mouse elF4AI (melF4Al) in the Yeast

Two-Hybrid System

LexApgp fusion B424p fusion LEU? LacZbP
VP1 c-elF4All(full-length) — —
VP1 c-eIF4AII(C-107 aa) +++ ++
VPI c-eIF4AII(C-109 aa) +++ ++
VP1 c-eIF4AII(C-122 aa) +++ ++
VP1 c-eIF4AII(C-domain®) + +
VPI c-eIF4AII(N-domain?) - -
c-elF4 All(full-length) VP1 - -
c-elF4AII(C-107 aa) VP1 + +/-
c-eIF4AII(C-109 aa) VP1 + +/—
c-eIF4AII(C-122 aa) VP1 + +/—
c-eIF4AII(C-domain) VP1 +/= +/-
c-eIF4AII(N-domain) VP1 — —
VP1 m-elF4All(full-length) — -
VP1 m-eIF4AII(C-107 aa) +++ ++
VP1 m-elF4AII(C-domain) + +
VP1 m-elF4AII(N-domain) — —
m-e[F4All(full-length) VP1 — —
m-eIF4AII(C-107 aa) VP1 + +/-
m-elF4AII(C-domain) VP1 +/— +/—
m-elF4AII(N-domain) VP1 — —
VP1 m-elF4Al(full-length) — —
VP1 m-elF4AI(C-107 aa) + +
VPI m-elF4AI(C-domain) +/— —
VP1 m-elF4AI(N-domain) - -
m-elF4Al (full-length) VP1 — —
m-elF4AI(C-107 aa) VP1 — —
m-elF4AI(C-domain) VP1 — —
m-elF4AI(N-domain) VP1 — —

4nteractions were assayed for leucine autotrophy (LEU): +++; clear growth (strong

interaction); +, growth (interaction); +/—, limited growth (weak interaction); —, no growth
(no interaction). All controls, including the fusion-proteins by themselves or in combination
with Lamin C, or the viral proteins pVP2 and VP3, remained negative

bInteractions were assayed for B-galactosidase activity (LacZ): ++, deep-blue colonies
(strong interaction); +, blue colonies (interaction); +/—, light-blue colonies (weak interac-
tion); —, white colonies (no interaction). All controls, including the fusion-proteins by them-
selves or in combination with Lamin C, or the viral proteins pVP2 and VP3, remained white

¢.dC-domain and N-domain encodes the carboxy- and amino-terminal domain of the
“dumbbell” structure of eIF4A [8]
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combination of the three e[F4AIl library clones with VP1 (Table 1). A similar
result, although with a weaker interaction strength, was obtained for the reciprocal
combinations of bait and prey fusion-proteins (Table 1). These results demon-
strate that eIF4AII(C-107 aa), eIF4AII(C-109 aa) and eIF4AII(C-122 aa) are true
positive VP1 interaction partners in the two-hybrid system. They also show that
full-length eIF4AIl did not interact with VP1 in this assay.

The crystal structure of eIF4A has been reported as a “dumbbell” struc-
ture consisting of two compact domains connected by an extended linker [8].
Since the VP1-interacting elF4AIl library clones encode almost the complete
carboxy-terminal domain of this “dumbbell” structure (Fig. 1) it was of interest
to know whether the interaction is indeed limited to this particular domain. To
this end, the carboxy-terminal domain (Fig. 1, c-eI[F4AlIl residues 244-407) and
the amino-terminal domain (Fig. 1, c-eIF4AlI residues 1-243) of the elF4AIl-
“dumbbell” structure were independently assayed for interaction with VP1 in the
two-hybrid system. The assay confirmed that the carboxy-terminal domain of
elF4All, termed eIF4AII(C-domain), but not its amino-terminal domain, termed
elF4AII(N-domain), was able to interact with VPI. It also appeared that the
interaction of elF4AII(C-domain) with VP1 was weaker than that of the shorter
C-terminal domains of the e[F4AlII library clones (Table 1). The reciprocal com-
bination of the respective bait and prey fusion-proteins gave the same result,
although again, as was observed with the eIF4AlII library clones, the interaction
strength of this combination was weaker.

We also investigated whether the interaction of eIF4AIl with VP1 is isoform-
IT specific. To this end the two isoforms elF4Al and elF4AIl of mouse (m-
elF4AI and m-elF4AIl) had to be used because the existence and hence the
sequence of a putative chicken elF4Al is unknown. Plasmids pTZ18R-4A and
pTZ19-4All [46] encoding the full-length cDNA sequences of mouse elF4AI
and elF4All, respectively, were used as template for preparing the m-elF4AI
and m-elF4AIl constructs. Along with these constructs we additionally tested
the N- and C-terminal domains of both these mouse-specific elF4A isoforms,
as well as a truncated form encoding 107 aa of the C-terminus resembling the
shortest bursa-specific eIF4AIl library clone. It is of interest to note that the
amino acid sequence of m-elF4AII(C-107 aa) is 100% identical to that of c-
elF4AII(C-107 aa) (Fig. 1). The results showed that for both mouse-specific eIF4A
isoforms I and II the 107 aa polypeptide bound to VPI1, although the strength
of the interaction with the isoform I polypeptide was weaker. In the reciprocal
combination this truncated protein, m-e[F4AI(C-107 aa), even failed to activate
LEU or LacZ reporter activity. Consistently, also the C-terminal domains of both
m-elF4AIl and m-elF4AI were able to interact with VP1, although the isoform I
interaction appeared to be very weak as only one of the two reporters was sensitive
enough to allow detection of this interaction. Moreover, the C-domain of m-eIF4Al
failed to interact with VP1 in its reciprocal combination of bait and prey. Finally,
the N-terminal domain as well as the full-length form both of m-eIF4AIl and
of m-elF4All, were unable to interact with VP1. All these results are similar to
those found for the chicken-specific eIF4AII(N-domain) and e[F4 All(full-length).
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Altogether, these results indicate that the carboxy-terminal domain of both m-
elF4A i1soform I and II is able to interact with VP1, but that isoform II has the
strongest interaction.

Next we wanted to confirm the specificity of the interaction of eIF4AII(C-
terminus) with VP1 in an independent manner. With this aim we co-expressed
the VP1 protein with various forms of the eI[F4A proteins in avian QMS cells
[2] using a transient fowl pox virus expression system as described previously
[4], and analysed association of the proteins by radio-immunoprecipitation (RIP)
assay. For this, cDNA of chicken e[F4AIl and of mouse elF4Al and elF4AlI, as
well as derivates thereof (i.e. fragments encoding the polypeptides C-107 aa, C-
domain and N-domain) were cloned as a fusion protein with a c-myc epitope tag
in the transcription plasmid pGBKT7 (Clontech) behind a T7 RNA polymerase
promoter. We fused the c-myc tag (N-terminally) to e[F4A because no antibody
against el[F4A(C-terminus) was available. For the expression of VP1 we used
plasmid pHB34Z, in which the full-length genomic cDNA of segment B of
IBDV is cloned between a T7 RNA polymerase promoter and the autocatalytic
hepatitis delta virus ribozyme sequence [5]. The eI[F4A encoding plasmids were
co-transfected with plasmid pHB34Z into QMS5 cells that were previously infected
with a recombinant fowlpoxvirus expressing T7 RNA polymerase (as described
in [50]). Forty-eight hours post-transfection, cells were metabolically labeled for
3 h with [*S]methionine, cell lysates were prepared and subjected to immunopre-
cipitation with either anti-VP1 [49] or anti-c-myc serum (Clontech), as described
in [50]. The immunoprecipitates obtained were analysed by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and the labeled pro-
teins visualized by autoradiography. Mock-transfected cells and cells transfected
with either pHB34Z or the elF4A-encoding plasmids alone were used as controls
for each immunoprecipitation.

Both antibodies were found to precipitate only their cognate protein, indicating
that they did not exhibit cross-reactivity (Fig. 3A, lanes 13—15 and Fig. 3B, lanes
6-8; data of elF4A-derivatives not shown except for c-eIF4AII(C-107 aa)). Using
the anti VP1-serum, comparable amounts of VP1 were detected in the different
transfected QMS cells (Fig. 3A, lanes 1-12). Full-length c-e[F4AIl, m-elF4Al
and m-elF4AlII each failed to be co-precipitated with VP1 (Fig. 3A, lanes 1, 5 and
9). In contrast, all C-107 aa constructs were co-precipitated with VP1, indicating
that these polypeptides were interacting with VP1 (Fig. 3A, lanes 2, 6 and 11).
Notably, the binding of m-e[F4AI(C-107 aa) to VP1 (Fig. 3A, lane 6) appeared to
be weaker than that of m-e[F4AII(C-107 aa) (Fig. 3A, lane 11). Of the C-domain
derivatives, m-eIF4Al failed to be co-precipitated (Fig. 3A, lane 7), whereas both
c-elF4AIl and m-eIF4AIl were co-precipitated though in much lower quantities
than their C-107 aa derivative (Fig. 3A, lane 3 and 10). No co-precipitation with
VP1 was observed of any of the N-domain derivatives (Fig. 3A, lanes 4, 8 and
12). Using the anti-c-myc antiserum for the reciprocal immunoprecipitations, all
tagged elF4A-derivatives were clearly precipitated. However, in neither case could
any co-precipitating VP1 be detected (Fig. 3B, lanes 1-4; data of the m-elF4A
(-derivatives) not shown). This was equally the case when we tested the derivative
c-eIF4AII(C-122 aa) for interaction with VP1 (Fig. 3B, lane 5).
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Fig. 3. Radio-immunoprecipitation analysis of VP1-eIF4A interaction in transfected QMS
cells. QM5 cells were (co-)transfected with plasmids pHB34Z and/or pGBKT7-eIF4A
(derivatives) expressing the indicated polypeptides. At 48h post transfection cells were
metabolically labeled for 3h with [3S]methionine. Subsequently, cells were lysed and
immunoprecipitated with anti-VP1 serum (A) or with anti-c-myc serum (B) followed by
SDS-PAGE (18% polyacrylamide) and autoradiography. Mock-transfected cells were used
as a control for each immunoprecipitation. Positions of the precipitated polypeptides and
sizes of marker proteins (M) are indicated

The observation that only the carboxy-terminal domain of elF4A, not the
full-size protein was able to interact with VP1 prompted us to test the idea that in
IBDV-infected cells the e[F4 A protein might be proteolytically cleaved to generate
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Fig. 4. Analysis of host cell protein synthesis within IBDV-infected cells. QMS5 cells were
infected with IBDV strain CEF94. (A) Fifteen min prior to the indicated times (hours post-
infection) cells were labeled for 15 min with [3S]methionine and subsequently lysed. The
cell extracts were analysed by SDS-PAGE (12% polyacrylamide) and autoradiography (A).
Alternatively, cells infected in parallel with those analysed in A were harvested at the same
times without metabolic labelling. Cell extracts were prepared and analysed by SDS-PAGE
(12% polyacrylamide) and immunoblotting with polyclonal anti-e[F4A serum (B). Mock-
infected QMS cell extracts (lanes mock) were analysed in parallel at indicated times. Purified
elF4AIl was used as a positive control for the immunoblotting (lane eIF4AI). Positions
of viral proteins, eI[F4A and molecular size markers are indicated

a carboxy-terminal polypeptide. Such a process would not be without precedent
as a similar cleavage has been demonstrated for eI[F4Al in foot-and-mouth disease
virus (FMDV)-infected cells [29]. Thus, we assessed the effect of IBDV infection
on host e[F4A by immunoblotting of cell extracts with a polyclonal antibody
specific for elF4A.

First, host cell protein synthesis and production of virus-encoded proteins
were monitored as a function of time during infection (Fig. 4A). Monolayer
cultures of 80% confluency of QM5 cells were infected with IBDV strain CEF94
(MOI =5). After 1h of virus absorption, QT35-medium (Gibco-BRL) supple-
mented with 1% foetal calf serum was added to the cells, and incubation was
continued until the indicated times (time zero was the time when virus was added
to the cells). Where appropriate, 15 min prior to harvesting, cells were washed
3 times with methionine-free EMEM medium (Gibco-BRL) and subsequently
labeled for 15 min with 20 wCi/ml of [3>S]methionine (Amersham) in methionine-
free EMEM medium (Gibco-BRL). As controls, mock-infected cells were simi-
larly labelled. Cell extracts were prepared on ice with 1x PBS-TDS lysis buffer
[50]. Labeled proteins were subjected to SDS-PAGE (12%) and visualized by
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autoradiography. No shut-off of host cell polypeptide synthesis was observed in
infected cells indicating that the IBDV infection generally did not interfere with
host protein translation. Virus-specific protein synthesis was first detected at 4 h
and was maximal between 6 and 12 h postinfection (p.i.). The cells started to show
cytopathic effect (CPE) by about 12 h p.i. while at 24 h p.i., when the experiment
was terminated, nearly all cells appeared to have succumbed. At this stage almost
no protein synthesis was detected.

The effect of IBDV infection on elF4A was assessed by immunoblotting
of the gel followed by probing of the blotted proteins with a polyclonal rabbit
antiserum against e[F4A (1:3,000; gift from Dr. C. Kuhlemeier, University of
Berne, Switzerland). Thirty ng of purified rabbit eIF4AI [46] was used as a positive
control for the immunoblotting. Detection on X-ray film was achieved by using
peroxidase-linked goat anti-rabbit immunoglobulins (Ig) (1:3,000; DAKO) and
chemiluminescent reagents (Pierce). Full-length e[F4A migrated at about 46 kD
as a doublet, most likely representing the eIF4Al and eIF4All isoforms, which
were present in both infected and mock-infected cells (Fig. 4B). It was apparent
that the infection with IBDV did not result in a specific cleavage of eIF4A nor
in a general proteolytic degradation of the protein as no cleavage products nor a
significant loss of full-length eI[F4A was detected during this time course under
these conditions. The decrease of the overall quantity of full-length eIF4A at 24 h
p.i. was attributed to the severe CPE at this stage of infection.

It is becoming remarkably clear that the birnavirus VP1 protein is an impres-
sively multifunctional viral component, exhibiting a range of activities throughout
the viral life cycle. Firstly, as the putative RNA-dependent RNA polymerase, VP1
is expected to carry out all those diverse functions required for the replication and
transcription of the binary dsRNA genome that occur within viral particles and in
the cell’s cytoplasm [48]. Secondly, it acts as a primase in the generation of viral
mRNAs, as a result becoming part of these mRNAs through covalent linkage at
their 5" end [35]. Furthermore, by its interaction with the inner capsid component
VP3 [10, 31, 36, 49, 50] the protein is also considered to be instrumental in the
encapsidation of viral RNAs during particle morphogenesis. VP1 also associates
with itself, but the significance of this interaction has not yet been established [49].
In the present study we focussed, for the first time, on interacting host cell partners
of VP1 by using the yeast two-hybrid system. Our observation that VP1 specifically
binds to the C-terminus of eukaryotic translation initiation factor eIF4AlIl suggests
an involvement of this protein in translation initiation. This interaction therefore
further extends the list of potential functions of this viral protein.

elF4A is the prototypic member of the DEAD-box family of RNA helicases
[30]. Together with eIF4B it participates in the initiation of polypeptide synthesis
by facilitating the melting of RNA secondary structures present in the 5" UTR
of mRNAs required for the efficient recruitment of the 40S ribosomal subunit
[reviewed in 18].

An interaction of VP1/VPg with eIF4AIll is intriguing particularly because
IBDV mRNAs are not capped but most likely contain a VPg at the 5" end, similar
to the genomic RNA [15, 35]. A direct interaction of eI[F4A with VPg may be



M. G. J. Tacken et al.

a key event in the establishment of IBDV infection. It may reveal a novel cap-
independent mechanism for the initiation of translation in which the binding of
elF4A to VPg mediates the recruitment of the 40S ribosomal subunit to the 5’
end of the viral mRNA. Thus, while eIF4E is essential for initiation of translation
of capped mRNAs, and proteolytically cleaved elF4G for that of picornaviral
uncapped mRNA [25], eIF4A may have a similar function for IBDV mRNA.

For a subset of viral and cellular mRNAs, cap-independent initiation of trans-
lation is accomplished by internal binding of the ribosome at or upstream of
the initiation codon mediated by an internal ribosomal entry site (IRES) in the
5" UTR [reviewed in 37]. The possibility of IRES-mediated cap-independent
translation has not been investigated for IBDV, nor for other birnaviruses, but
is not unlikely to occur. Although the nucleotide sequence of the 5 UTR of
IBDV RNA is relatively short (segment A: 96 nt, segment B: 111 nt) compared to
that of many viral IRES-containing mRNAs (about 200-500 nt), both segments
have a theoretical potential to form Y-shaped or hairpin stem and loop secondary
structures [23, 42]. These structures resemble those proposed to occur in some
cellular IRESes [26]. However, there is no convincing evidence supporting the idea
that these cellular IRES structures are of significance for translation initiation.
More interestingly, it was found that some mRNAs may recruit ribosomes by
base pairing with ribosomal RNA [9, 44, 53]. Sequences as short as 9 nt have
been shown to possess such IRES activity [9]. These short IRES-modules have
complementarity to the 18S rRNA occurring in 40S ribosomal subunits. A similar
feature might be the case for IBDV mRNA. A highly conserved sequence of 13 ntin
the 5 UTR of both segments, located exactly 19 nt upstream of the respective start
codons for the nearest ORF (VP5 gene in segment A, VP1 gene in segment B), has
complementarity to the chicken reticulocyte 18S rRNA and could thus function
as a binding site for the 40S ribosomal subunit [42]. A tenable hypothesis is that
an interaction of the C-terminus of eIF4A with VPg might be required to open
mRNA secondary structure to allow ribosome binding.

The elF4AIl encoding cDNA clones that were identified in the yeast two-
hybrid screen all corresponded to the carboxy-terminal domain of the protein.
The specific interaction of VP1 with this particular eI[F4AIl domain was con-
firmed in various experiments, not only in the two-hybrid system but also in the
co-immunoprecipitation assays. No association of VP1 was observed with full-
length elF4AIl, also not in IBDV-infected cells (data not shown) by different
co-immunoprecipitation assays. We then investigated whether in infected cells
an el[F4AIl carboxy-terminal fragment is generated by some kind of cleavage,
similar to what has been found for elF4Al in FMDV-infected cells [29]. No
breakdown of elF4AIl was, however, observed, the protein appearing as stable
as in non-infected cells. Our interpretation of these results is that the formation
of VPg-eIF4AIl complexes might be conformation dependent and transient. In its
free form the initiation factor does not expose its VP1 binding site. Only when
engaging in the formation of a translation initiation complex this site becomes
available as a result of conformational changes induced in the eIF4AIl structure
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by its interaction with other partners involved in the assembly of the complex such
as e[F4G or 3’ end mRNA elements. In fact, various studies suggest that e[F4A
does indeed adopt different conformations. (i) Mammalian elF4A undergoes
a cycle of ligand-dependent conformational changes as it binds its substrates,
hydrolyzes ATP, and releases products [32, 33]. (i1) In its crystallized form, eIF4A
has a ‘dumbbell’ structure in which the amino- and carboxy-terminal domains
occur as separately folded entities connected by an extended, 11-residue linker [8].
In solution, the linker between the domains is relatively flexible, allowing eIF4A
to adopt many different conformations [8]. (iii) e[F4A is expected to interact only
transiently with eIF4G, cycling in and out of the eIF4F complex, thereby changing
its conformation [45]. Altogether, these considerations support our interpretation,
although we can of course not exclude that full-length eIF4A has an overall weak
affinity for VP1.

The immunoprecipitation analyses demonstrated that co-expressed VP1 and
c-myc-tagged carboxy-terminal e[F4AIl polypeptides form stable complexes,
particularly VP1/C-107 aa complexes, that are efficiently immunoprecipitated
with VP1 antibodies (Fig. 3A). Somewhat surprisingly, these complexes were
not precipitable in the reciprocal assay using c-myc antibodies (Fig. 3B). The c-
myc antibodies clearly recognized the tagged c-e[F4All proteins but no VP1 was
co-precipitated. It seems feasible that the binding of antibody to the tag induces
a conformational change in the eI[F4AIl polypeptide that destabilizes its complex
with VP1. The tag was fused to the amino-terminus of the c-e[F4AII polypeptides.
We have not tested whether attachment to the carboxy-terminus of the polypeptides
would have made a difference.

It is quite remarkable that our two-hybrid screening only yielded elF4A-
derivatives of isoform type-II as VP1-interacting proteins and that no clones of the
functionally equivalent isoform type-1 were isolated. e[F4AII strongly resembles
elF4AI (in mice the two isoforms have 91% identity) though its tissue-specific
expression [43] and its developmental regulation [38] differ from those of eIF4Al.
While the carboxy-terminal polypeptides (C-107 aa) of both the mouse-specific
elF4AI and elF4AIl isoforms were able to interact with VP1, the strength of the
interaction with isoform type-I was consistently weaker. This suggests that VP1
preferentially associates with eI[F4AIl. Data indicate that this isoform is also held
more strongly in the eI[F4F complex than is e[F4AI [12].

The interaction of VP1 with the carboxy-terminal domain of e[F4AII reported
here suggests yet another viral strategy on the protein translation battlefield. Future
studies will be required to confirm and establish the functional significance of this
interaction for viral multiplication, particularly whether VP1, when linked to viral
RNA (i.e. as VPg) can indeed bind the initiation factor and support translation
initiation of viral RNA, without compromising host mRNA translation. Another
interesting question relates to the possible occurrence of 5'-3" interactions in the
IBDV mRNAs and to the binding partners that mediate these interactions. These
studies will undoubtedly reveal additional striking features of the biology of these
fascinating viruses.



M. G. J. Tacken et al.

Acknowledgements

We thank Dr. N. Sonenberg (McGill University, Montreal, Canada) for advice, Dr. C.
Kuhlemeier (University of Berne, Switzerland) for the antiserum against e[F4A and Dr. H.
Trachsel (University of Berne, Switzerland) for the monoclonal mouse anti-e[F4A antibody.

10.

11.

12.

13.

14.

15.

16.

17.

References

. Altschul SE, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local alignment

search tool. J Mol Biol 215: 403410

. Antin PB, Ordahl CP (1991) Isolation and characterization of an avian myogenic cell

line. Dev Biol 143: 111-121

. Blum S, Schmid SR, Pause A, Buser P, Linder P, Sonenberg N, Trachsel H (1992) ATP

hydrolysis by initiation factor 4A is required for translation initiation in Saccharomyces
cerevisiae. Proc Natl Acad Sci USA 89: 7664-7668

. Boot HJ, ter Huurne AH, Peeters BP (2000) Generation of full-length cDNA of the two

genomic dsRNA segments of infectious bursal disease virus. J Virol Methods 84: 49-58

. Boot HJ, ter Huurne AA, Peeters BP, Gielkens AL (1999) Efficient rescue of infectious

bursal disease virus from cloned cDNA: evidence for involvement of the 3’-terminal
sequence in genome replication. Virology 265: 330-341

. Bottcher B, Kiselev NA, Stel’Mashchuk VY, Perevozchikova NA, Borisov AV, Crowther

RA (1997) Three-dimensional structure of infectious bursal disease virus determined by
electron cryomicroscopy. J Virol 71: 325-330

. Bruenn JA (1991) Relationships among the positive strand and double-strand RNA

viruses as viewed through their RNA-dependent RNA polymerases. Nucleic Acids Res
19: 217-226

. Caruthers JM, Johnson ER, McKay DB (2000) Crystal structure of yeast initiation factor

4A, a DEAD-box RNA helicase. Proc Natl Acad Sci USA 97: 13080-13085

. Chappell SA, Edelman GM, Mauro VP (2000) A 9-nt segment of a cellular mRNA can

function as an internal ribosome entry site (IRES) and when present in linked multiple
copies greatly enhances IRES activity. Proc Natl Acad Sci USA 97: 1536-1541
Chevalier C, Lepault J, Da Costa B, Delmas B (2004) The last C-terminal residue of VP3,
glutamic acid 257, controls capsid assembly of infectious bursal disease virus. J Virol
78:3296-3303

Chomczynski P, Sacchi N (1987) Single-step method of RNA isolation by acid
guanidinium thiocyanate-phenol-chloroform extraction. Anal Biochem 162: 156-159
Conroy SC, Dever TE, Owens CL, Merrick WC (1990) Characterization of the 46,000-
dalton subunit of eIF-4F. Arch Biochem Biophys 282: 363-371

Da Costa B, Chevalier C, Henry C, Huet JC, Petit S, Lepault J, Boot H, Delmas B (2002)
The capsid of infectious bursal disease virus contains several small peptides arising from
the maturation process of pVP2. J Virol 76: 2393-2402

Dobos P (1993) In vitro guanylation of infectious pancreatic necrosis virus polypeptide
VP1. Virology 193: 403-413

Dobos P (1995) Protein-primed RNA synthesis in vitro by the virion-associated RNA
polymerase of infectious pancreatic necrosis virus. Virology 208: 19-25

Dobos P, Hill BJ, Hallett R, Kells DT, Becht H, Teninges D (1979) Biophysical and
biochemical characterization of five animal viruses with bisegmented double-stranded
RNA genomes. J Virol 32: 593-605

Duncan R, Mason CL, Nagy E, Leong JA, Dobos P (1991) Sequence analysis of infectious
pancreatic necrosis virus genome segment B and its encoded VP1 protein: a putative RNA-
dependent RNA polymerase lacking the Gly-Asp-Asp motif. Virology 181: 541-542



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

IBDV VP1 interaction with eIF4AIl C-terminus

Gingras AC, Raught B, Sonenberg N (1999) elF4 initiation factors: effectors of mRNA
recruitment to ribosomes and regulators of translation. Annu Rev Biochem 68: 913-963
Golemis EA, Gyuris H, Brent R (1996) Interaction trap/two-hybrid system to identify
interacting proteins. In: Ausubel FM, Brent R, Kingston RE, Moore DD, Seidman JG,
Smith JA, Struhl K (eds) Current protocols in molecular biology. Wiley, New York
Gorbalenya AE, Koonin EV (1988) Birnavirus RNA polymerase is related to polymerases
of positive strand RNA viruses. Nucleic Acids Res 16: 7735

Holzmann K, Gerner C, Poltl A, Schafer R, Obrist P, Ensinger C, Grimm R, Sauermann
G (2000) A human common nuclear matrix protein homologous to eukaryotic translation
initiation factor 4A. Biochem Biophys Res Commun 267: 339-344

Kibenge FS, Dhillon AS, Russell RG (1988) Biochemistry and immunology of infectious
bursal disease virus. J Gen Virol 69: 1757-1775

Kibenge FS, Nagarajan MM, Qian B (1996) Determination of the 5" and 3’ terminal
noncoding sequences of the bi-segmented genome of the avibirnavirus infectious bursal
disease virus. Arch Virol 141: 1133-1141

Kyono K, Miyashiro M, Taguchi I (2002) Human eukaryotic initiation factor 4AIl
associates with hepatitis C virus NS5B protein in vitro. Biochem Biophys Res Commun
292: 659-666

Lamphear BJ, Kirchweger R, Skern T, Rhoads RE (1995) Mapping of functional domains
in eukaryotic protein synthesis initiation factor 4G (eIF4G) with picornaviral proteases.
Implications for cap-dependent and cap-independent translational initiation. J Biol Chem
270: 21975-21983

Le SY, Maizel JV Jr (1997) A common RNA structural motif involved in the internal
initiation of translation of cellular mRNAs. Nucleic Acids Res 25: 362-369

Leong JC, Brown D, Dobos P, Kibenge FSB, Ludert JE, Miiller H, Mundt E, Nicholson
B (2000) Family Birnaviridae, p. 481-490. In: van Regenmortel MHYV, Fauquet CM,
Bishop DHL, Carstens EB, Estes MK, Lemon SM, McGeoch DJ, Maniloff J, Mayo MA,
Pringle CR, Wickner RB (eds), Virus taxonomy. Seventh Report of the International
Committee on the Taxonomy of Viruses. Academic Press, San Diego

Li Q, Imataka H, Morino S, Rogers GW Jr, Richter-Cook NJ, Merrick WC, Sonenberg
N (1999) Eukaryotic translation initiation factor 4 AlIll (e[F4AIII) is functionally distinct
from elF4AI and elF4AIl. Mol Cell Biol 19: 7336-7346

Li W, Ross-Smith N, Proud CG, Belsham GJ (2001) Cleavage of translation initiation
factor 4AIl (eIF4AI) but not eI[F4AIl by foot-and-mouth disease virus 3C protease:
identification of the eIF4AlI cleavage site. FEBS Lett 507: 1-5

Linder P, Lasko PF, Ashburner M, Leroy P, Nielsen PJ, Nishi K, Schnier J, Slonimski PP
(1989) Birth of the D-E-A-D box. Nature 337: 121-122

Lombardo E, Maraver A, Caston JR, Rivera J, Fernandez-Arias A, Serrano A, Carrascosa
JL, Rodriguez JF (1999) VP1, the putative RNA-dependent RNA polymerase of infectious
bursal disease virus, forms complexes with the capsid protein VP3, leading to efficient
encapsidation into virus-like particles. J Virol 73: 6973-6983

Lorsch JR, Herschlag D (1998a) The DEAD box protein elF4A. 1. A minimal
kinetic and thermodynamic framework reveals coupled binding of RNA and nucleotide.
Biochemistry 37: 2180-2193

Lorsch JR, Herschlag D (1998b) The DEAD box protein eIF4A. 2. A cycle of nucleotide
and RNA-dependent conformational changes. Biochemistry 37: 2194-2206

Macreadi IG, Azad AA (1993) Expression and RNA dependent RNA polymerase activity
of birnavirus VP1 protein in bacteria and yeast. Biochem Mol Biol Int 30: 1169-1178
Magyar G, Chung HK, Dobos P (1998) Conversion of VP1 to VPg in cells infected by
infectious pancreatic necrosis virus. Virology 245: 142-150



36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

M. G. J. Tacken et al.: IBDV VP1 interaction with eIF4AIIl C-terminus

Maraver A, Clemente R, Rodriguez JF, Lombardo E (2003) Identification and molecular
characterization of the RNA polymerase-binding motif of infectious bursal disease virus
inner capsid protein VP3. J Virol 77: 2459-2468

Martinez-Salas E, Ramos R, Lafuente E, Lopez de Quinto S (2001) Functional
interactions in internal translation initiation directed by viral and cellular IRES elements.
J Gen Virol 82: 973-984

Morgan R, Sargent MG (1997) The role in neural patterning of translation initiation factor
elF4AIl; induction of neural fold genes. Development 124: 2751-2760

Muller H, Nitschke R (1987) The two segments of the infectious bursal disease virus
genome are circularized by a 90,000-Da protein. Virology 159: 174-177

Mundt E, Beyer J, Muller H (1995) Identification of a novel viral protein in infectious
bursal disease virus-infected cells. J Gen Virol 76: 437443

Mundt E, Kollner B, Kretzschmar D (1997) VPS5 of infectious bursal disease virus is not
essential for viral replication in cell culture. J Virol 71: 5647-5651

Mundt E, Muller H (1995) Complete nucleotide sequences of 5'- and 3’-noncoding
regions of both genome segments of different strains of infectious bursal disease virus.
Virology 209: 10-18

Nielsen PJ, Trachsel H (1988) The mouse protein synthesis initiation factor 4A gene
family includes two related functional genes which are differentially expressed. EMBO
J7:2097-2105

Owens GC, Chappell SA, Mauro VP, Edelman GM (2001) Identification of two short
internal ribosome entry sites selected from libraries of random oligonucleotides. Proc
Natl Acad Sci USA 98: 1471-1476

Pause A, Methot N, Svitkin Y, Merrick WC, Sonenberg N (1994) Dominant negative
mutants of mammalian translation initiation factor eIF-4A define a critical role for eIF-4F
in cap-dependent and cap-independent initiation of translation. EMBO J 13: 1205-1215
Scheper GC, Voorma HO, Thomas AA (1992) Eukaryotic initiation factors-4E and -4F
stimulate 5’ cap-dependent as well as internal initiation of protein synthesis. J Biol Chem
267: 7269-7274

Skehel JJ, Joklik WK (1969) Studies on the in vitro transcription of reovirus RNA
catalyzed by reovirus cores. Virology 39: 822-831

Spies U, Muller H, Becht H (1987) Properties of RNA polymerase activity associated
with infectious bursal disease virus and characterization of its reaction products. Virus
Res 8: 127-140

Tacken MG, Rottier PJ, Gielkens AL, Peeters BP (2000) Interactions in vivo between
the proteins of infectious bursal disease virus: capsid protein VP3 interacts with the
RNA-dependent RNA polymerase, VP1. J Gen Virol 81: 209-218

Tacken MG, Peeters BP, Thomas AA, Rottier PJ, Boot HJ (2002) Infectious bursal disease
virus capsid protein VP3 interacts both with VP1 , the RNA-dependent RNA polymerase,
and with viral double-stranded RNA. J Virol 76: 11301-11311

Tacken MG, van den Beuken PA, Peeters BP, Thomas AA, Rottier PJ, Boot HJ (2003)
Homotypic interactions of the infectious bursal disease virus proteins VP3, pVP2, VP4
and VP5: mapping of the interacting domains. Virology 312: 306-319

Yoder-Hill J, Pause A, Sonenberg N, Merrick WC (1993) The p46 subunit of eukaryotic
initiation factor (eIF)-4F exchanges with elF-4A. J Biol Chem 268: 55665573

Zhou W, Edelman GM, Mauro VP (2001) Transcript leader regions of two Saccharomyces
cerevisiae mRNAS contain internal ribosome entry sites that function in living cells. Proc
Natl Acad Sci USA 98: 1531-1536

Author’s address: Mirriam G. J. Tacken, Free University Medical Center (VUmc),

Medical Genomics, Room J-376, Van der Boechorstraat 7, 1081 BT Amsterdam, The
Netherlands; e-mail: Tacken@cncr.vu.nl



