JOURNAL OF VIROLOGY, Feb. 2001, p. 1879-1887
0022-538X/01/$04.00+0 DOI: 10.1128/JV1.75.4.1879-1887.2001

Vol. 75, No. 4

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Alfalfa Mosaic Virus Replicase Proteins P1 and P2 Interact
and Colocalize at the Vacuolar Membrane

MAURICE W. VAN DER HEIJDEN,' JAN E. CARETTE,?> POULA J. REINHOUD,'
ANITA HAEGIL,' anp JOHN F. BOL'*

Institute of Molecular Plant Sciences, Gorlaeus Laboratories, Leiden University, 2300 RA Leiden," and
Laboratory of Molecular Biology, Wageningen University & Research Centre,
6703 HA Wageningen,” The Netherlands

Received 14 August 2000/Accepted 9 November 2000

Replication of Alfalfa mosaic virus (AMV) RNAs depends on the virus-encoded proteins P1 and P2. P1
contains methyltransferase- and helicase-like domains, and P2 contains a polymerase-like domain. Coimmu-
noprecipitation experiments revealed an interaction between in vitro translated-P1 and P2 and showed that
these proteins are present together in fractions with RNA-dependent RNA polymerase activity. A deletion
analysis in the yeast two-hybrid system showed that in P1 the C-terminal sequence of 509 amino acids with the
helicase domain was necessary for the interaction. In P2, the sequence of the N-terminal 241 aa was required
for the interaction. In infected protoplasts, P1 and P2 colocalized at a membrane structure that was identified
as the tonoplast (i.e., the membrane that surrounds the vacuoles) by using a tonoplast intrinsic protein as a
marker in immunofluorescence studies. While P1 was exclusively localized on the tonoplast, P2 was found both
at the tonoplast and at other locations in the cell. As Brome mosaic virus replication complexes have been found
to be associated with the endoplasmic reticulum (M. A. Restrepo-Hartwig and P. Ahlquist, J. Virol. 70:8908—
8916, 1996), viruses in the family Bromoviridae apparently select different cellular membranes for the assembly

of their replication complexes.

The alphavirus-like superfamily comprises a large number of
animal and plant viruses sharing the properties of a capped,
positive-stranded RNA genome and homologies in their RNA
replication proteins. Despite homologies between the guanyly-
transferase/methyltransferase-like (MT), helicase-like (HEL),
and polymerase-like (POL) domains, they may be expressed as
parts of a single protein or as separate entities distributed over
two or three proteins. Little is known about the nature of the
interactions between these polypeptides and the ratio in which
they are present in the viral replication complex, although
purified RNA-dependent RNA polymerases (RdRp) have
been used extensively to study viral replication in vitro. We
have studied the interactions between the replicase proteins of
Alfalfa mosaic virus (AMV) and their in situ localization to
gain insight in the assembly of the replication complex.

AMYV is the type species of the genus Alfamovirus. It belongs
to the Bromoviridae family of plant viruses, all having a tripar-
tite RNA genome of messenger-sense polarity. RNA 3 encodes
the movement protein (MP) and, via a subgenomic mRNA 4,
the coat protein (CP). RNAs 1 and 2 encode the P1 and P2
replicase proteins, respectively. The N terminus of P1 contains
a domain with sequence homology to the domains involved in
RNA capping of the alphavirus Semliki Forest virus (SFV) nsP1
protein and the more closely related Brome mosaic virus
(BMYV) 1a protein (1, 2, 41). The C-terminal end of P1 has
homology to the alphavirus-like supergroup of HEL domains
(17, 22), including the SFV nsP2 protein, for which helicase
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activity was recently shown in vitro (16). The P2 protein con-
tains a central domain with sequence motifs conserved among
many polymerases, including the presence of the Mg>*-bind-
ing GDD motif (3, 26). The N terminus of P2 does not contain
conserved sequence elements. The corresponding sequence of
the BMV 2a polymerase protein has been shown to interact
with the HEL domain of the BMV la protein (23).

In addition to P1 and P2, CP is involved in AMYV replication
(reviewed in reference 4). CP in the inoculum is required in a
step prior to viral minus-strand RNA synthesis, possibly trans-
lation of the inoculum RNAs (31, 32). Subsequently, CP ex-
pressed from RNA 3 is required for viral plus-strand RNA
accumulation in vivo (31, 48) and in vitro (11).

The replication complexes of all eukaryotic positive-strand-
ed RNA viruses studied so far are associated with intracellular
membranes. Alphavirus RNA replicase proteins are localized
on the cytoplasmic surface of endosomes and lysosomes, prob-
ably connected with the 50-nm membrane-associated vesi-
cles that occupy these organelles (14). Endoplasmic reticu-
lum (ER)-derived 50- to 100-nm cytoplasmic vesicles detected
in bromovirus-infected plants localize with the site of replica-
tion of BMV (39). Replication complexes of other plant viruses
are localized in vesicular structures derived from chloroplast
membranes or believed to be associated with vesicles on the
tonoplast, i.e., the membrane surrounding the vacuoles (19,
29).

In this paper we provide in vitro and in vivo evidence for the
interaction between the AMV P1 and P2 replication proteins
and show that the HEL domain of P1 and the nonconserved N
terminus of P2 are involved in this interaction. In addition, we
found a colocalization of P1 and P2 at the tonoplast of infected
cowpea protoplasts.



1880 VAN DER HEIJDEN ET AL.

MATERIALS AND METHODS

Construction of two-hybrid plasmids. AMV P1 and P2 genes were fused to the
binding and activation domains of GAL4 encoded by the yeast expression vectors
pGBT9, pGAD424, pAS2-1, and pACT2 (Clontech) as follows. The P1 coding
sequence plus 3’ untranslated region (3'-UTR) and nos-terminator were excised
from pCal7T-Nco (52) with Ncol and Pvull. This sequence was ligated into a
Ncol-Smal digested pUC21 plasmid to give pUC-P1. The P1 sequence was
removed using Xhol and PstI and ligated into Sa/l-PstI digested pGBT9, giv-
ing clone pBP1 (1-1126). Similarly, a Xhol-BamHI fragment was cloned in
pGAD424 digested with Sall and Bg/II, to yield plasmid pAP1(1-1126). The
resulting fusion proteins contain a 14-amino-acid (aa) linker peptide at the
junction with P1.

N- and C-terminal deletions of P1 were made by digesting pBP1(1-1126) or
pAP1(1-1126) with the appropriate endonucleases. T4 DNA polymerase was
used to generate blunt ends. The following enzymes were used (P1 amino acids
encoded by the restriction fragments are given in parentheses): Smal-Ndel (135
to 1126), BamHI-Hpal (340 to 1126), BamHI-PinAl (509 to 1126), BamHI-
EcoRV (618 to 1126), BamHI-BspEI (654 to 1126), EcoRI (684 to 1126), and
PinAI-PstI (1 to 509). Additional C-terminal deletions were obtained by Bgl/II-
Pst1 digestion (509 to 997 and 618 to 997). Ligation of an Ncol-EcoRI P1-
encoding fragment from pCal7T-Nco in pAS2-1 and pACT?2 resulted in clones
pBP1(1-686) and pAP1(1-686).

Part of P2 was amplified by PCR from pUT27A (infectious clone of RNA 2)
(31) using a primer that introduces an Ndel restriction site around the start
codon and a primer complementary to nucleotides 789 to 806 of RNA 2. The
PCR product was digested with Ndel and SspI (position 612) and ligated in
Ndel-Smal-digested pUC21. An Xhol (position 262)-Stul fragment of the result-
ing clone was replaced by an XholI-Smal sequence excised from pUT27A, yield-
ing pUC-P2. This plasmid was digested by Ndel, treated with T4 DNA polymer-
ase, and digested with PstI. The fragment containing the P2 open reading frame
and RNA 2 3'-UTR was ligated in pGAD424 and pGBTY, each digested with
Smal and Pstl, yielding AP2 and BP2, respectively. This resulted in the addition
of a 4-aa linker peptide at the junction of the open reading frames.

N- and C-terminal deletions of P2 were made by digesting pAP2(1-790) or
pBP2(1-790) with the appropriate endonucleases, and T4 DNA polymerase was
used to generate blunt ends. The following enzyme combinations were used (P2
amino acids encoded by the restriction fragments are given in parentheses):
PmlI-PstI (1 to 608), EcoRV-PstI (1 to 478), PinAI-PstI (1 to 352), XmnI-PstI (1
to 241), Eco4TII-PstI (1 to 156), BamHI-PinAlI (1 to 44 and 352 to 790), and
EcoRI-Clal (516 to 790). EcoRI (76 to 478, 76-352, and 76-241) or BamHI-
EcoNI (118 to 478) was used to make additional N-terminal deletions. pBP2
(352-790) was constructed by ligation of a P2 fragment, isolated from pUC-P2 by
digestion with PinAl and Pst], to pAS2-1 previously cut with Ndel and PstI.

All enzymes used were from GIBCO/BRL, and all enzymatic incubations were
performed under conditions recommended by the supplier. All recombinant
DNAs were checked by restriction mapping and nucleotide sequence analysis.

Construction of other plasmids. pCaHA17T gives Cauliflower mosaic virus 35S
promoter-driven expression of the P1 protein with an N-terminal fusion to a
hemagglutinin (HA) tag. Plasmid pCal7T-Nco (52) was digested with Ncol. The
HA sequence was inserted by ligation of a synthetic DNA fragment, obtained by
hybridization of two oligonucleotides, CATGTACCCATACGATGTTCCAGA
TTACGC and CATGGCGTAATCTGGAACATCGTATGGGTA.

For the construction of pMON-HA-SITIP, pPE1000 (18) was first modified to
allow in-frame fusion of the HA epitope-coding sequence with the cDNA of a
tonoplast intrinsic protein (y-TIP) (20). The QuickChange site-directed mu-
tagenesis method (Stratagene) was used to create an Xbal site upstream and to
remove four bases downstream of the HA epitope, using suitable primers. From
the resulting plasmid, an Xbal-EcoRI fragment was removed and ligated in the
multiple cloning site of pMON999 (46), giving pMON-HA. The complete coding
sequence of y-TIP was released as an EcoRI fragment from pGADI10-TIP, a
clone isolated from an Arabidopsis cDNA library (J. E. Carette, unpublished
results). This fragment was ligated in pMON-HA digested with the same enzyme.

Plasmids pT7LA4P1 and pT7L4P2 encode RNAs 1 and 2, respectively, with the
5'-UTRs replaced by the 5'-UTR of RNA 4. They were constructed by replacing
the CP gene and 3'-UTR in the cDNA 4 clone pT72-42NcoCP (49) (Ncol-EcoRI
fragment) by a ¢cDNA 1 sequence with the P1 gene and 3'-UTR (to yield
pT7LA4P1) or a cDNA 2 sequence with the P2 gene and 3'-UTR (to yield
pT7LA4P2). The cDNA 1 sequence was derived from plasmids pUT17A (31)
(Ncol-EcoRI fragment) and pCal7T-Nco (52) (Ncol-Ncol fragment). The
cDNA 2 fragment was derived from plasmid pCa27T-Nco (52) (NcoI-Sphl frag-
ment). The sequence downstream of the initiation codon in pT7L4P2 was re-
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stored to the wild-type P2 sequence using the Promega Altered Sites in vitro
mutagenesis system with primer AATACTTCCATCATGTTCACTCTTTTG.

pGEX-NP2 encodes a protein with aa 43 to 349 of P2 fused to the C terminus
of glutathione S-transferase (GST). Vector pGEX-2T (Amersham Pharmacia
Biotech) was digested with EcoRI. A ¢cDNA 2 fragment was cut from pCa27T
using BamHI and Dral. Vector and insert were treated with T4 DNA polymerase
and ligated together.

Antibodies. The P1-specific rabbit polyclonal antibody was directed against the
C-terminal aa 1100 to 1120 of P1 (51). For detection of CP, we used a rabbit
polyclonal CP-specific antibody. An N-terminal fragment of P2 was overex-
pressed as a GST fusion protein from pGEX-NP2 in Escherichia coli strain BL21,
cleaved with thrombin to remove the GST sequence, and used to immunize
rabbits for the production of anti-P2 polyclonal antiserum (Eurogentec). The
antibody against HA was a monoclonal mouse antibody (12CAS; Roche). The
fluorescein isothiocyanate (FITC)-labeled secondary antibodies were from Jack-
son Laboratories; the Alexa-568- labeled secondary antibodies were from Mo-
lecular Probes.

In vitro RNA transcription and translation. AMV P1, P2, MP, and CP were
translated from RNA transcripts of plasmids pT7L4P1, pT7L4P2, pAL3, and
pT72-42, respectively. Transcription of linearized plasmids with T7 RNA poly-
merase was done as described elsewhere (31, 47). In vitro translation was done
in a rabbit reticulocyte lysate according to the protocol provided by the manu-
facturer (Promega), with minor modifications.

Immunoprecipitation of in vitro translated proteins. Precipitation was per-
formed with 10 wl of in vitro-translated protein, in the presence of 400 pl of
NET-gel buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 0.2% Igepal CA630, 1 mM
EDTA, 0.25% teleostean gelatin) and 2.5 ul of antibody. The sample was incu-
bated at 4°C under continuous rotation. After 60 min, 50 ul of a 50% protein
A-Sepharose CL-4B (Amersham Pharmacia Biotech) solution in NET-gel was
added, and incubation was continued for another 60 min. The beads were washed
three times with 1-ml portions of NET-gel buffer and washed once with NET
buffer (which contains no gelatin). The beads were resuspended in 30 pl of
protein loading buffer (27), and the samples were boiled for 3 min and subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Af-
ter electrophoresis, the gel was fixed, dried, and exposed to X-ray film.

Immunoprecipitation of RARp complexes. Proteins were precipitated from 50
wl of RdRp glycerol fractions by 5 pl of antibody in the presence of 800 pl of
NET-gel buffer. The samples were incubated and washed as described above.
After electrophoresis, the gel was analyzed by the Western blot technique (45).

Protoplast infection and immunofluorescent labeling. Cowpea (Vigna un-
guiculata cv. Blackeye) mesophyl protoplasts were isolated and transfected with
plasmid DNA as described elsewhere (46). The same protocol was used for
infection of 5 X 10° protoplasts with 10 wg of phenol-extracted AMV RNA.
Protoplasts were incubated for 42 h at 25°C under continuous illumination.
Fixation and antibody incubations were performed as described previously (50).
Primary antibodies were diluted 1:100 (HA and P2 antibodies) or 1:1,000 (CP
antibody) in blocking buffer, which is phosphate-buffered saline containing 0.1%
acetylated bovine serum albumin (Aurion) and 0.02% teleostean gelatin (Sigma).
Goat anti-mouse or goat anti-rabbit antibodies conjugated to FITC or Alexa-568
were diluted 1:40 in blocking buffer. For nuclear staining, cells were incubated
for 15 min with a 5-ng/ml solution of propidium iodide in phosphate-buffered
saline-before the last washing step.

Confocal laser scanning microscopy (CLSM). Immunofluorescence images
were obtained with a Bio-Rad MRC-1024 ES confocal microscope. Images with
FITC-labeled antibodies were acquired with an excitation wavelength of 488 nm
and a 522 DF 32-nm band-pass filter. The Alexa-568 antibody and propidium
iodide nuclear stain were detected with a 568-nm laserline and 585-nm long-pass
filter. Images were acquired using one laserline at a time to minimize background
and merged later using the Confocal Assistant 4.02 software. Each experiment
was performed at least three times to ensure the reproducibility of the results.

Yeast two-hybrid system. All yeast experiments were performed with Saccha-
romyces cerevisiae strain PJ69-4A (21), which carries the adenine (A) and histi-
dine (H) reporter genes. Yeast cells were grown on minimal synthetic medium
plates containing methionine and uracil (MU plates) plus other selective com-
ponents if required. Binding domain (pB) and activation domain (pA) plasmids
carry tryptophan (T) and leucine (L) auxotrophic markers, respectively. Yeast
transformations were performed as described before (15). All pB and pA con-
structs were separately transformed to yeast and plated on MUAHL or MUAHT
medium. Single transformants were maintained on these media, and colonies
were replated to medium lacking A and H to test for activation of the reporter
genes. Combinations of pB and pA constructs were cotransformed and plated on
MUAH medium. After 2 to 3 days on MUAH plates, single colonies were
transferred to both MUAH and MU plates to test for interaction. Growth on
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FIG. 1. Examples of interactions between AMV proteins in the yeast two-hybrid system, 4 days after plating. Yeast cells were grown on medium
that does not select for interaction (MUAH) and medium that selects for adenine and histidine auxotrophy (MU). In the schematic representations
of P1 and P2 segments fused to the GAL4 binding domain (B) or activation domain (A) that were used to transform yeast cells, GAL4 sequences
are represented by black bars, MT, HEL, and POL, domains and the proline cluster (PC) are hatched, and deletions are shown as dotted lines.
Typical interactions are shown along with positive and negative controls (rows 12 and 1, respectively). Growth rates of yeast cells are indicated by
plus and minus signs as explained in the footnote to Table 1.
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TABLE 1. Summary of two-hybrid interactions tested for selective growth

Interaction with indicated activation domain fusion®

Binding

domain pAP2

pAP1 Other

fusion

1-790 1-608 1-478 76-478 1-352 76-352 1-241 76-241 1-156 118-478 1-44/352-790 1-1126 1-686 509-1126 pAD CP pGAD 424

340-1126 - -+ = 4+ - + -
509-1126 - = 44— 4+ -+ -

654-1126 - -
684-1126 - -
1-509 - -
1-686 -

pBP2
1-790
1-44/352-790 -
352-790 - -
516-790 - -

Other
pBCP - -
pGBT9 -

- - - +++

“ Blank, interaction not tested; —, no growth on selective medium within 6 days; +/—, growth within 5 to 6 days; +, growth within 4 days; + +, growth within 3 days;

+++, growth within 1 to 2 days.

selective medium was monitored over 6 days. Double transformations were
performed at least three times.

RdRp isolation and activity assay. The RdRp was purified from Nicotiana
benthamiana plants infected with AMV strain 425 as described previously (37),
omitting the DEAE ion-exchange chromatography step. The glycerol gradient
was subdivided into 16 fractions that were assayed for in vitro RdRp activity (37).

RESULTS

Interaction of P1 and P2 in the yeast two-hybrid system.
Viral sequences were fused to the C terminus of the activation
domain or DNA binding domain of GAL4. When the N-ter-
minal 352 aa of P2 were fused to the binding domain, the
construct showed activation of the ADE and HIS3 genes in the
absence of a P1 construct. Therefore, most of the P1 deriva-
tives were fused to the binding domain (pBP1 constructs),
whereas the P2 derivatives were mainly fused to the activation
domain (pAP2 constructs). In addition, we tested a few con-
structs with P1 or P2 sequences fused to the activation or DNA
binding domain, respectively (pAP1 and pBP2 constructs). Fig-
ure 1 shows schematic representations of the full-length P1 and
P2 proteins and a selection of pBP1 and pAP2 constructs that
were used in two-hybrid assays. Table 1 summarizes all P1-P2
interactions tested. None of the constructs shown in Fig. 1 or
Table 1 was able to self-activate the ADE and HIS3 selectable
marker genes. Western blot analysis revealed stable expression
in yeast of all fusion proteins shown in Fig. 1 (data not shown).
Growth of yeast on nonselective (MUAH) or selective (MU)
medium is shown in Fig. 1. No growth was observed using
full-length P1 and P2 (Fig. 1, row 2). However, cotransforma-
tion with several constructs encoding C-terminal P1 and N-
terminal P2 sequences resulted in growth of the yeast cells.
Growth of colonies within 1 to 2 days was found with the
C-terminal 618 aa of P1 [pBP1 (509-1126)] and the N-terminal
352 aa of P2 [pAP2 (1-352)] (Fig. 1, row 6; Table 1). N-

terminal extension of this P1 sequence in pBP1(340-1126) did
not affect this growth rate (Fig. 1, row 5), but truncation to a
sequence corresponding to the C-terminal 509 aa of Pl
[pBP1(618-1126)] strongly reduced the growth rate (Fig. 1,
row 7). When the C terminus of the P1 sequence in pBP1(509-
1126) was truncated by deleting 129 aa [pBP1(509-997)], the
growth of yeast colonies was abolished (Table 1). When the P2
sequence in pAP2(1-352) was reduced to a sequence corre-
sponding to the N-terminal 241 aa of P2 [pAP2(1-241)],
growth was reduced (Fig. 1, compare rows 6 and 11). Further
deletions at the N terminus [pAP2(75-242) and pAP2(75-
351)] or C terminus [pAP2(1-157)] of this P2 sequence abol-
ished growth (Table 1). With the N-terminal sequence of P1
(aa 1 to 509 or 1 to 686), no interaction with any P2 sequence
was detectable (Table 1). Similarly, no interaction was found
between C-terminal domains of P2 and any P1 sequence tested
(Table 1).

CP is known to be present in purified AMV RdRp prepa-
rations (37). In the two-hybrid system, a strong CP-CP inter-
action is detectable (44), resulting in fast growth on selective
medium (Fig. 1, row 12; constructs pADCP and pBCP in Table
1). However, no interaction of CP could be detected with any
of the P1 or P2 domains tested in the two-hybrid system (Table
1). In addition, in yeast transformed with several combinations
of two P1 constructs or two P2 constructs, no evidence for a
P1-P1 or P2-P2 interaction was obtained (Table 1).

Coimmunoprecipitation of in vitro-translated P1 and P2. To
confirm the interaction observed in the two-hybrid system, P1
and P2 were translated in a cell-free system and interaction
between the translation products was analyzed by coimmuno-
precipitation. This assay was also used to analyze a possible
interaction of P1 or P2 with other AMV proteins. Figure 2A
shows the products obtained by translation of the AMV pro-
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FIG. 2. Immunoprecipitation of in vitro-translated proteins. AMV
P1, P2, MP, and CP and luciferase (Luc.) were translated in a rabbit
reticulocyte lysate in the presence of [>>S]methionine, and samples of
the translation mixtures were analyzed by SDS-PAGE (A). The re-
maining parts of the translation mixtures were incubated with nonla-
beled P2 (except the lane 1, to which no P2 was added) (B) and
subjected to immunoprecipitation with a polyclonal anti-P2 serum
followed by SDS-PAGE. The labeled proteins in the translation mix-
tures are indicated above the lanes. Positions of molecular size mark-
ers (in kilodaltons) are indicated between the panels.

teins P1, P2, MP, and CP, along with luciferase as a control: in
Fig. 2B, the radiolabeled translation products were mixed with
unlabeled P2 and subjected to precipitation with a P2 anti-
serum. Labeled P1 coprecipitated with P2 (Fig. 2B, lane 2), but
MP, CP, and luciferase did not. The P2 antiserum did not
precipitate P1 in the absence of P2 (Fig. 2B, lane 1). Addition
of RNase A (0.1 pg ml™ ") to the translated proteins before
binding had no affect on precipitation (data not shown). These
results corroborate the interactions observed in the two-hybrid
system between P1 and P2 and the finding that an interaction
between replicase proteins and CP was not detectable. The fact
that interaction between full-length P1 and P2 was detectable
by coimmunoprecipitation but not in the two-hybrid system
may be due to steric hindrance caused by the activation or
DNA binding domains in the yeast system or impaired nuclear
import of these large fusion proteins.

Coimmunoprecipitation of P1 and P2 from purified RdRp.
AMYV RdRp was solubilized from membrane structures sedi-
menting at 30,000 X g and centrifuged in a glycerol gradient
(37). The gradient was subdivided into 16 fractions, each of
which was analyzed for polymerase activity by an in vitro RdARp
assay and for the presence of P1, P2, and CP by Western
blotting. Over 80% of the total RdRp activity was present in
fractions 8 to 11, with a peak of 37% in fraction 9 (Fig. 3A).
The sedimentation pattern of P1 (Fig. 3B) closely corre-
sponded to the distribution of the RdRp activity. P2 was
present in all fractions that showed RdRp activity, but the
majority of P2 was found in the top fractions of the gradient
that showed little or no RdRp activity (Fig. 3C). The antiserum
against CP detected CP monomers as well as CP dimers. CP
monomers were found in all fractions of the gradient, partic-
ularly in the top and botton fractions, with relatively little CP
in the fractions that contained RdRp activity (Fig. 3E). CP
dimers were found exclusively in the top fractions and did not
cosediment with RdRp activity. We do not know why these
dimers do not dissociate in the presence of SDS and reducing
agents in the gel loading buffer.
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FIG. 3. Analysis of AMV RdRp by glycerol gradient centrifuga-
tion. Samples from each gradient fraction were assayed for RdRp
activity (A) and analyzed by Western blotting (B to E). RdRp activity
was measured in vitro, using plus-strand AMV RNA 3 as the template;
a gel run with the radiolabeled minus-strand RNA 3 products is shown.
Western blots were analyzed using polyclonal antibodies against AMV
proteins P1 (B), P2 (C), and CP (D and E). The antiserum against CP
detected CP dimers and monomers, which are separately shown in
panels D and E, respectively. Sedimentation is from right to left.

Fraction 9 of the gradient shown in Fig. 3 was incubated with
antiserum against P1, P2, or CP or with preimmune serum.
After incubation with protein A-Sepharose, the immunopre-
cipitates were run on an SDS-gel and analyzed by Western
blotting using the P1 (Fig. 4A) or CP (Fig. 4B) antiserum. P1
was detectable in immunoprecipitates obtained with the P1
and P2 antisera but not in precipitates obtained with the CP or
preimmune serum (Fig. 4A). CP was detectable in the precip-
itate obtained with the CP antiserum but not in any of the
other three precipitates (Fig. 4B). These results support the
notion that P1 and P2 are both subunits of the RdRp complex,
while no interaction of CP with this complex was detectable.

Localization of P1 and P2 in infected cowpea protoplasts. A
possible colocalization of P1 and P2 in AMV-infected cowpea
protoplasts was analyzed by immunofluorescence CLSM. Us-
ing antibodies against CP, it was determined by immunofluo-
rescence that 10 to 50% of the protoplasts were infected. The
P1 antibody did not give a specific signal in any of the cells
(results not shown). The P2 antibody gave a faint signal
throughout the cytoplasmic part of the cell and distinct label-
ing of the tonoplast (Fig. 5A). Labeling was not concentrated
around or near the nucleus (propidium iodide staining shown
in blue).

N. benthamiana plants were inoculated with wild-type AMV

Antibody used for precipitation:

FIG. 4. Immunoprecipitation of RdRp complexes. RdRp purified
by glycerol gradient centrifugation (Fig. 3, fraction 9) was subjected to
immunoprecipitation with a polyclonal antiserum against P1, P2, or CP
or with preimmune (P.I.) serum, as indicated. The immunoprecipitates
were analyzed by Western blotting using antiserum against P1 (A) or
CP (B). The positions of P1 and CP are indicated at the right.
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FIG. 5. In situ localization of P1 and P2 in AMV-infected cowpea
protoplasts by immunofluorescence microscopy. Each column of im-
ages shows the analysis of a single protoplast, stained with a specific
antiserum (left) and with propidium iodide to reveal the nucleus (mid-
dle); merge of the two stained images are shown at the right (A) Two
different protoplasts infected with wild-type (wt) AMV that were an-
alyzed with a polyclonal antiserum against P2. (B) Two different pro-
toplasts infected with AMYV that was engineered to express HA-tagged
P1. The protoplasts were analyzed with an antiserum against the HA
epitope. (C) Protoplast transfected with a plasmid expressing y-TIP
fused to an HA epitope. The protoplast was analyzed with an anti-
serum against the HA epitope. Bar = 10 pm.

prop. iodide merged

c¢DNA 2 and 3 clones and a ¢cDNA 1 clone encoding a P1
protein with the N terminus extended with an HA epitope. The
modified virus accumulated at wild-type levels and expressed
the HA-P1 protein (results not shown). RNA extracted from
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the purified chimeric virus was used to inoculate cowpea pro-
toplasts. Analysis of the protoplasts by immunofluorescence
CLSM with an HA antibody showed a clear signal of tonoplast-
associated HA-P1 in 10 to 50% of the cells (Fig. 5B). This
percentage is similar to the percentage of fluorescent proto-
plasts obtained with antibodies against P2 or CP. Double la-
beling with HA and P2 antibodies showed a clear colocaliza-
tion of P1 and P2 around the vacuole (Fig. 6A). CP was
detected throughout the cytoplasm, with no distinct pattern
around the vacuole (Fig. 6B). The HA and P2 antibodies did
not show background labeling of healthy protoplasts (Fig.
6D).

Colocalization with y-TIP. When transfected to cowpea pro-
toplasts, plasmid pMON-HA-SITIP expressed y-TIP fused N-
terminally to the HA tag. The HA antibody detected the pro-
tein exclusively at the tonoplast and sometimes around small
vesicles (Fig. 5C). Cowpea protoplasts cotransfected with wild-
type AMV RNAs and pMON-HA-SITIP were double labeled
with antibodies against HA and P2. The y-TIP and P2 proteins
were found to colocalize at the tonoplast (Fig. 6C, merged
pictures). The white-field picture shown in Fig. 6E corresponds
to the protoplast analyzed in the lower panels of Fig. 6C. These
results confirm that the colocalization of P1 and P2 (Fig. 6A)
occurs at the tonoplast.

DISCUSSION

P1 and P2 replication proteins interact in vitro and in vivo.
The AMV P1 and P2 proteins show similarities with their
BMV 1a and 2a counterparts in amino acid sequence and in
the organization of the MT, HEL, and POL domains. Thus, it
was expected that AMV P1 and P2 would interact in the same
way as reported for BMV 1la and 2a (23, 24). The AMV P1-P2
interaction was demonstrated by co immunoprecipitation of
full-length in vitro-translated proteins and of RdARp complexes
purified from infected plants. Application of the yeast two-
hybrid system permitted the identification of C-terminal se-
quences of P1 and N-terminal sequences of P2 that are in-
volved in the P1-P2 interaction.

The HEL domains of BMV 1la and AMV P1 are part of
protease-resistant domains, which start with a proline cluster
and end at the C termini of the proteins (34) (domains indi-
cated in Fig. 1). For the 1a protein, this protease resistance was
destroyed by a small C-terminal deletion or by N-terminal
deletions that remove the proline cluster. The study by
O'Reilly et al. (34) showed a good correlation between the
presence of the protease-resistant domain and the ability of 1a
to interact with 2a in the LexA two-hybrid system. In the AMV
P1 protein, the protease-resistant domain and proline cluster
are present between aa 654 and 1126 (34), but no interaction of
this sequence with the N terminus of P2 was detectable in our
GALA4 two-hybrid system. The slightly longer P1 sequence of
aa 618 to 1126 showed a relatively weak interaction with P2, as
suggested by the growth rate of the yeast cells. Extension of the
P1 sequence to aa 509 to 1126 was required in our assays to
obtain maximum growth. The P1 sequence upstream of the
proline cluster may act as a spacer preventing the GAL4 DNA
binding domain from interfering with proper folding of the
protease-resistant domain, or it may directly be required for
interaction with P2.
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A. HA-P1 infected

a-HA a-P2 merged

B. HA-P1 infected

a-HA

a-CP merged

C. transfected with HA-SITIP

a-HA

a-P2 merged

D. healthy E. white field
a-HA a-P2

FIG. 6. Analysis of the colocalization of P1, P2, and CP in AMV-
infected cowpea protoplasts by immunofluorescence microscopy. Each
column of images shows the analysis of a single protoplast: left and
middle, protoplasts analyzed with specific antisera; right, the left and
middle images merged. (A) Two protoplasts infected with AMV that
was engineered to express HA-tagged P1. The protoplasts were
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The (putative) polymerases of alphavirus-like viruses, which
express their HEL and POL domains in separate proteins,
have N termini with very low sequence similarity (ProDom
2000.1 database) (8). The finding that for BMV this N termi-
nus links the POL protein to the MT/HEL protein led to the
hypothesis that this N terminus coordinates the assembly of a
balanced number of MT/HEL and POL units in replication
complexes (23, 33). Our finding that the N-terminal 242 aa of
AMYV P2 are required for interaction with the HEL domain of
P1 further supports the proposed role of N termini of POL
proteins. The la proteins of BMV, Cowpea chlorotic mottle
virus and Cucumber mosaic virus (CMV) are able to form
homodimers, and it has been suggested that the 2a protein
interacts with a 1a dimer in the replication complex (33, 35). A
similar stoichiometry of two MT and HEL domains to one
POL domain has been observed in the complex of the 126K
and 183K replicase proteins of Tobacco mosaic virus (TMV)
(53). For BMV, la-1a dimerization involved MT-MT as well as
MT-HEL interactions (35). We did not observe an interaction
between full-length AMV P1 proteins in the two-hybrid sys-
tem, although we could detect the protein on Western blots of
yeast extracts (data not shown). This may be due to the rela-
tively large size of the protein (13). However, we were also
unable to detect dimer formation of the MT domain present in
the N-terminal P1 sequence of aa 1 to 686 [Table 1, vectors
pBP1(1-686) and pAP1(1-686)]. Moreover, no interaction of
this sequence was observed with C-terminal sequences of P1
that contain the HEL domain (Table 1). In addition, we did
not find evidence for a P2-P2 interaction. It is interesting that
fusions of the N-terminal sequences of AMV P2 (this study)
and BMV 2a (33) to a DNA binding domain both resulted in
self-activation of the selectable marker in yeast although the
two sequences show very little similarity. The possibility that
P2 and 2a act as transcriptional activators cannot be ruled out.

It has been proposed that the stimulatory effect of CP on
plus-strand AMV RNA synthesis in an in vitro assay is trig-
gered by association of CP with the viral RdRp (11). We did
not observe an interaction of CP with P1 or P2 in the two-
hybrid system or by coimmunoprecipitation assays of in vitro-
translated proteins. Also, our inability to precipitate the P1
present in the purified RdRp by a CP antiserum, or CP by a P1
or P2 antiserum, suggests that CP does not interact with the
enzyme through a P1-P2 complex or via a putative host subunit
of the enzyme. Possibly, CP stimulates plus-strand RNA syn-
thesis by its RNA binding activity.

Replication proteins localize at the tonoplast. Infection of
plant cells by many positive-strand RNA viruses is accompa-
nied with the appearance of vesicular structures that originate
from various cellular membranes. For a few viruses it has been
shown that the viral RdRp and synthesis of viral RNA are

analyzed with antisera against the HA epitope (left) and P2 (middle).
(B) Protoplast infected with AMV that was engineered to express
HA-tagged P1. The protoplast was analyzed with antisera against the
HA epitope (left) and CP (middle). (C) Two protoplasts transfected
with a plasmid expressing y-TIP fused to an HA epitope. The proto-
plasts were analyzed with antisera against HA (left) and P2 (middle).
(D) Healthy protoplasts analyzed with antisera against the HA epitope
(left) and P2 (middle). (E) White-field picture of the lower protoplast
shown in panel C. Bar = 10 pm.
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associated with these structures; for others, the accumulation
of these structures has been observed only by electron micros-
copy, and their role in RNA replication is unproven (reviewed
in references 10 and 28). Induction of vesicular structures by
Cowpea mosaic virus (CPMV) is due to proliferation of the ER
membrane and requires de novo biosynthesis of lipids (6).
TMV also replicates at the ER membrane, but replication is
not dependent on de novo lipid synthesis and the membrane
aggregates appear to be derived from preexisting ER (6, 38).
Replication of Turnip yellow mosaic virus is associated with
small virus-induced invaginations of the chloroplast membrane
(29). Similar 50- to 70-nm vesicles are abundant at the tono-
plast of umbravirus-infected cells (12, 30).

The family Bromoviridae consists of the genera Alfamovirus,
llarvirus, Bromovirus, Cucumovirus, and Oleavirus (36, 43). So
far, replication proteins have been localized only in bromovi-
rus-infected cells. Many ER-derived vesicles have been de-
tected adjacent to the nuclei of bromovirus-infected cells, and
the BMV 1la and 2a proteins colocalize with these structures (5,
25, 39, 40). Here, we showed that the AMV replicase proteins
P1 and P2 colocalize at the tonoplast of infected cells. This in
situ localization was verified by using an intrinsic tonoplast
protein as marker. In sucrose gradients of homogenates of
AMV-infected cells, RdRp activity has been reported to co-
sediment with chloroplasts and chloroplast membranes (9), but
these fractions may have contained tonoplast structures as
well. Although P1 was found exclusively at the tonoplast of
infected protoplasts, P2 was detectable both at the tonoplast
and in the cytoplasm. The cytoplasmic fraction of P2 may
correspond to P2 that was detectable in the top fractions of the
gradient shown in Fig. 3. Alternatively, this slow-sedimenting
P2 may have been released from replication complexes during
solubilization of the RdRp. The BMV 1a protein contains the
sorting signal for targeting of la and 2a to the ER (7, 40). By
transient expression of P1 and P2 fused to the green fluores-
cent protein, we are currently investigating the signals respon-
sible for targeting of the AMYV replicase to the tonoplast.

The generation of ER-derived vesicles in CPMV- and TMV-
infected cells is accompanied by drastic alterations of the en-
domembrane system (6, 38). No structural changes of the ER
were observed in N. benthamiana plants infected with AMV
(Carette, unpublished). By electron microscopy, tonoplast-as-
sociated vesicles have been observed in AMV-infected leaf
tissue, appearing before cytoplasmic virus particles could be
detected (28, 42; J. van Lent, personal communication). Sim-
ilarly, the formation of tonoplast-associated vesicles protrud-
ing into the vacuole has been reported for cucumovirus-in-
fected cells (19, 28) and was occasionally seen in cells infected
with the ilarvirus Tobacco streak virus (28). The CMV-induced
vesicles were found to contain double-stranded RNA, pointing
to a role of these vesicles in RNA replication (19). Our finding
that AMV P1 and P2 co-localize at the tonoplast corroborates
the assumption that this membrane is the site of replication of
alfamo-, ilar-, and cucumoviruses. Replication at the tonoplast
or ER may be used as a diagnostic tool to further clarify the
taxonomy of viruses in the family of Bromoviridae.
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