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The filamentous virion of the closterovirus Beet yellows virus (BYV) consists of a long body formed by the
major capsid protein (CP) and a short tail composed of the minor capsid protein (CPm) and the virus-encoded
Hsp70 homolog. By using nano-liquid chromatography-tandem mass spectrometry and biochemical analyses,
we show here that the BYV 64-kDa protein (p64) is the fourth integral component of BYV virions. The
N-terminal domain of p64 is exposed at the virion surface and is accessible to antibodies and mild trypsin
digestion. In contrast, the C-terminal domain is embedded in the virion and is inaccessible to antibodies or
trypsin. The C-terminal domain of p64 is shown to be homologous to CP and CPm. Mutation of the signature
motifs of capsid proteins of filamentous RNA viruses in p64 results in the formation of tailless virions, which
are unable to move from cell to cell. These results reveal the dual function of p64 in tail assembly and BYV
motility and support the concept of the virion tail as a specialized device for BYV cell-to-cell movement.

Despite the enormous variation in molecular architecture,
virions of all viruses share the primary function of encapsida-
tion and protection of the virus genome. In addition, virions
have more specialized roles at various steps of virus infection.
Virions of bacteriophages and animal viruses mediate interac-
tions with the cell surface receptors and subsequent entry and
activation of the virus genome (17). In particular, some bacte-
riophages have specialized molecular assemblies that puncture
cells and/or eject the genome from the virion (20, 31, 48).
Virions of animal viruses, such as poxviruses, herpesviruses,
and lentiviruses, are capable of translocation within and be-
tween cells by hijacking cellular motility systems (19, 37).

For plant viruses, active cell-to-cell movement is one of the
critical aspects of the life cycle. Therefore, all nondefective
plant viruses evolved to encode dedicated movement proteins
(MPs) that translocate the virus toward and through the plas-
modesmata, the organelles responsible for intercellular com-
munication in plants (9, 25, 27, 33). Some plant viruses move
from cell to cell in a nonvirion form, whereas others require
functional capsid proteins (CPs) and virion formation for their
movement (8, 9, 25). In particular, CP-dependent movement
has been described in members of the genera Comovirus and
Caulimovirus. The icosahedral virions of these viruses are
translocated intercellularly inside MP-induced tubules that tra-
verse plasmodesmal channels of neighboring cells (22, 49).
Among filamentous viruses, members of the Potexvirus and
Potyvirus genera require functional CPs for cell-to-cell move-
ment (10, 14). However, it remains unclear whether these
viruses are actually translocated as virions (26, 40, 41).

A striking relationship between virion morphology and cell-
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to-cell movement has been revealed in Closteroviridae, a large
family of plant positive-strand RNA viruses (5, 21). Unlike
other filamentous viruses of plants, which have uniform struc-
ture, virions of closteroviruses consist of two distinct morpho-
logical units, a long body and a short tail (2, 50). The body and
tail both show helical symmetry of the protein subunits, which
is typical of all elongated viruses, and consist of the homolo-
gous major and minor CPs (CP and CPm), respectively. The
gene for CPm most likely evolved via tandem gene duplication
in an ancestral closterovirus (7). In addition to CP and CPm,
minor amounts of two other closterovirus proteins copurify
with virions and are thought to be involved in virion assembly
or stabilization (43, 50). One of these proteins, an Hsp70 ho-
molog (Hsp70h), has been recently shown to be an integral
virion component (32) that is specifically required for tail as-
sembly (5). The role of another protein of ~60 kDa (p64),
which is conserved among closteroviruses, has remained ob-
scure.

At least five proteins encoded in the ~16-kb genome of Beet
yellows virus (BYV), the prototype closterovirus, are essential
for cell-to-cell movement (Fig. 1A) (4, 36). One of these is a
small hydrophobic protein of ~6 kDa (p6). The others include
the integral virion components CP, CPm, and Hsp70h, as well
as p64. These results indicated that the unusually complex
BYYV virions have a critical role in virus movement. Further
studies revealed a strict correlation between the assembly of
the tailed virions and the ability of the virus to move from cell
to cell (5). Suppression of tail assembly by mutation of CPm or
Hsp70h resulted in the formation of tailless virions, which were
competent for genome protection and infectivity assayed on
single cells but were defective in cell-to-cell movement. These
results prompted the hypothesis that the closterovirus tail was
a specialized movement device powered by the ATPase activity
of Hsp70h (5).

Here we identify p64 as the fourth integral component of



2378 NAPULI ET AL.

Proteinase,

Replicational enhancer,
Invasiveness

'

Replication

L-Pro MET

B

CP_BYV_9627409
CP_CTV_304565
CP_PMWAV2_304565
CPm_BYV_10179924
CPm_CTV_806745
CPm_PMWAV2_10179925
p64_BYV 3283080

P61l _CIV 11414869
p46_PMWAV2 10179923
consensus

54-161
80-183
156-258
72-174
94-198
343-448
357-460
346-455
267-370

LGLCLYSCATIGTSNKVNVQPTSTFI
IAMMLYRLAVKSSSLQSDDDTTGITY
YFIHLIQLA-ITFSTSKNSEYKEFDY
LAFALIRAANITTSTKVNYVGAYEYT
LTMIQKRLYTISTSTKTKFRDKGCIS
LITAMIQLCVTYSTVKNmMIIKKEYYV
RWVGFHCYYGVFRTAQTRKVKRDAEY
RWAGMFVYYGIYRCAVDRVVERPALF
AMVTILLWYSIYGTNKTRLKKRYRYF

hh hh hh h pp P P h

J. VIROL.
Replicational
Quintuple Gene Block: enhancer
Cell-to-cell movement
1" Hsp70h CPm D20

pé
| 1 T

Virion assembly  Systemic

transport
31 NKL ECFCRTFQKDYISLRK 11 ANRHGLPAEDHYLAA EFISTS
28 NAL |JYVWGRTNDALYLAFCR 10 PLDAGIPAGYHYLCA [BFLTGA
28 NPF PQYMRYFTSSSITLTL 13 MAHHGVPKQFFAYTY |[pFIDPD
27 NPV WTFCATFEDAYIVIAR 10 IGKRGIPSGYEFLGA |WFLTAT
29 NAL NKFACTFEELHLCMAR 10 TTRAGTPHLKGYLSA [RFLSGS
30 NAL pBQYMRYFTYTTVYAMR 10 AAKHGVPKRFINYSF |»YCMLD
30 SVR KRFCGSLSHEAFSIFK 8 ITRLNVPVKYSYINV |pYYRHV
36 NIR MQFMGRHSKVALRLYR 8 ISSVRLPAHHGYLYV [BFYKRI
29 NIA QRYVCRYYSSVIFYSRK 9 RSLMDIEGILAYDTV [RALPVA
N J hh hpp hh + hp hh h jshh

FIG. 1. (A) Diagram of the BYV genome showing the ORFs that code for leader proteinase (L-Pro), replication-associated proteins possessing
putative methyltransferase (MET), RNA helicase (HEL), and RNA polymerase (POL) domains, a 6-kDa protein (p6), Hsp70h, a 64-kDa protein
(p64), CPm, CP, a 20-kDa protein (p20), and a 21-kDa protein (p21). (B) Multiple alignment of the CPs, CPm’s, and CP-like C-terminal domains
of the ~60-kDa proteins of three closteroviruses. The alignment was constructed with the MACAW program, and only the three conserved blocks
are shown (see text). The consensus line shows the amino acid residues that are present in the majority of the proteins in each of the three groups:
h indicates a hydrophobic residue, p indicates a polar residue, and a plus sign indicates a positively charged residue. The two signature residues
that are conserved in most of the coat proteins of elongated plant viruses are shown in white against a black background. The ranges of the aligned
regions in the corresponding protein sequences are indicated in front of each sequence; the values between the blocks are the lengths of the
variable spacers, which are not shown. Each protein is identified by its name, the virus name abbreviation, and the Gene Identifier (GI number)

from the NR database. PMWAV2, Pineapple mealybug wilt-associated virus 2 (30).

BYYV virions and show that it is essential for tail assembly. We
further show that p64 consists of a C-terminal domain that is
homologous to CP and a unique N-terminal domain. Mutation
of the signature motifs of the CPs in the C-terminal domain of
p64 abrogates cell-to-cell movement of BYV. These results
indicate that the bipartite morphology and the complex move-
ment function of the closterovirus virions evolved via triplica-
tion of the gene for CP and acquisition of additional RNA
sequences that encode Hsp70h and the N-terminal domain of
p64.

MATERIALS AND METHODS

Protein sequence analysis. The nonredundant (NR) protein sequence data-
base at the National Center for Biotechnology Information (NCBI; National
Institutes of Health, Bethesda, Md.) was searched by using the PSI-BLAST
program (3). Additionally, the NCBI Conserved Domain Database was searched
by using the RPS_BLAST program (28). Multiple alignments of protein se-
quences were constructed by using the MACAW program (46), with subsequent
manual refinement. Protein secondary-structure prediction was performed by
using the Jpred program (12).

Isolation, sedimentation, and stability of virions. BYV virions were isolated
from infected Nicotiana benthamiana plants and separated in 10 to 40% sucrose
density gradients as described previously (32). Virion preparations were used to
determine the stability of the p64-virion complexes in the presence of various
concentrations of LiCl. Reaction mixtures containing 100 pl of BYV virions (1
mg/ml) were incubated on ice for 1 hin 0, 0.5, 0.8, 1, 1.5, and 2 M concentrations

of LiCl (the final volume of reaction mixtures was 600 pl). Virions were pelleted
by ultracentrifugation at 100,000 X g for 1 h at 4°C, and their protein composi-
tion was analyzed as described below.

Nano-LC-MS/MS. Virion proteins were separated by sodium dodecyl sulfate
(SDS)-12.5% polyacrylamide gel electrophoresis (PAGE); an ~65-kDa protein
band was visualized by staining with 300 mM CuCl, for 5 min, cut out, and
destained; and in-gel trypsin digestion was performed overnight at 37°C as
previously described (47). The resulting tryptic peptides were separated by nano-
liquid chromatography (nano-LC) with a 40-cm PicoFrit column (New Objective,
Cambridge, Mass.) packed with 5 wm, 300-A-p0re-size, Luna C,g silica gel
particles (Phenomenex, Torrance, Calif.) as previously described (23). Nano-LC
was conducted by using exponential dilution to produce gradient separations
(15). To sequence tryptic peptides, online nano-LC-electrospray ionization tan-
dem mass spectrometry (MS/MS) was performed by using an LC-Q ion trap mass
spectrometer (Finnigan, San Jose, Calif.). The instrument was operated in the
full-scan mode with the spraying potential set to 2.5 kV (applied to the injector),
the temperature of the heated inlet capillary at 180°C, the capillary potential at
46 V, and the tube lens offset potential at 30 V. The maximum injection time was
50 ms. The instrument was set to acquire a mass spectrum between 400 and 2,000
m/z, followed by an MS/MS scan. For operation in the MS/MS mode, the
maximum injection time was increased to 500 ms, the isolation width was set to
2 Da, and the relative collision energy was set to 35% with a 30-ms activation
time. By using the instrument’s data-dependent algorithm, the most intense ion
from the full scan spectrum was selected for MS/MS if its signal exceeded 2 X 10*
counts. The peptide sequences were compared to those in the NR NCBI data-
base by using the Sequest search engine (Finnigan).

Analyses of virion composition. The PAGE and immunoblot analyses with
anti-CP and anti-CPm sera were conducted as previously described (5, 32). The
antisera to the N-terminal (amino acid residues 2 to 218) and C-terminal (resi-
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dues 305 to 553) regions of p64 were raised by using histidine-tagged, glutathione
S-transferase-fused recombinant proteins that were expressed in Escherichia coli
strain BL21(DE3). To this end, corresponding coding regions were cloned as
BamHI-Nsil fragments into the pGEX-2T plasmid (Pharmacia), which was mod-
ified to incorporate an Nsil site followed by six histidine codons and a stop codon
between the BamHI and Smal sites present in the original polylinker. The
presence of the glutathione S-transferase and histidine tags permitted purifica-
tion of the recombinant products with glutathione or metal affinity resin. How-
ever, because the products obtained were insoluble, each of them was purified
under denaturing conditions with only the TALON metal affinity resin (Clon-
tech) as recommended by the manufacturer. The proteins eluted from the resin
were submitted to Cocalico Biologicals (Reamstown, Pa.) for generation of
rabbit antisera. To characterize the specificities of the resulting antisera, the
entire p64 open reading frame (ORF) was cloned into plasmid pTL7SN and used
to generate the corresponding RNA transcripts as previously described (29). The
resulting p64 mRNA was translated in wheat germ extract (Promega) to yield
L-[*S]cysteine (Amersham)-labeled products that were used in immunoprecipi-
tation assays (32). The immunoblot analyses of p64 were conducted with the
ECL Western blotting system (Amersham) and anti-p64 sera at a 1:2,000 dilu-
tion. Goat anti-rabbit secondary antibodies were used at a 1:4,000 dilution.

Limited digestion of BYV virions with sequencing grade modified trypsin
(Promega) was conducted with 20 mM sodium phosphate buffer, pH 7.4, for 1 h
at room temperature. The reaction mixtures (total volume, 175 ul) contained 1
mg of BYV virions per ml and trypsin at a 1:50, 1:100, or 1:200 (wt/wt) ratio to
the total virion protein. After digestion, reactions were stopped by adding 5 .l of
100 mM phenylmethylsulfonyl fluoride and diluted to 400 pl and virions were
separated from digestion products by ultracentrifugation as indicated above.

Generation and characterization of BYV mutants. Site-directed mutagenesis
and plasmid pNB-4 were used to generate p64 mutants (35, 36). Mutagenic
primers 5'-CCGTTTCTGTTCGTGCCAGATTTTGTGGCAG and 5'-GTGAA
ATACTCCTATCTAAACGTTGCCTATTACAGACACG (the mutated nucle-
otides are in bold) were used to replace the Arg-416 and Asp-455 codons in the
p64 ORF with Ala codons to yield mutants Ry;cA and DyssA, respectively. The
Ndel-BamHI fragments from the mutant pNB-4 variants were cloned into plas-
mid pBYV-4 to test for virion assembly in protoplast transfection experiments.
Alternatively, these fragments were cloned into plasmid pBY V-GFP for assay of
virus cell-to-cell movement in plant inoculation experiments (5).

RESULTS

The p64 protein of BYV contains a CP-Like domain. In
database searches performed with the PSI-BLAST program,
the BYV p64 sequence showed statistically significant se-
quence similarity only to orthologs from several other clostero-
viruses, such as Beet yellow stunt virus and Citrus tristeza virus.
However, when the orthologous sequences from all other se-
quenced closteroviruses (as determined by analysis of genome
organization) that appeared in these searches with nonsignif-
icant expectation (E) values were manually added to the posi-
tion-specific scoring matrix, statistically significant similarity (£
< 0.005) was detected between the C-terminal portion of p64
and closterovirus CPs and CPm’s. When the sequences of these
three groups of closterovirus proteins were aligned by the
MACAW program, counterparts of the three prominent mo-
tifs that have been detected previously in the CPs of all fila-
mentous plant viruses (13) and in closterovirus CPm’s (7) were
identified in p64 and its orthologs (Fig. 1B). The alignments of
the two distal motifs centered around the invariant arginine
and aspartate residues, respectively, were highly statistically
significantly similar (E < 10~ ). These motifs could be de-
tected in all available sequences of closterovirus p64 orthologs
(data not shown). Despite the low sequence similarity (note
that the alignment in Fig. 1B contains only two invariant res-
idues), these observations strongly suggested that the C-termi-
nal domains of the ~60-kDa proteins of closteroviruses are
homologous to the closterovirus CPs and CPm’s (Fig. 2) and
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FIG. 2. Diagrams of p64, CPm, and CP showing the homologous
region (gray; same as in Fig. 1B), as well as the positions of the
invariant arginine (R,,4) and aspartic acid (D,ss) residues. An approx-
imate trypsin cleavage position (arrow) was used to arbitrarily delimit
the N- and C-terminal domains of p64. The premature stop codon in
the N64S mutant and the part of the p64 ORF that is deleted in the
A64N mutant are also shown. The first and last amino acid residues of
each protein are indicated.

may have similar functions.

Examination of the N-terminal domains of the ~60-kDa
proteins revealed a unique pattern of conservation that was not
detected in any other known protein family despite an exten-
sive search of the Conserved Domain Database. Secondary-
structure prediction suggested that this is a unique, predomi-
nantly a-helical domain (data not shown).

p64 is associated with virions. Identification of the CP-like
domain of p64 prompted us to ask if this domain enables the
incorporation of p64 into BYV virions. Virions were exten-
sively purified and subjected to protein analysis via PAGE. As
shown in Fig. 3A, in addition to a bulky band corresponding to
CP and CPm, a distinct minor band of ~65 kDa was present in
the gel. To determine the identity of the protein(s) present in
this band, it was excised and treated with trypsin and the
resulting peptides were separated and sequenced by nano-LC-
MS/MS. In total, 15 peptides, shown in Fig. 3B, were se-
quenced and compared to a database. Among those, 11 pep-
tides were derived from BYV p64, whereas the remaining 4
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FIG. 3. (A) Analysis of BYV virion proteins by SDS-PAGE. M,
protein markers; V, virions. The positions of the 20- and 60-kDa
markers and an ~65-kDa band (arrowhead) are indicated. (B) Sepa-
ration of the tryptic peptides derived from the ~65-kDa proteins
present in virions by nano-LC. Arrows mark the positions and origins
of the 15 sequenced peptides.
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TABLE 1. Tryptic peptides derived from ~65-kDa virion proteins
and sequenced by nano-LC-MS/MS

Peptide sequence” Identity Position”
ALISTACEAFK Hsp70h 133-143
IDISFLK Hsp70h 258-264
NDSPMLLVDCAAHNLSISSK Hsp70h 379-398
VVADLHK Hsp70h 514-520
FFGGR p64 21-25
NFSDSTGESFVR p64 58-69
EFSLLLTFPK po4 70-78
LSDYNVSELNVVDVK p64 100-114
FVSLIFK p64 164-170
ALYDEFLK p64 211-218
IPTINTHDSSTFLYK po4 306-319
DNPELK p64 348-353
FGVGFPPITRLNVPVKYSYLNVDYYR p64 433-458
EVALQUAR p64 488-494
NEVSPHAR po4 511-518

“ The sequences are shown in single-letter code from the N terminus to the C
terminus.

® The positions within 598-residue-long Hsp70h and 553-residue-long p64 are
shown.

originated from BYV Hsp70h (Table 1). The total coverage of
the p64 and Hsp70h sequences was ~21 and 8%, respectively.
These results demonstrated that the original ~65-kDa band
contained a mixture of ~64-kDa p64 and ~65-kDa Hsp70h.
The latter protein was previously found to be an integral com-
ponent of BYV virions (5, 32).

However, the possibility could not be ruled out that p64 was
merely a contaminant that copurified with virions. To test
whether p64 was specifically associated with virions, we sepa-
rated virions in a sucrose density gradient and analyzed each
fraction for the presence of CP and p64 with the corresponding
antisera. As shown in Fig. 4A, peak fractions 12 to 15, which
contained most of the CP and morphologically intact virions
(32), also contained most of the p64. The comigration of p64
with virions is in agreement with their specific physical associ-
ation.

To determine if p64 could be selectively removed from viri-
ons, we treated virions with increasing concentrations of LiCl,
collected them by centrifugation, and analyzed their protein
composition. As expected, this treatment resulted in partial
virion disassembly; the extent of disassembly correlated with
the LiCl concentration (Fig. 4B). Importantly, there was also a
correlation between the amounts of CP and p64 in virions that
withstood disassembly (Fig. 4B). This suggested that p64 was
tightly associated with virions and could not be readily disso-
ciated without virion disassembly. Similar results were ob-
tained when virions were treated for increasing time intervals
with a low SDS concentration or with 2 M NaCl (data not
shown). Collectively, these results parallel those previously ob-
tained with Hsp70h (32) and indicate that p64 and Hsp70h
alike are tightly associated with virions and are integral virion
components.

Domain topology of p64 in BYV virions. We next tested
whether, as predicted by computational analysis, the C-termi-
nal domain of p64 is functionally analogous to CP and is
embedded in the virion. To assess the topology of p64 within
the virion, we first tested the accessibility of p64 domains to
antibodies specific to each domain. Figure SA shows that each
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FIG. 4. (A) Comigration of p64 and virions in a sucrose density
gradient. (Top) Immunoblot analysis of gradient fractions (numbered
from the bottom up) with antiserum to the recombinant N-terminal
domain of p64. (Bottom) Same gradient fractions separated by PAGE
and stained with Coomassie brilliant blue. M, protein molecular size
markers. (B) Stability of p64-virion complexes in the presence of LiCl.
Virions incubated in the presence of the indicated molar concentra-
tions of LiCl were precipitated by ultracentrifugation and analyzed by
immunoblotting with anti-p64 serum (top) or SDS-PAGE and Coo-
massie staining (bottom) as in panel A. The minor band below the
CP+CPm band likely represents a degradation product that occasion-
ally appears in some virion preparations (compare to Fig. 5 in refer-
ence 32).

of these antibodies was able to specifically immunoprecipitate
isotope-labeled p64 translated in a cell-free system. When
these antibodies were incubated with BYV virions, it was
found that the antibody specific for the N-terminal domain of
p64, but not the one specific for the C-terminal domain, im-
munoprecipitated virions (Fig. 5B). This result confirmed the
specific physical association of p64 with BYV virions and the
prediction that the C-terminal domain of p64 is functionally
analogous to CP.

We also tested the accessibility of the p64 domains to limited
trypsin digestion. Virions were treated with increasing concen-
trations of trypsin, precipitated by ultracentrifugation to re-
move the digestion products, and subjected to immunoblot
analysis. As shown in Fig. 6A, even treatment with the highest
trypsin dilution used resulted in virtually complete degradation
of the N-terminal domain of p64. In contrast, the C-terminal
domain of ~30 kDa was resistant to trypsin digestion and
remained associated with virions (Fig. 6B). On the basis of the
molecular weight of this domain, Lys-325 was selected arbi-
trarily as a likely site of cleavage by trypsin (Fig. 2). The
difference in the apparent amounts of the full-size p64 protein
observed between Fig. 6A and B is likely due to difference in
the relative sensitivities of the antisera used. No change in the
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FIG. 5. (A) Immunoprecipitation of **S-labeled p64 with antisera raised against the recombinant N-terminal domain of p64 (lane a-Np64) or
C-terminal domain of p64 (lane a-Cp64). Lane p64 mRNA, products of the in vitro translation reaction programmed with the p64 mRNA.
Antiserum to Hsp70h (lane a-Hsp70h) and preimmune serum (lane Pre-immune) were used as negative controls. The proteins were separated by
SDS-PAGE, blotted onto a nitrocellulose membrane, and subjected to autoradiography. (B) Immunoprecipitation of BY'V virions with anti-Np64
(a-Np64) and anti-Cp64 (a-Cp64) sera. Anti-CP (a-CP) and preimmune sera were used as positive and negative controls, respectively. The
products of immunoprecipitation reactions were analyzed by immunoblotting with anti-CP serum. The principal components of the reactions
corresponding to each lane are shown in the table above the photograph. The bands in the upper portion of the membrane correspond to rabbit
antibodies present in immunoprecipitated material and recognized by goat anti-rabbit serum conjugated to alkaline phosphatase.

electrophoretic mobility of CP was observed, indicating that
the CP present in virions was protected from trypsin digestion
under the experimental conditions used (data not shown).
Thus, the results of immunoprecipitation and trypsin digestion
were in agreement with the domain topology of p64 inferred
on the basis of computational analysis.

p64 is required for virion tail assembly and cell-to-cell
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FIG. 6. (A and B) Relative resistance of the N- and C-terminal
domains, respectively, of virion-associated p64 to limited trypsin diges-
tion. —T, no trypsin added (negative control); 1:200, 1:100, and 1:50,
trypsin dilutions. The type of antiserum used for immunoblot analysis
of the treated and precipitated virions is shown below each panel. The
positions of p64 and its ~30-kDa degradation product are shown on
the left.

movement of BYV. The presence of p64 in virions prompted us
to ask if p64 is required for virion assembly and, if so, if there
is a connection between the roles of p64 in assembly and
cell-to-cell movement. Previously, we constructed two p64 mu-
tants, each of which was defective in cell-to-cell movement (4).
In the first of these mutants, A64N, most of the N-terminal
domain was deleted, whereas the second mutant, N64S, ex-
pressed only the N-terminal domain (Fig. 2). Here, we de-
signed mutants R,;4A and D,ssA, in which the invariant Arg-
416 and Asp-455 residues in the CP-like domain (Fig. 1B) were
replaced with Ala. As demonstrated previously for CPs of
several filamentous viruses, mutations of these highly con-
served amino acid residues completely abolished the assembly
function of CP (5, 13, 14, 18).

Each of the four BYV mutants was transfected into tobacco
protoplasts, and virions were isolated 4 days posttransfection.
To assess the presence of virion bodies and tails in the mutant
virions, we used immunoblot analysis and antibodies specific
for BYV CP and CPm, respectively (5). As shown in Fig. 7A,
none of the four p64 mutations affected the formation of virion
bodies: the amount of CP found in mutant virions was similar
to that found in wild-type virions. However, in sharp contrast
to the wild type, the mutant virions contained no detectable
CPm, indicating that tail assembly was impaired (Fig. 7B).
These results showed that p64 is required for virion tail assem-
bly and supported the functional importance of the conserved
Arg-416 and Asp-455 residues in this process. Moreover, the
lack of tail formation in the A64N and N64S mutants suggested
that each of the two domains of p64 is required for its function
in tail formation.

The cell-to-cell movement phenotypes of the R,;;A and
D,ssA mutants was tested in plant inoculation experiments
with a green fluorescent protein-tagged BYV variant (36).
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FIG. 7. Protein composition of virions assembled by four BYV
variants possessing mutant p64. Virions were isolated from protoplasts
transfected with the corresponding BYV variant and analyzed by im-
munoblotting with anti-CP (A) and anti-CPm (B) sera. M and WT,
mock-transfected protoplasts and protoplasts transfected with wild-
type BYV, respectively. The mutants’ names are shown above each
panel, and the type of antiserum used for immunoblot analysis is
shown below each panel.

Screening of 12 leaves showed that, by 10 days postinoculation,
the parental green fluorescent protein-tagged BYV formed
118 green fluorescent infection foci with a mean diameter of
4.4 £ 2.4 cells. The mutant variants produced similar numbers
of infection foci (130 and 99, respectively). However, all of
these foci were unicellular, demonstrating that the R,;,A and
D,ssA mutations abolished the cell-to-cell movement of the
virus. Thus, each of the four p64 mutants tested was defective
in both the ability to form virion tails and the ability to move
from cell to cell.

DISCUSSION

Among the members of plant positive-strand RNA virus
families, members of the Closteroviridae family stand apart in
having the largest genomes, at 15 to 20 kb, in contrast to the
~6 kb genomes of their cousins, the members of the Tobamo-
viridae family. Our major goal in studying the biology of clos-
teroviruses is to elucidate the unique functions and the under-
lying evolutionary mechanisms that account for the increase in
the genetic capacity of closteroviruses. Some of the extra genes
encode parts of the sophisticated RNA synthesis machinery of
the closterovirus. In addition to the core replicase domains
that are shared by all Sindbis virus-like RNA viruses of plants
and animals (24), closteroviruses encode unique domains that
could account for their ability to replicate large RNAs and
recognize an array of subgenomic promoters (16, 21). More-
over, efficient replication of closterovirus RNA requires two
types of replication enhancers, the leader proteinases (34) and
the ~20-kDa proteins (Fig. 1A) (35, 39, 42).

This work, along with previous results (2, 4, 5, 32, 43, 50),
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reveals another major function of the unique genes of clos-
teroviruses by showing that proteins encoded by these genes
contribute to the formation of morphologically and function-
ally complex virions. Closteroviruses have two gene blocks that
are conserved within this family: the replication-related gene
block and the so-called quintuple-gene block or QGB (Fig. 1A)
(4, 21). As we show here, p64 is the fourth of the five QGB-
encoded proteins that are incorporated into tailed BYV viri-
ons. Although each of the QGB proteins is essential for BYV
cell-to-cell movement, only p6 is a BYV MP that is not a virion
component (5).

How could this unique constellation of genes with dual func-
tions in virion formation and cell-to-cell movement evolve?
This work and previous analyses (7) showed that one of the
underlying mechanisms was tandem gene duplication, which
occurred at least twice to yield the coding regions for CPm and
the CP-like domain of p64 (Fig. 2). Since the three CP-like
domain-containing genes are present in all of the closterovi-
ruses whose genomes have been sequenced so far, it appears
that both duplications occurred prior to the divergence of
these viruses from their common ancestor. Other important
events in the evolution of closteroviruses apparently included
acquisition of the coding regions for Hsp70h and the N-termi-
nal domain of p64. In the former case, it appears obvious that
an ancestral closterovirus captured a cellular mRNA for Hsp70
(1) whereas the origin of the upstream portion of the p64 gene
remains obscure. In addition to being an MP and an essential
virion component (5, 36), Hsp70h provides a docking site for
long-distance transport factor p20, which is required for sys-
temic virus spread through the plant vasculature (38). Al-
though p20 is associated with virions, unlike other virion pro-
teins, it is not essential for assembly or cell-to-cell movement.
The evolutionary scenario for tailed closterovirus virions can
be interpreted as a hierarchical buildup of virion functions
from merely protecting the genome to driving cell-to-cell
movement to mediating long-distance transport of the virus. It
seems likely that, during closterovirus evolution, the selective
advantage conferred on the virus by these increasingly complex
devices for virus-host interaction was a driving force behind the
evolution of the mechanisms of subgenomic RNA synthesis
and its regulation and, accordingly, the overall increase in
genome size.

Identification of the third protein that is required for the tail
assembly and cell-to-cell movement of BYV further advances
the concept of the closterovirus tail as a specialized movement
device. What could be the architectural and functional roles of
p64 in BYV virions? The virion-embedded, CP-like domain of
p64 may fit into the helical assembly of the CP and/or CPm
subunits. Because p64 is required for tail assembly, it is likely
to be physically associated with the tail. One of the possible
functions of p64 is formation of the connector between the
body and the tail of closterovirus virions. Such connector pro-
teins form collar regions between the head and the tail in some
bacteriophages (31, 48). It seems likely that, in addition to an
architectural role, the unique N-terminal domain of p64 pro-
vides additional activities required for the cell-to-cell move-
ment of BYV. The next challenge is to determine the exact
molecular architecture of closterovirus virions and to charac-
terize the mechanistic contribution of each of the five virion
proteins.
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Although closterovirus virions are the most complex of non-
enveloped plant virus virions, recruitment of additional virion-
associated proteins for cell-to-cell movement, systemic trans-
port, or plant-to-plant transmission is rather common. Among
the helical plant viruses, one example is provided by an RNA
helicase-related MP of a Potexvirus that is capable of binding
and modifying virions (6). Another example involves the VPg
protein of a Potyvirus that is present at one copy per virion and
is required for systemic virus transport (44). In a Benyvirus and
a Pomovirus, a minor CP generated via readthrough of the
gene for CP is incorporated at one end of the virion and is
required for virion assembly and transmission (11, 45). Thus,
evolutionarily diverse helical viruses have independently
evolved the ability to utilize virions as a structural platform for
the buildup of additional functional units.
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