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Assembly of the viral genome into virions is a critical process of the virus life cycle often defining the ability of the virus
to move within the plant and to be transmitted horizontally to other plants. Closteroviridae virions are polar helical rods
assembled primarily by a major coat protein, but with a related minor coat protein at one end. The Closteroviridae is the only
virus family that encodes a protein with similarity to cellular chaperones, a 70-kDa heat-shock protein homolog (HSP70h). We
examined the involvement of gene products of Citrus tristeza virus (CTV) in virion formation and found that the chaperone-like
protein plus the p61 and both coat proteins were required for efficient virion assembly. Competency of virion assembly of
different CTV mutants was assayed by their ability to be serially passaged in Nicotiana benthamiana protoplasts using crude
sap as inoculum, and complete and partial virus particles were analyzed by serologically specific electron microscopy.
Deletion mutagenesis revealed that p33, p6, p18, p13, p20, and p23 genes were not needed for virion formation. However,
deletion of either minor- or major-coat protein resulted in formation of short particles which failed to be serially transferred
in protoplasts, suggesting that both coat proteins are required for efficient virion assembly. Deletion or mutation of HSP70h
and/or p61 dramatically reduced passage and formation of full-length virions. Frameshift mutations suggested that the
HSP70h and p61 proteins, not the RNA sequences, were needed for virion assembly. Substitution of the key amino acid
residues in the ATPase domain of HSP70h, Asp7 to Lys or Glu180 to Arg, reduced assembly, suggesting that the chaperone-like
ATPase activity is involved in assembly. Both HSP70h and p61 proteins appeared to contribute equally to assembly,

consistent with coordinate functions of these proteins in closterovirus virion formation. The requirement of two accessory
proteins in addition to both coat proteins for efficient assembly is uniquely complex for helical virions. © 2000 Academic Press
INTRODUCTION

The Closteroviridae family includes two definitive gen-
era, the aphid-transmitted Closterovirus and the whitefly-
transmitted bipartite Crinivirus, and it is probable that
there will be at least one other genus consisting of
mealybug-transmitted viruses (Bar-Joseph et al., 1979;
Karasev, 2000). The members of Closteroviridae contain
two characteristic gene modules. The first is a “replica-
tion gene block,” which includes one or two protease
domains, methyltransferase- and helicase-like domains,
and a 11 frameshift to an RNA-dependent RNA poly-
merase-like domain, with large intervening regions re-
sulting in open reading frames (ORF) 1a and 1b of ;8–11
kilobases (kb). This gene block is involved in replication-
associated functions (Klaassen et al.,1996; Peremyslov et
al., 1998; Satyanarayana et al., 1999). The second is the
“signature gene module” of five genes in the 39 region of
monopartite or RNA 2 of bipartite viruses that encode a
small (6 kDa) hydrophobic protein, proposed to be a
membrane anchor, a protein closely related to the ubiq-
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uitous cellular heat shock induced chaperone, HSP70
(HSP70h), a protein of ;60 kDa, and minor- (CPm) and
major- (CP) coat proteins. In addition to these gene
modules, Closteroviridae members possess two to six
other genes.

Citrus tristeza virus (CTV), a Closterovirus, is the larg-
est plant RNA virus, causing the most economically dam-
aging viral diseases of citrus throughout the world. It has
a single-stranded, positive-sense RNA genome of ;19.3
kb that contains 12 ORFs potentially coding for at least 19
protein products (Pappu et al., 1994; Karasev et al., 1995;
Karasev, 2000). The ten 39 ORFs are expressed from
39-coterminal subgenomic (sg) RNAs (Hilf et al., 1995).
Deletion mutagenesis of a CTV infectious cDNA clone
demonstrated that none of the 39 ORFs was necessary
for replication (Satyanarayana et al., 1999).

Closteroviridae virions are flexuous filamentous rods
with an open helical symmetry with lengths of 700-2000
nm defined by the size of the genomic RNA. In contrast
to other helical plant viruses, these virions contain two
coat proteins. Most of the RNA is encapsidated by the
CP, but about 5% is encapsidated by CPm, resulting in a
polar conformation termed “rattlesnake-like virions”
(Agranovsky et al., 1995; Febres et al., 1996; Tian et al.,

1999). The polar positioning of two coat proteins in a
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helical virion raises intriguing questions regarding as-
sembly. Are both coat proteins necessary for producing
viable particles? In addition to the coat proteins, virion
preparations of Lettuce infectious yellows virus (LIYV), a

rinivirus, contained virus-encoded HSP70h and p59
Tian et al., 1999), and ;10 molecules of HSP70h were
hysically associated with each virion particle of the
losterovirus Beet yellows virus (BYV) (Napuli et al.,
000). Are these additional virus-encoded proteins that
re found in virion preparations involved in virion forma-

ion or are they only contaminants of the purification
rocedure?

Closteroviridae members are the only viruses known
o encode an HSP70 homolog of cellular molecular chap-
rone-like proteins (Karasev, 2000). The cellular HSP70
re ubiquitous proteins that are involved in a wide range
f cellular processes, even in unstressed cells, including
rotein folding, assembly and disassembly of multi-sub-
nit complexes, translocation into organelles, and inter-
ellular transport (Hartl, 1996; Bukau and Horwich, 1998;
eder and Hofmann, 1999). The HSP70s have an N-

erminal ATPase domain and a C-terminal domain (Fla-
erty et al., 1990; Zhu et al., 1996). The N-terminal ATPase

domain displays a protein-binding property and the C-
terminal domain plays a critical role in HSP70 interaction
with target proteins (Boorstein et al., 1994; James et al.,
1997). Computer analysis revealed that the motifs iden-
tified in the ATPase domain of cellular HSP70s are con-
served in closteroviral HSP70h proteins, whereas the
more variable C-terminal domain showed limited homol-
ogy between cellular and closteroviral HSP70h proteins
(Agranovsky et al., 1991; Bork et al., 1992). Do the clos-
teroviral HSP70h function as molecular chaperones? It
has been reported that BYV HSP70h has an ATPase
activity, but does not appear to bind to denatured pro-
teins (Agranovsky et al., 1997).

The ;p60, which is conserved among the members of
the Closteroviridae, also has been shown to be associ-
ated with virion preparations (Tian et al., 1999). The
corresponding genes of CTV (p61), BYV (p64), and Grape-
vine leaf roll-associated virus-2 (p63) have been reported
to contain conserved motifs with sequence similarity
with another cellular chaperone, HSP90 (Koonin et al.,
1991; Pappu et al., 1994; Zhu et al., 1998). However, the
significance of that similarity has been questioned (V. V.
Dolja, personal communication) and other members of
the family do not possess this level of similarity with
HSP90.

We examined the ten 39 genes of CTV, which are not
required for replication, for involvement in virion forma-
tion. We report that both coat proteins plus the HSP70h
and p61 are needed for efficient virion formation based
on serial passages of virions in protoplasts and serolog-

ically specific electron microscope (SSEM) analysis.
Thus, all but the p6 of the conserved “signature gene
module” of the Closteroviridae are involved in virion as-
sembly of this closterovirus.

RESULTS

Assay for virion formation

The first requirement of this study was to develop an
effective assay system to examine CTV virion formation.
We reasoned that the most stringent assay would be a
functional assay to examine the ability of the capsid
proteins to protect the genomic RNA. Thus, we examined
whether virions could withstand incubation in crude sap
by assaying their ability to be passaged from protoplasts
to protoplasts.

The CTV full-length RNA transcripts infect protoplasts
with very low efficiency, since in vitro transcripts contain-
ing the green fluorescent protein ORF from jellyfish
(Chalfie et al., 1994), fused in-frame to the p20 gene
(Gowda et al., 2000), infected less than 0.1% of proto-
plasts (unpublished data). Yet, smaller CTV RNAs
(;12–17 kb), mutants with large deletions, infected an
exponentially greater proportion of protoplasts
(Satyanarayana et al., 1999), suggesting that the large
size of the RNA decreases the efficiency of protoplasts
infection. However, virions infect an even greater propor-
tion of protoplasts (Navas-Castillo et al., 1997), and re-
markably, crude sap from infected bark tissue is several
fold more infectious than purified virus preparations (Ma-
wassi et al., 2000). Inoculation with 1:10,000 diluted
crude sap from infected bark tissue resulted in higher
levels of infectivity than our most optimal inoculation with
full-length RNA transcripts (data not shown). Using crude
sap as an inoculum, up to 80% of the protoplasts became
infected (unpublished data). Thus, wild-type virions in
crude sap are very infectious.

Passage of virions from protoplasts to protoplasts us-
ing crude sap exposes the virions to nucleases present
in the sap. To examine whether this process discrimi-
nates between virions and free RNA, in vitro transcripts
of wild-type CTV from pCTV9 and the free-RNA mutant
CTV-DCla, which has all of the 39 ORFs deleted including
both coat proteins (Fig. 1A; Satyanarayana et al., 1999),
were used to inoculate Nicotiana benthamiana proto-
plasts. The primary protoplasts were lysed at 4 days
postinoculation (dpi), and the resulting crude sap was
used to inoculate another batch of protoplasts. Replica-
tion in each passage was examined by Northern blot
hybridizations. In the primary protoplasts that were inoc-
ulated with RNA transcripts, the level of accumulation of
CTV-DCla RNA was much higher than that of the full-
length wild-type CTV9 (Fig. 1B). In the secondary proto-
plasts (1st passage), the level of accumulation of the
wild-type virus was ;40 times more than that in the
primary protoplasts. In contrast, there was no evidence

that the secondary protoplasts were infected with CTV-
DCla (Fig. 1B). These data suggested that the free RNA of
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255HSP70h AND p61 FUNCTION IN CLOSTEROVIRUS ASSEMBLY
CTV-DCla was digested by endogenous ribonucleases in
the sap while the RNA of CTV9 was protected and trans-
ferred efficiently to the next batch of protoplasts. To
confirm that the protected viral RNA was encapsidated
as virions, the sap extract from the primary protoplasts
was examined by electron microscopy (EM). Complete
virions were observed in the sap extract of CTV9-in-
fected protoplasts (Fig. 1C), whereas no particles were
observed in the sap extract of CTV-DCla-infected proto-
plasts. We also attempted to examine assembly by im-
munocapture RT-PCR, but were unable to eliminate false
positives from mutants with no coat protein genes.

Both coat proteins are essential for efficient
formation of viable virions

To examine whether viable virions were produced in
the absence of either CP or CPm, coat protein mutations
were generated in pCTV9 (Fig. 2A). CTV-DCPm had an
in-frame deletion of 62 amino acid codons between nts
15606 and 15793. CTV-DCP contained an out-of-frame

eletion between nts 16542 and 16661, translating only
he N-terminal 129 amino acids of the CP (Fig. 2A). In
eneral, both mutants failed to be transferred to the

FIG. 1. (A) Genome organization of wild-type CTV (CTV9) and deletio
ethyltransferase (MT), helicase (HEL), RNA-dependent RNA polymera

roducts. HSP70h, HSP70 homolog; CPm, minor coat protein; CP, majo
nd CTV-DCla from in vitro transcripts (TR) and subsequent passage (1
ybridizations were carried out using a 39 positive-stranded RNA-speci

ndicated by arrowheads and arrows, respectively. (C) Negative sta
ransfected protoplasts at 4 dpi. Bar, 100 nm.
econdary protoplasts (Fig. 2B). However, in one exper-
ment there was a weak transfer of CTV-DCPm to the

p
l

secondary protoplasts, resulting in detectable accumu-
lation of viral RNA, but the transfer to the third batch of
protoplasts failed (data not shown). This result sug-
gested that some virus particles were produced with CP
alone to sufficiently protect the RNA to allow some in-
fection of secondary protoplasts.

The accumulation of virus particles in the primary
protoplasts infected with the RNA transcripts was too
low to be effectively examined by electron microscopy
directly because of the low percentage of protoplasts
infected with large RNA transcripts and the poor assem-
bly of the mutants. Therefore, we used SSEM which uses
virion-specific antibodies attached to EM grids to con-
centrate virus particles from dilute samples (Derrick and
Brlansky, 1976). In wild-type CTV9-infected protoplasts,
full-length and small (partial or broken) particles were
found at a frequency of 41.6 6 10.3 and 6.7 6 2.1 per

esh in 200 mesh copper grid, respectively. Using anti-
odies to CP to capture particles from CTV-DCPm-in-

ected protoplasts, we failed to detect full-length parti-
les encapsidated only by CP, but found small particles
anging from 200-1000 nm (6.2 6 2.3 per mesh; Table 1;
ig. 2C). We used antibodies to CPm to capture CTV-DCP

nt CTV-DCla showing putative domains of papain-like protease (PRO),
Rp), and ORFs (open boxes) with respective numbers and translation
rotein; 2/11 represent fusion of ORFs 2 and 11. (B) Replication of CTV9
prepared from 4 dpi Nicotiana benthamiana protoplasts. Northern blot
e. The positions of genomic and subgenomic RNAs of ORFs 2–11 are

lectron micrographs showing full-length virus particles from CTV9-
n muta
se (Rd

r coat p
) in sap
fic prob
articles and found only small particles of 100–150 nm in
ength at a level of 6.9 6 1.9 per mesh (Table 1; Fig. 2C).
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Although some mostly incomplete particles were pro-
duced in the absence of either coat protein, these results
indicate that both coat proteins were needed for efficient
production of viable virions.

TABLE 1

The Number of Full-Length and Small CTV Particles in Nicotiana
benthamiana Protoplasts Transfected with Different Mutants

Construct/mutant

Number of virus particlesa

Full-length Small

CTV9 41.6 6 10.3 6.7 6 2.1
CTV-Dp33 38.3 6 13.3 5.7 6 2.8
CTV-Dp33-p61 0.4 6 0.5 9.5 6 2.7
CTV-Dp33-HSP70h 0.5 6 0.7 12.3 6 3.8
CTV-DHSP70h-p61 0.2 6 0.4 12.2 6 4.3
CTV-Dp33DHSP70h (DNC-domains) 0.2 6 0.4 2.5 6 1.5
CTV-Dp33Dp61C 0.2 6 0.4 2.2 6 1.1
CTV-Dp33Dp61N 0 6.2 6 2.3
CTV-DCPm 0 6.2 6 2.3
CTV-DCP 0 6.9 6 1.9

a Number of CTV particles per mesh in 200 mesh copper grid. The

FIG. 2. (A) Diagrams of wild-type CTV (CTV9) and deletion mutants in
ontranslatable sequences; gaps, deletions. (B) Replication of CTV9, C

to 1st (1) and 2nd (2) transfers in 4-dpi protoplasts sap. Northern blot hy
(C) Electron micrographs of virus particles from CTV-DCPm- and CTV-
irus particles in 10-15 mesh areas (average number of particles per
esh 6 standard deviation).
Examination of the role of other 39 genes in virion
formation

To examine the possible role of other proteins en-
coded by the 39 genes in virion formation, we generated
a series of mutants either with deletions within the ORFs
or deletions in the intergenic regions upstream of the
ORFs, which abolished the production of the respective
sgRNAs.

p33. The requirement of p33 ORF in virion formation
was examined by deleting ;80% (754 nts) of the gene to
obtain CTV-Dp33 (Fig. 3A, b). The ability of this mutant to
form virions was examined by serial passages in proto-
plasts using crude sap as inoculum. The high levels of
accumulation of genomic and sgRNAs in serially pas-
saged protoplasts indicated that CTV-Dp33 was pas-
saged efficiently, similar to that of wild-type CTV9 (Fig.
3B, b). SSEM analysis also revealed that CTV-Dp33 pro-
duced approximately the same number and quality of
virions as the wild-type virus (Fig. 3C; Table 1). These
results demonstrated that p33 was not required for virion
formation.

(CTV-DCPm) and CP (CTV-DCP); boxes, translatable sequences; lines,
Pm, and CTV-DCP from in vitro transcripts (TR), and serially passaged
ions were carried out using a 39 positive-stranded RNA-specific probe.
nsfected protoplasts. Bar, 100 nm.
CPm
TV-DC
The size of the CTV genome and the lack of unique
restriction endonuclease sites requires multiple steps of
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ligations and transformations to create CTV mutants
from pCTV9. However, CTV-Dp33 provides convenient
restriction sites that greatly simplifies mutations within
the 39 ORFs. Mutations in 39 genes could be introduced
with one simple ligation procedure into CTV-Dp33 com-
pared to two to four ligation and transformation steps
required to introduce the same mutations into pCTV9.
Since CTV-Dp33 appeared to be identical to wild-type

FIG. 3. (A) Schematic diagrams of wild-type CTV (CTV9) (a) and del
with corresponding nucleotide numbers. (B) Replication of CTV9 (a) an
protoplasts as inoculum in 1st (1) and 2nd (2) passages. Northern blot

bsence of p20 and p23 subgenomic (sg) RNAs from CTV-Dp33Dp
ndicated by asterisks. (C) Electron micrographs of negative-stained vir

at 4 dpi. Bar, 100 nm.
CTV in virion formation, we created a series of mutants
from this construct to examine the requirement of other
39 genes for virion formation.

p6. We examined the requirement of p6 in virion for-
mation by fusing the p33 start codon to the second amino
acid codon of HSP70h ORF to obtain CTV-Dp33Dp6, thus
deleting both p33 and p6 ORFs completely (Fig. 3A, c).
This manipulation probably destroyed the HSP70h
sgRNA promoter, but placed the HSP70h ORF under

utants (b–g). The deleted regions are shown as thick horizontal lines
ion mutants (b–g) from in vitro transcripts (TR) or crude sap from 4-dpi
zations were probed using a 39 positive-stranded RNA-specific probe.
NA- and CTV-Dp33Dp23sgRNA-transfected protoplasts, respectively,
icles from CTV-Dp33- and CTV-Dp33Dp18Dp13-transfected protoplasts
etion m
d delet
hybridi
20sgR
control of the p33 sgRNA promoter. The virions produced
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by CTV-Dp33Dp6 were passaged efficiently in sap to the
next batch of protoplasts, with approximately the same
level of accumulation of RNAs as CTV9 and CTV-Dp33
(Fig. 3B, c), demonstrating that neither p33 nor p6 was
involved in virion formation.

p18 and p13. Deletions within the p18 or p13 ORFs
were made in CTV-Dp33, retaining the 39 nts of each ORF
enough to provide promotion of the sgRNA of the corre-
sponding downstream ORF. Thus, sequences between
nts 16845 and 17208 comprising 73% of p18 ORF were
deleted in CTV-Dp33Dp18 (Fig. 3A, d). The ORFs encod-
ing CP and p18 overlap by 35 nts. To avoid deletion of CP
ORF sequences, the deletion began after the end of CP
through most of p18 ORF leaving 150 nts upstream of the
start site of p13 ORF, thus retaining the p13 sgRNA
promoter (Fig. 3A, d). Crude sap from CTV-Dp33Dp18-
infected protoplasts was serially passaged with only
slightly lower efficiency than that of CTV-Dp33 (Fig. 3B,
d). The accumulation of the RNAs in the third set (2nd
passage) of protoplasts was ;60-fold higher than that in
primary protoplasts inoculated with in vitro RNA tran-

cripts, suggesting that p18 was not required for virion
ormation.

CTV-Dp33Dp18Dp13 lacked p33, almost all p18, and
0% of p13 ORFs, but retained the 39 133 nts of p13 ORF,

which contains the p20 ORF sgRNA promoter (Fig. 3A, e).
Based on the accumulation of the RNAs in serially pas-
saged protoplasts, this mutant also was readily trans-
ferred in crude sap, but apparently with less efficiency
compared to the parental mutant CTV-Dp33 (Fig. 3B, e).
Further passage to a fourth set of protoplasts resulted in
high accumulation of RNA (data not shown), indicating
that also p13 was not needed for virion formation. Cor-
responding full-length virus particles were observed by
SSEM from CTV-Dp33Dp18Dp13-infected protoplasts
similar to CTV-Dp33 (Fig. 3C).

p20 and p23. Parallel experiments have shown that
deletions within the region of the extreme 39 ORFs of

TV RNA, particularly the p20 and p23 ORFs, affect the
mplification of free positive strands of genomic and
ubgenomic RNAs. Mutants with large deletions in this
egion tend to produce a ratio of positive-to-negative
trands approaching 1:1 (unpublished data). Thus, to
roduce mutants with sufficient positive-sense single-
tranded genomic RNA as a substrate for assembly,
e attempted to create mutants unable to express

hese genes without making large deletions. CTV-
p33Dp20sgRNA and CTV-Dp33Dp23sgRNA were gen-
rated by deleting nts 220 to 15 with respect to the

sgRNA transcription start sites of p20 and p23 ORFs,
respectively (Karasev et al., 1997; Fig. 3A, f, g). This
manipulation destroyed the ability of the mutants to syn-
thesize the corresponding sgRNA (Fig. 3B, f, g). Following
the transfections with transcript RNAs, these mutants

were efficiently passaged via sap to the next batch of
protoplasts resulting in levels of viral RNA accumulation

s
d

approximately the same as that of CTV-Dp33 (Fig. 3B, f,
g). These data suggested that neither p20 nor p23 was
involved in virion formation.

HSP70h and p61. We next examined the involvement of
HSP70h and p61 in virion formation by generating a
series of mutations in these genes. CTV-Dp33-p61
lacked p33, p6, HSP70h, and p61 ORFs. In this mutant,
the ORF 1b stop codon at nt 10858 was fused to nt 15118,
leaving 245 nts of the 39 end of p61 ORF, to maintain the
sgRNA promoter of CPm (Fig. 4A, b). In CTV-Dp33-
HSP70h, the ORF 1b stop codon was fused to nt 13540 in
the 39 end of the HSP70h ORF which deleted the entire
p33 and p6 ORFs and most of HSP70h ORF, but retained
293 nts at the 39 end to maintain the sgRNA promoter of
p61 ORF (Fig. 4A, c). To exclude the possible effects of
p33 and p6 deletions on function of the HSP70h and p61
proteins in virion formation, the HSP70h and p61 ORFs
also were deleted in CTV9 to obtain CTV-DHSP70h-p61.
The region between SphI (nt 12168) and BstEII (nt 15072)
were deleted in pCTV9, resulting in a 11 frameshift at
the ligation site (Fig. 4A, d). This mutant is predicted to
translate only the N-terminal 40 amino acids of HSP70h
and none of the p61 protein, while having functional p33
and p6 genes. The accumulation of CP from the mutant-
transfected protoplasts was examined by SDS–PAGE
and Western immunoblot analysis and revealed that mu-
tations in HSP70h and/or p61 ORFs did not affect the
expression of CP (data not shown).

Apparently because of the reduced size of these trans-
fecting RNAs resulted in higher percentage of infected
protoplasts, these mutants accumulated ;20–40 times
more than that of the wild-type CTV9 in the primary
protoplasts (Fig. 4B). Most of the time, these mutants
were passaged by sap from primary protoplasts to the
next set of protoplasts. However, the levels of accumu-
lation of viral RNAs in the secondary protoplasts (1st
passage) were ;30–40 times less than that of the wild-
ype virus (Fig. 4B). When transferred by sap to a third set
f protoplasts (2nd passage), these mutants either failed

o be transferred or the levels of accumulation were
educed further, estimated to be .100-fold lower than
hat of the wild type (Fig. 4B).

The ability of these mutants to be transferred in sap,
lbeit at reduced levels, suggested that some full-length
irions were formed. Therefore, we examined by SSEM
he nature of virus particles formed by these mutants
Fig. 4C). Few full-length particles and many small parti-
les were found in extracts of the protoplasts infected
ith the HSP70h and/or p61 deficient mutants (Fig. 4C;

able 1). CTV-Dp33-p61, CTV-Dp33-HSP70h, and CTV-
HSP70h-p61 formed 0.4 6 0.5, 0.5 6 0.7, and 0.2 6 0.4
omplete/large particles per grid, respectively, compared

o 41.6 6 10.3 for CTV9, but many more short particles
ere found (Table 1). Immunogold labeling with CP-
pecific antibodies revealed that short particles pro-
uced from HSP70h and/or p61 deficient mutants were



ic prob
cating

259HSP70h AND p61 FUNCTION IN CLOSTEROVIRUS ASSEMBLY
decorated with gold particles and are indeed CTV spe-
cific (Figs. 4D, 5D, and 6D). The greatly reduced ability of
serial passage of these mutants in sap, coupled with the
formation of mostly small/incomplete particles, sug-
gested that both HSP70h and p61 were required for
efficient assembly of virions.

Further examination of the HSP70h

The role of the computer-predicted N-terminal ATPase
domain and C-terminal domain of CTV HSP70h
(Agranovsky et al., 1991; Pappu et al., 1994) in virion
formation was examined with mutants with a deletion in
either of these domains and a mutant with deletion of
both domains (Fig. 5A). The DATPase mutant contained
an in-frame deletion of 153 amino acid codons between
nts 12168 and 12628 in the N-terminal domain. Mutant
DC-domain had a deletion of 71 amino acid codons
between nts 13233 and 13446, which resulted in a 11
frameshift at the ligation site, thus deleting the C-termi-
nal domain. The third mutant, DNC domains, had an
internal in-frame deletion of parts of the N-terminal
ATPase and C-terminal domains between nts 12168 and
13570, but retained the sequences encoding 40 amino

FIG. 4. Deletion mutational analysis of HSP70h and/or p61. (A) Geno
The deleted regions are shown as thick horizontal lines with correspon
(b–d) from in vitro transcripts (TR), and subsequent 1st (1) and 2nd
hybridizations were carried out using a 39 positive-stranded RNA-specif
deletion mutants (b–d) and (D) decoration with 10-nm gold particles lo
acid residues of the N-terminal domain and 90 amino
acid residues of the C-terminal domain. All three mutants
failed to be transferred efficiently through protoplasts
using sap, suggesting that both HSP70h domains were
essential for efficient virion formation (Fig. 5B). SSEM
analysis of the particles produced by DNC domains re-
vealed a few large particles (0.2 6 0.4 per mesh) and
small particles (2.5 6 1.5 per mesh) compared to CTV-
Dp33 (38.3 6 13.3 large particles and 5.7 6 2.8 small
particles per mesh; Fig. 5C; Table 1).

To exclude the possibility that these mutations re-
sulted in loss of a cis-acting sequence in the RNA or an
origin of assembly that was needed for virion assembly
rather than the encoded protein, we generated a frame-
shift mutant, HSP70hFS. This mutant contained a 11
frameshift at nt 12168, which resulted in the expression
of a truncated protein of N-terminal 40 amino acid resi-
dues (Fig. 5A). The failure of HSP70hFS to serially pas-
sage in protoplasts suggested that the HSP70h protein,
but not the RNA sequence, was required for efficient
virion assembly (Fig. 5B).

The requirement of the ATPase activity of HSP70h for
virion assembly was examined by introducing two muta-
tions targeting key amino acid residues in “phosphate 1”
and “connect 1” motifs in the ATPase domain

anization of wild-type CTV (CTV9) (a) and the deletion mutants (b–d).
cleotide numbers. (B) Replication of CTV9 (a) and the deletion mutants
ssage of virions in crude sap from 4-dpi protoplasts. Northern blot
e. (C) Electron micrographs of negative-stained virus particles from the
the CP antibodies from the deletion mutant (b). Bar, 100 nm.
me org
ding nu

(2) pa
(Agranovsky et al., 1991), similar to mutations introduced
in HSP70h of BYV to examine cell-to-cell movement ac-
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tivity (Peremyslov et al., 1999). The conserved negatively
charged Asp7 and Glu180 residues of phosphate 1 and
connect 1 motifs, respectively, which are critical for ATP
binding through interaction with Mg21 ions (Bork et al.,

992), were replaced with positively charged lysine and
rginine residues in HSP70hDPho1 and HSP70hDCon1
utants, respectively (Fig. 5A). These mutants either

ailed or were weakly passaged to the second batch of
rotoplasts and failed to be transferred further, suggest-

ng that the predicted ATPase domain of the HSP70h
eeds to remain intact for efficient virion formation

Fig. 5B).

urther analysis of p61

The homologs of CTV 61-kDa protein are conserved
mong all Closteroviridae members. To further examine

FIG. 5. Analysis of HSP70h in virion formation. (A) Schematic diagra
the mutants with deletions (gaps) in N-terminal (DATPase), C-terminal (D
and with changes of Asp7 and Glu180 of “phosphate 1” and “connect 1” m

nd solid lines represent translatable and nontranslatable sequences,
st (1) and 2nd (2) serial passage of sap from 4-dpi protoplasts. Northe
robe. (C) Electron micrographs of negative-stained virus particles fro
articles after treating with CP antibodies. Bar, 100 nm.
he functional requirement of p61 in virion formation, we
ntroduced deletions, frameshift, and stop codons to

t
t

ause premature termination of protein translation. Mu-
ant Dp61N had an in-frame deletion of 198 amino acid
odons (13843–14438 nts) in the N-terminal region (Fig.
A). A second mutant, Dp61C, contained a deletion

14510–15073 nts) followed by a 11 frameshift with pre-
icted translation of a truncated protein with the C-

erminal half of the protein deleted (Fig. 6A). These mu-
ants either failed or passaged at low efficiency to the
ext batch of protoplasts (Fig. 6B) and thus were similar

o the HSP70h mutants. SSEM examination of the pri-
ary protoplasts extract revealed that Dp61C produced

nly 0.2 6 0.4 complete virus particles and 2.2 6 1.1
mall particles per mesh (Fig. 6C; Table 1). We failed to
etect any complete virion particles from Dp61N-infected
rotoplasts and detected only 6.2 6 2.3 small particles
er mesh (Fig. 6C; Table 1). These results confirm that

he HSP70h ORF with N-terminal ATPase and C-terminal domains, and
ain), and in both domains (DNC domains), 11 frameshift (HSP70h-FS),
spectively, to Lys and Arg (HSP70h-DPho1 and HSP70h-DCon1). Boxes
tively. (B) Replication of HSP70h mutants from in vitro transcripts (TR),
hybridizations were probed using a 39 positive-stranded RNA-specific
domains-transfected protoplasts and (D) decoration with 10-nm gold
ms of t
C dom

otifs, re
respec
rn blot
he intact p61 ORF was needed for efficient virion forma-
ion.
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It is possible that the deletions removed cis-acting
elements in the RNA sequence that affected assembly
rather than the mutation of the encoded protein. We
generated two mutants, p61FS and p61SS, to determine
whether virion assembly would occur in the absence of
the functional protein but with retention of the RNA se-
quence (Fig. 6A). Mutant p61FS contained a 11 frame-
shift at nt 14512 and could express a truncated protein
containing the N-terminal 252 amino acids of p61. Mutant

61SS contained two stop codons at the position of
mino acid codons 350 and 351. This mutant should
xpress the N-terminal 349 amino acids of p61 (Fig. 6A).

Neither p61FS nor p61SS was efficiently transferred via
sap beyond the first passage (Fig. 6B), suggesting that
the p61 protein rather than a cis-acting sequence was
required for efficient virion assembly.

DISCUSSION

The objective of this work was to examine CTV genes
involved in virion formation, because production of prog-
eny virions by encapsidation of the viral genome in a

FIG. 6. Analysis of the p61 requirement in virion formation. (A) Schem
(p61FS), and two stop codons (p61SS). Boxes and solid lines represen
p61 mutants from in vitro transcripts (TR), 1st (1) and 2nd (2) serial pas
out using a 39 positive-stranded RNA-specific probe. (C) Negative stain
Dp61C) after treating with CP antibodies. Bar, 100 nm.
proteinaceous capsid/nucleocapsid is one of the most
important steps in the virus life cycle. However, large
RNA viruses like CTV present special problems in the
examination of the genetics of virion formation. Full-
length RNAs of CTV are extraordinarily inefficient as
inoculum for protoplasts. In our hands, the inoculation of
protoplasts with CTV deletion mutants that reduce the
size of the RNA from 19.3 to 12–17 kb, or the use of
full-length BYV transcripts (Peremyslov et al., 1998) which
are 15.5 kb, results in substantially greater infection. This
appears not to be due to the inability of full-length CTV to
replicate in protoplasts, because inoculation of sap-con-
taining virions from infected cells which can infect up to
80% of protoplasts results in maximal levels of progeny
RNA accumulation. “Good” virions in sap were very in-
fectious and could be passaged at low dilutions, but the
RNA of incomplete virus particles apparently was de-
graded in the crude sap. We used two approaches to
examine virions in the few primary infected protoplasts.
The first was to examine infectivity of virions incubated in
crude sap by serially passaging in N. benthamiana pro-
toplasts. The second approach was to examine virus
particles using SSEM to concentrate the particles from
the few infected protoplasts.

grams of mutants with deletions (gaps) (Dp61N, Dp61C), 11 frameshift
atable and nontranslatable sequences, respectively. (B) Replication of
om sap of 4-dpi protoplasts. Northern blot hybridizations were carried

(D) 10-nm gold-labeled virus particles from p61 mutants (Dp61N and
atic dia
t transl
sage fr
CTV contains ORFs 1a and 1b of the “replication gene
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262 SATYANARAYANA ET AL.
block” in the 59 half, and a “signature gene module” of five
genes plus other five genes in the 39 half of the genome.
Of the latter five genes, the p33, p18, and p13 have
unknown functions, while p20 and p23 were reported as
an inclusion body and an RNA binding protein, respec-
tively (Gowda et al., 2000; López et al., 2000). We could

ot examine the effect of the replication-associated pro-
eins on assembly, because mutations within these se-
uences were lethal or greatly decreased replication. We
xamined the involvement of the 39 genes in CTV virion

ormation by a series of mutations. Deletion mutagenesis
evealed that the ORFs outside of the signature gene

odule (p33, p18, p13, p20, and p23) were not required
or virion formation. The reduced efficiency of passage of
he mutants with deletions in p18 and p13 ORFs was
robably due to involvement of these sequences in am-
lification of free positive-stranded genomic and sgRNAs

unpublished data). However, excluding p6 gene, the
ther genes of the “signature gene module” (HSP70h, p61,
Pm, and CP) appear to be involved in virion assembly.

f this “signature gene module” was primarily involved in
ssembly, it would be expected that all the genes in this
odule would be required for virion formation, but the p6

ene appeared to have no significant effect on virion
ormation.

As expected, both coat proteins were needed for effi-
ient virion formation. Mutations in the CP gene resulted

n the loss of ability to be passaged in sap and no
ull-length virus particles were detected by SSEM (Figs.
B and 2C). However, the detection of some smaller
irus-like particles suggests that the CPm might have
ttempted assembly in the absence of the CP. Although
e did not detect any full-length particles with CPm
eletion, there was a low level of passage in one exper-

ment suggesting some protection of genomic RNA. Re-
ults obtained from deletion of CPm suggest that the CP
ossibly was more efficient in initiating assembly than
Pm in the absence of the other coat protein, but by itself
as not capable of efficient assembly. This is similar to
previous report that the BYV CP can encapsidate the

enomic RNA in the absence of CPm (Alzhanova et al.,
000). One possibility is that CP normally assembles

irst, producing a “fire cracker-like” structure with a small
ortion of unassembled RNA at one end. This could be

ollowed by completion of assembly by CPm. However, in
bsence of CPm we did not find particles of the expected

ength of “fire cracker” structures. It appears that some
ssembly could occur in the absence of CPm, but most
articles were short, and the lengths apparently were
ariable. However, some particles must have had the
ntire genome protected since there was some infectiv-

ty in crude sap from these protoplasts.
The HSP70h protein appears to be required for effi-

ient virion formation. Mutations in the HSP70h gene

esulted in large decreases in the ability of the virus to be
assaged in crude sap and in substantial reductions in

v
s

he proportion of full-length particles (Figs. 5B and 5C;
able 1). The other gene that was required for efficient
irion formation was p61, which possesses limited ho-
ology with the cellular HSP90 (Pappu et al., 1994). The
SP70h and p61 genes appeared to be equally required

or the efficient formation of virus particles, suggesting
hat they might work together. Cellular proteins function
ointly as molecular chaperones, either by forming com-
lex macromolecular machines or by providing separate
ut tandem functions (Kimura et al., 1995; Hutchison et
l., 1994; Buchner, 1999). The cellular HSP90 acts to-
ether with HSP70 for reverse transcription and assem-
ly of hepadnavirus (Hu et al., 1997).

If the HSP70h and p61 function as chaperones, it is
uzzling that closteroviruses would encode their own
haperones instead of using host chaperones. There are
umerous examples of viruses utilizing host chaperones

n function and/or assembly (Macejak and Sarnow, 1992;
indal and Young, 1992; Cripe et al., 1995; Hu et al., 1997).
t is possible that the formation of some full-length virus
articles with mutations in HSP70h and/or p61 might be
ue to the involvement of cellular chaperones in CTV
ssembly in the absence of virus-encoded chaperones.

t is equally puzzling why the coat proteins of these
od-shaped viruses would need molecular chaperones
or assembly. The other rod-shaped viruses do not en-
ode chaperone-like proteins, and there is little evidence

hat they are needed for assembly. Yet, correct assembly
f Tobacco mosaic virus (TMV) coat protein into virions
ith heterologous RNAs in bacteria has been associated
ith host chaperones (Hwang et al., 1998). In addition,

he formation of several cellular macromolecules such
s actin, tubulin, and bacterial pili have been shown to
e dependent on molecular chaperones (Sakellaris and
cott, 1998; Purich and Southwick, 1999). Even though

he wild-type CP of TMV assembles into virions in vitro
nd presumably in the plant without the help of molec-
lar chaperones, numerous single amino acid substitu-

ions in the TMV coat protein causes some of it to
isfold. This results in the coat protein being propor-

ioned between correct folding into virions and incorrect
olding into amorphous inclusion bodies, which have
een correlated with leaf yellowing due to chloroplast
isorganization (Culver et al., 1991; Lindbeck et al., 1992).
lthough it would appear that normal TMV assembly, and
resumably that of other rod-shaped plant viruses, might
ccur without the aid of molecular chaperones, there
ight be conditions that need them.
The HSP70h of LIYV and BYV, and the p61 analog of

IYV (p59) have been found to be associated with virion
reparations (Tian et al., 1999; Napuli et al., 2000). The
igh stability of the HSP70h-virion complexes of ;10
olecules of HSP70h per virus particle (Napuli et al.,

000) and the association of both proteins with LIYV

irions (Tian et al., 1999) suggests that they might be
tructural components of virions. It also is possible that
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263HSP70h AND p61 FUNCTION IN CLOSTEROVIRUS ASSEMBLY
the association of these proteins with virion preparations
is a result of their previous function during assembly.
Their similarity to cellular chaperones supports their pos-
sible role as molecular chaperones to prevent aggrega-
tion or to assist in proper folding and assembly of coat
protein aggregates in virion formation. However, we can-
not eliminate the possibility that HSP70h and p61 are
needed for virion stability. HSP70h and p61 analogs as
components of the “signature gene module” of BYV have
been reported to be essential for cell-to-cell movement
(Peremyslov et al., 1999; Alzhanova et al., 2000). It is

ossible that these two gene products function both in
irion formation and cell-to-cell movement. However, for-
ation of virions is a prerequisite for cell-to-cell move-
ent of many plant viruses (Vaewhongs and Lommel,

995; Cruz et al., 1998). With our present system, we
annot test whether HSP70h and/or p61 genes of CTV
re also involved in cell-to-cell movement, because we
an infect citrus plants only with mutants that are effi-
iently assembled and amplified by serial passages in
rotoplasts (unpublished data).

MATERIALS AND METHODS

eneration of CTV mutants in 39 genes

The full-length cDNA clone pCTV9 and a self-replicat-
ng deletion mutant, pCTV-DCla (Fig. 1A), were described
reviously (Satyanarayana et al., 1999). pCTV-Dp33 was

obtained by fusing the ORF 1b stop codon to the 39 of the
p33 ORF (Fig. 3A), thus deleting most of p33 sequence
(nts 10858–11660), but retaining the 39 154 nts of the ORF

hich were sufficient for the promotion of the p6 and
SP70h sgRNA(s). Nucleotide deletions, frameshifts,
nd amino acid codon changes were introduced in 39
enes of pCTV9 or pCTV-Dp33 by polymerase chain

reaction using primers with mutagenized sequences,
and their corresponding nucleotide numbers are de-
scribed in the text and appropriate figures. The nucleo-
tide sequence and numbering are according to Karasev
et al. (1995). When deletions were introduced by restric-
tion enzyme digestion that created noncompatible ends,
the single-stranded ends were blunt-ended with T4 DNA
polymerase (New England Biolabs, Beverly, MA) prior to
ligation. Deletions, frameshifts, and codon changes were
confirmed by nucleotide sequencing.

Virion assembly assay in N. benthamiana protoplasts

The procedures for the isolation of mesophyll proto-
plasts from N. benthamiana and polyethylene glycol me-

iated transfection have been described (Navas-Castillo
t al., 1997; Satyanarayana et al., 1999). The capped in
itro transcripts were generated from NotI-restriction en-
yme linearized pCTV9 and its derivative mutants using

P6 RNA polymerase (Epicentre Technologies, WI) as
escribed in Satyanarayana et al. (1999). Freshly pre-
ared in vitro transcripts in 30 ml volume were used
directly for inoculation of protoplasts (;1 3 106). Proto-
plasts were harvested at 4 dpi and divided into two
halves; one half was stored at 270°C for subsequent
transfer to the next batch of protoplasts and another half
was analyzed by Northern blot hybridization as de-
scribed in Satyanarayana et al. (1999). The 39-terminal
900 nucleotides of CTV T36 in pGEM-7Zf (Promega) were
used to make positive-stranded RNA-specific riboprobe
with digoxigenin-labeled UTP.

The frozen (270°C) protoplasts were resupended in
100 ml of 40 mM sodium phosphate buffer, pH 8.2, and
kept on ice for 20–30 min with intermittent gentle mixing.
The sap was clarified at 3000 rpm for 3 min and 60 ml of
supernatant at room temperature was used to inoculate
the next batch of protoplasts. The crude sap containing
virions was passaged 2–4 times through protoplasts.
Each serial passage experiment with mutants included
the wild-type CTV9 and/or CTV-Dp33 as a positive con-
trol and was repeated at least 3–5 times using two to
three independent constructs of each mutant.

SSEM analysis and immunogold labeling

Crude extracts from protoplasts inoculated with CTV9
and its derivative mutants, at 4 dpi, were prepared by
suspending the frozen protoplasts pellet in 40 mM so-
dium phosphate buffer, pH 8.2. Virus particles were ad-
sorbed to carbon-coated copper grids using Protein A
(0.1 mg/ml, Sigma) followed by treatment with CP-
(709–11 IgG, at 1:1000 dilution) or CPm-specific (at 1:250
dilution) antiserum and stained with 2% aqueous uranyl
acetate as described by Derrick and Brlansky (1976). In
addition, virus particles were examined by coating with
CTV CP-specific antibodies (3DFI monoclonal antibod-
ies, 1:1000 dilution) and by decorating with 10-nm gold
particles conjugated to goat anti-mouse IgG (Sigma) fol-
lowed by staining with 2% aqueous uranyl acetate. The
number of small (;100–1200 nm) and large (;1600–2000

m) virus particles in proportion to the length of the
orresponding RNA mutant per mesh was counted from
t least 10 to 15 meshes. All the mutants assayed for
irus particle formation were tested by SSEM and immu-
ogold labeling from at least two independent transfec-

ions.
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