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The entry of the viral genomic DNA of cauliflower mosaic virus into the nucleus is a critical step of viral
infection. We have shown by transient expression in plant protoplasts that the viral coat protein (CP), which
is processed from the product of open reading frame IV, contains an N-terminal nuclear localization signal
(NLS). The NLS is exposed on the surface of the virion and is thus available for interaction with a putative NLS
receptor. Phosphorylation of the matured CP did not influence the nuclear localization of the protein but
improved protein stability. Mutation of the NLS completely abolished viral infectivity, thus indicating its
importance in the virus life cycle. The NLS seems to be regulated by the N terminus of the precapsid, which
inhibits its nuclear targeting. This regulation could be important in allowing virus assembly in the cytoplasm.

Cauliflower mosaic virus (CaMV), the type member of the
caulimovirus group (57), has a circular genomic DNA of 8 kbp
with seven major open reading frames (ORF), six of which
encode proteins that have been detected in vivo (25, 44). The
virion is an icosahedral particle with a diameter of 53.8 nm
made of 420 subunits of the viral coat protein (CP) (9). The N
terminus of CP is believed to be exposed on the surface of the
virion (9, 32).

Early in the replication cycle, CaMV delivers its genomic
DNA to the nucleus, where it is assembled into a minichro-
mosome by association with host proteins from the infected
plant (48). Viral transcripts are then produced and used as
mRNAs for the production of viral proteins or as templates for
reverse transcription (50). Covey and Turner (12) observed
that viral genomes, probably coming from mature virions in the
cytosol, enter the nucleus to increase the pool of minichromo-
somes when protoplasts are prepared from CaMV-infected
leaves. It is reasonable to assume that a virion-associated pro-
tein directs the DNA to the nucleus. The viral DNA alone is
probably too large to easily enter the nucleus, as shown with
mammalian cells (7, 28). Since CP is the most abundant viral
protein in the virion, we hypothesized that it could participate
in transporting viral DNA to the nucleus.

CaMV is a pararetrovirus and uses reverse transcriptase as
part of the replicative cycle (53). An important feature that
distinguishes the pararetroviruses from the retroviruses is the
ability of the DNA proviral form of the retroviruses to be
integrated into the host chromosome (4). The DNA of the
pararetroviruses accumulates within the nucleus as multiple
copies of circular minichromosomes (45, 49, 59).

Many of the genes of pararetroviruses are homologous in
sequence and in function to those of retroviruses. Further-
more, the relative locations of some functions within the ge-
nome are conserved between the two groups (53). After entry
into the cell, retroviruses disassemble in the cytoplasm and
reverse transcribe the genomic RNAs into DNA. The posten-
try viral nucleoprotein complex, also called the preintegration
complex (PIC), needs to harbor a signal to target the reverse-
transcribed DNA into the nucleus. Retroviruses can be divided
into two groups based on the ability of the PICs to be actively

imported into the nucleus during interphase (6). Murine leu-
kemia virus is an example of a retrovirus in which replication is
restricted to dividing cells (52), in contrast to human immuno-
deficiency virus type 1 (HIV-1), which infects nonproliferating
cells. Given the size of the PICs (15), it seems reasonable that
one or more components of the PICs of the second group of
retroviruses should harbor a nuclear localization signal (NLS)
to mediate the transport of this complex into the nucleus.

The HIV-1 matrix protein (MA) has been implicated in
directing the PICs to the nucleus in HIV-1, via an NLS (6).
Gallay et al. (20, 21) proposed that phosphorylation of 1% of
MA on a C-terminal Tyr was required to reverse the mem-
brane binding of MA and promote an association between MA
and the integrase, thus enabling MA with its NLS to direct the
PIC to the nucleus. A mutation in the NLS of MA disabled the
virus, abrogating infection of nondividing cells (6). However,
those results are controversial, since recent evidence suggests
that MA does not harbor an NLS (18). Furthermore, the
blocking of Tyr phosphorylation of MA did not have detect-
able effect on virus infectivity of cells in a nondividing stage
(19), contrary to earlier reports (20, 21). These results imply
that other components of the PIC, namely, integrase, reverse
transcriptase, nucleocapsid, Vpr, or cellular factors, must sup-
ply the NLS(s) (18). There is evidence that the Vpr protein of
HIV-1 or the related protein Vpx in simian immunodeficiency
virus, which are assembled in the virions, could contribute to
nuclear targeting of the PICs (17, 29, 51). Another class of
retroviruses, the foamy viruses, are often found in the nuclei of
infected cells, and an NLS on the CP was shown to be respon-
sible for this localization (55).

Pararetroviruses do not have PICs because reverse tran-
scription is not necessary in the early stage of infection, since
the viral genome is made of DNA. The targeting of human
hepatitis B virus (HBV), a pararetrovirus, has been well doc-
umented. The core protein of HBV possesses a multifunctional
domain at its C terminus that is important for DNA binding
and packaging. An NLS (14, 63) and phosphorylation sites
(36) were mapped in the same region. It was shown that in
HepG2.2.15 cells, which constitutively produce HBV Gag, the
core protein was firmly attached to nuclear pores (2). The
affinity of the core protein for the pore is an important step in
bringing genomic DNA to the nucleus (37). It has recently
been suggested that the HBV polymerase transports the geno-
mic DNA through the pore after disassembly of the particles at
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the nuclear envelope (37). It might be possible that CP has a
similar function for CaMV.

In the present study, we have mapped a region of CaMV CP
important for nuclear targeting that is exposed at the surface of
the virion and present on the three processed forms of CP. In
contrast to the case for HBV, phosphorylation of CP did not
influence nuclear targeting, although the removal of the phos-
phorylation targets improved CP stability. This report is the
first description of an NLS in a plant pararetrovirus.

MATERIALS AND METHODS

Plasmids. The human tenascin tag was removed from the plasmid pTTO (46)
and replaced with the 11-amino-acid hemagglutinin epitope MYPYDVPDYAA
(3). An NcoI site and a BglII site were added downstream of the tag to allow N-
terminal fusions with different CP constructs. The resulting vector (pTAGNLS)
contains a duplicated CaMV promoter and a CaMV poly(A) signal separated by
the sequence encoding the tag and the cloning sites. CaMV CP constructs were
generated by PCR. The sense oligonucleotides 59TCAGAATTCCCATGGCAA
TAG39 (9021), 59GCTCCAGCACCATGGCCGAATC39 (9483), 59GAGAG
AAAGACCATGGCCCCGGAGG39 (13720), and 59GAATTCCCCATGGC
AATAGGAGGAACAGCTGAAGAAGAAAGCGATGCAGGAGGAG39
(14986) and the antisense oligonucleotides 59ATCCAGGATCCTCAATCTTT
CT39 (9482), 59CATCGGATCCTCAGTCTGAGTCT39 (9484), 59CTTTTCGG
ATCCTCATGTAAATTC39 (9485), 59TTCGGATCCTTTCAGGATAAGTC39
(10137), and 59CTTGGGATCCTTTCATGTGGATG39 (10138) were used for
the amplifications. The combinations of oligonucleotides for the PCRs were 9483
and 9484 for p(1-489), 9483 and 10138 for p(1-362), 9021 and 9484 for p(77-480),
9021 and 9482 for p(77-411), 9021 and 10137 for p(77-332), 14986 and 10137 for
pS32(77-332), 9021 and 9485 for p(77-265), 14986 and 10137 for pS32(77-265),
9021 and 9482 for p(77-411), and 13720 and 9482 for p(126-411). The clone
pCa37 (39), containing the whole genome of CaMV in the SalI site of pBR322,
was used as the substrate for the amplification. The construct p(77-480) stops at
codon 480 because a mutation was incorporated which introduced a BamHI site
9 amino acids before the end of ORF IV. All of the PCRs were performed as
follows: 94°C for 1 min, 50°C for 1 min, and 72°C for 2 min for 30 cycles. PCR
products were cloned in the pTAGNLS or pET3d vector (Novagen) after diges-
tion with NcoI and BamHI. The entire sequence of each clone was verified by
DNA sequencing. A methionine codon was added as an initiation codon to
clones starting at codon 76 or 125.

The mutations in the NLSs of p(77-332), pNL2(77-411), and pS32(77-332)
were introduced by site-directed mutagenesis (Amersham oligonucleotide-
directed in vitro mutagenesis system, version II) with the oligonucleotide 59GG
AAAGTACCGGTCCTCCGGGGTTGCGGCCGCTGCCTCATTGTATCTA
GATGGTCCTTC39 to generate pNL2(77-332), pNL2(77-411), and pS32NL2

(77-332).
Plant and viruses. Brassica rapa plants (turnip ’Just Right’) were grown at

22°C with a 16-h photoperiod as described previously (1). The Strasbourg strain
of CaMV cloned in the SalI site of pBR322 (pCa37) was used for the infection
test (39). The mutants pNL2(77-332) and pS32(77-265) were transferred to the
CaMV genome of pCa37 by exchanging an XbaI-AgeI fragment of pCa37 with
the corresponding fragment from pNL2(77-332) or pS32(77-265). Prior to inoc-
ulation, the plasmids harboring the wild-type (wt) and mutated versions of
CaMV were linearized with SalI. Leaves of 4-week-old turnip plants were inoc-
ulated mechanically. For each experiment, two plants were inoculated with 20 mg
of the wt CaMV. Six plants were inoculated with the mutant; three were inoc-
ulated with 5 mg and three were inoculated with 20 mg of viral DNA (1 mg/ml).
The experiment was repeated three times under the same conditions. The virus
was grown in B. rapa and purified as described previously (1).

Cloning and expression in Escherichia coli. Expression plasmids were named
after the positions of their start and stop codons within the CaMV ORF IV.
Constructs were introduced into E. coli BL21(DE3). Liquid cultures were grown
to an optical density at 600 nm of 0.6 and induced with 1 mM isopropyl-b-D-
thiogalactopyranoside (IPTG) for 3 h at 37°C.

Plant protoplasts and analysis by direct immunofluorescence. Mesophyll pro-
toplasts of Nicotiana plumbaginifolia were transfected by the polyethylene glycol
method as described by Goodall et al. (24), using 20 mg of plasmid per trans-
fection (3 3 105 protoplasts). B. rapa protoplasts were made by the same pro-
tocol with modifications. The leaf pieces were digested in enzyme solution (1%
cellulase R10, 0.2% Macerozyme R-10 (Yakult Pharmaceutical, Tokyo, Japan),
0.4 M mannitol, and 8 mM CaCl2) for 18 h at 25°C. The protoplasts were filtered,
washed twice with washing solution (0.2 M CaCl2, 0.05% MES [morpho-
lineethanesulfonic acid], pH 5.8), and resuspended in EP solution (10 mM
HEPES, 150 mM NaCl2, 5 mM CaCl2, and 0.2 M mannitol) prior to transfection.
Optimal expression of protein was found to be at 8 h after transfection. Proto-
plasts were collected and treated for indirect immunofluorescence (46). The
samples were examined under oil with a Leitz microscope equipped with a Leitz
Fluotar 403 objective and epifluorescence filters or with a confocal Leica (Hei-
delberg, Germany) DMIRBE microscope equipped with a Leitz 403 objective
and Leica Scanware.

Extraction of proteins, SDS-PAGE, and immunoblotting. The proteins were
extracted with phenol from the transfected protoplasts or from the inoculated
plants (33). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) of protein samples was performed as described by Laemmli (38).
Proteins were electroblotted from SDS-polyacrylamide gels to nitrocellulose
membranes at 30 V (constant voltage) overnight. The membrane was treated as
described previously (31).

The bacterial pellets containing the overexpressed constructs were resuspend-
ed in 13 Laemmli buffer, and 0.5 volume of loading dye (50% glycerol, 10 mM
Tris [pH 8], 3% SDS, and 5 mM dithiothreitol) was added to the suspension
before heating at 95°C for 3 to 5 min. Twenty micrograms of each sample was
loaded on an SDS-polyacrylamide gel as described above.

Electron microscopy and antibodies. The purified virus preparation was re-
suspended in 0.05 M Tris (pH 7.5) and adsorbed on electron microscope grids
covered with carbon-coated colladium films after treatment by glow discharge
and was negatively stained with 0.75% uranyl formate. For immunogold labeling,
carbon-coated grids loaded with viruses were covered with anti-NLS antibodies,
washed several times, and covered with 10-nm gold–antirabbit antibodies (Au-
rion). Samples were analyzed with a Zeiss EM 910 transmission electron microscope
operated at 80 kV. The data were photographed on Kodak SO-163 films.

The peptide SRYNERKRKTPEDR, containing the NLS of CaMV Gag, was
synthesized, conjugated to a heterologous protein, and injected into a rabbit to
raise antibodies (Ready System AG, Bad Zurzach, Switzerland). The serum was
purified and is referred to in this paper as NLS-immunoglobulin G (NLS-IgG).
The antibodies raised against CP were already available in the laboratory and are
referred to in this paper as CP-IgG (43). The tag antibody was obtained from Babco
(Richmond, Calif.), and the goat antirabbit antibodies were obtained from Bio-Rad.

Dot blot hybridization. The inoculated and upper inoculated leaves on the
infected plants were chosen for sampling. One gram of fresh tissue was homog-
enized in 1 ml of 100 mM Tris (pH 8)–1 mM EDTA–50 mM NaCl. The homog-
enate was diluted 103, 1003, and 1,0003 with extraction buffer and spoted on
nitrocellulose. The following spots were 103 dilutions of the previous one. The
hybridization was performed as described previously (40).

Phosphorylation assay. Inclusion bodies containing the recombinant proteins
p(77-265) and p3S2(77-265) were isolated from E. coli. The proteins of the
inclusion bodies were denatured in SDS and separated by SDS-PAGE (31). The
protein of interest was visualized by incubation in 1 M KCl, electroeluted in SDS
buffer according to the specifications of the manufacturer (Bio-Rad model 422),
and dialyzed against 10 mM Tris-HCl, pH 7.5. Phosphorylation reactions with
mixtures (30 ml) containing 0.25 mg of recombinant protein and 15 mg of CaMV
particles were done as described previously (43).

RESULTS

Nuclear localization of CaMV CP in plant protoplasts. The
CaMV ORF IV encodes a 57-kDa protein. The viral subunits
correspond to three related capsid proteins (called p44, p39,
and p37) that are derived from cleavage of the ORF IV prod-
uct by a virus-encoded protease (58). In the case of p44, pro-
teolytic cleavage occurs 75 amino acids from the N terminus of
the ORF IV protein precursor (43). A construct starting at
residue 77 of ORF IV, corresponding to the first amino acid of
p44 (43), and ending at amino acid 480 (Fig. 1) was transiently
expressed in N. plumbaginifolia protoplasts. The hemagglutinin
epitope (MCYPYDVPDYASLA) (3) was fused to the N ter-
minus of p44 as a tag to facilitate the detection of the protein
with a commercial antibody. The expressed protein was de-
tected by indirect immunofluorescence (46) with a rabbit an-
tibody against the tag followed by a fluorescein isothiocyanate
(FITC)-conjugated goat antirabbit antibody as a secondary
antibody. Nuclei were stained with DAPI (49,6-diamidino-2-
phenylindole). The FITC signal of p44 (Fig. 2A) was coinci-
dent with the nuclear DAPI signal (Fig. 2B) but smaller, sug-
gesting a sublocalization of the expressed protein within the
nucleus, most probably in the nucleolus. p44 with a deletion of
43 amino acids at the C terminus [p(77-411)] showed the same
sublocalization (Fig. 2D). However, when a deletion of 122
amino acids was made at the C terminus of p44 [p(77-332)],
removing the lysine-rich domain of the protein, the fluorescent
signal of this protein (Fig. 2G) became perfectly coincident
with the DAPI signal (Fig. 2H).

Figure 2A, B, D, E, G, and H were taken with a conventional
fluorescence microscope, while Fig. 2C, F, and I were taken
with a confocal microscope and show different cells than do the
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adjacent pairs of FITC and DAPI pictures. Similar results were
obtained when the constructs were expressed in protoplasts of
the host B. rapa (data not shown). Based on these results, we
conclude that p(77-332) contains all of the information neces-
sary to allow nuclear localization of CP and that the C terminus
of p44 influences sublocalization within the nucleus.

Mapping of the NLS of CaMV CP. Many of the NLSs char-
acterized to date are made essentially of positively charged
amino acids arranged in one (monopartite) or two (bipartite)
clusters (for a review, see reference 13). Inspection of the 255
amino acids of p(77-332) reveals a cluster of four positively
charged residues at positions 122 to 125 (Fig. 1A). This motif
(RKRK) resembles the monopartite simian virus 40 (SV40)
T-antigen NLS (PKKKRKV) (13) (Fig. 3C). It is also con-
served in sequence and position among other caulimoviruses
(Fig. 3C). We introduced mutations in the basic cluster of
p(77-332) to see the effect on nuclear targeting of CP after
transient expression in N. plumbaginifolia protoplasts. The ex-
pressed proteins were immunodetected as described above.
When all four positively charged amino acids were mutated to
alanines in pNL2(77-332), no signal was detected in the nu-

cleus (Fig. 3B), whereas expression of the wt sequence p(77-
332) showed strong nuclear signals (Fig. 3A). Deletion of
amino acids 77 to 125 [p(126-411)] also abolished nuclear
targeting (data not shown). Since p(126-411) still contains most
of the C-terminal lysine-rich domain of CP, this result suggests
that the lysine-rich domain of CP does not harbor an NLS.

We conclude that the basic cluster formed by amino acids
122 to 125 of CP is important for nuclear import of the protein.
This sequence can be considered either an NLS itself or part of
a bigger signal.

The NLS of CP is exposed on the surface of the virus. An
NLS (SRYNERKRKTPEDR)-specific antiserum (NLS-IgG)
was prepared and used to decorate the surface of the purified
virus. Protein A-conjugated gold particles were added to the
grid for the detection of NLS-IgG. Many gold particles could
be detected at the virion surface, showing that this peptide is
exposed on virus particles (Fig. 4B). This result further sug-
gests that the sequence recognized by the antibodies is avail-
able for interaction with a putative plant receptor. The preim-
mune serum did not show any specific interaction with the
virus particles (Fig. 4A).

In Western blots, NLS-IgG reacted specifically with the
three major forms of CP found in the purified virus (Fig. 4C).
This result suggests that all of the processed forms of CP in the
purified virus contain the NLS. CP-IgG also recognized the
different forms of CP in the purified virus (Fig. 4C). The mu-
tants pNL2(77-411) and p(126-411) and the wt p(77-332) were
expressed in E. coli, and the recombinant proteins were ana-
lyzed by Western blotting with NLS-IgG or CP-IgG (Fig. 4D
and E). The mutants pNL2(77-411) and p(126-411) reacted
only with CP-IgG, while p(77-332) was recognized by both
antibodies (Fig. 4D and E), indicating that the peptide anti-
serum is very specific for the wt basic cluster.

Does phosphorylation play a role in nuclear targeting of

CP? P44 is phosphorylated in vitro when the virions are incu-
bated with [g-32P]ATP (43). A host casein kinase II activity was
shown to be associated with purified preparations of virions
(43). Complete acid hydrolysis of labeled p44 isolated from
viral particles followed by separation of the products by two-
dimensional electrophoresis on cellulose thin-layer plates con-
firmed that all of the radioactivity was present as phospho-
serine (43). To determine the positions of the phosphorylated
serines, we have expressed and purified from E. coli p(77-265)
and pS32(77-265), in which the serines at positions 82, 86, and
88 were mutated to alanines. The protein pS32(77-265) was
shown to be only weakly phosphorylated by the virus-associ-
ated casein kinase activity compared to the wt protein p(77-
265) (Fig. 5A). This result suggests that those three serines are
major phosphorylation targets in the CaMV CP; the residual
labeling might be due to phosphorylation of threonine residues
found at positions 102 and 105 (43). The intensity of the phos-
phorylation of 50 ng of p(77-265) is comparable to the signal
obtained by using 1 mg of p44 originating from virus particles
(Fig. 5A). This observation is consistent with the results of
Martinez-Izquierdo and Hohn (43), who calculated that only
one radioactive phosphate per 650 molecules of p44 in the
purified virions was incorporated in the in vitro assay. Further-
more, pretreatment of the purified virions with calf intestine
alkaline phosphatase prior to incubation with [g-32P]ATP led
to a more extensive phosphorylation of p44, suggesting that
most p44 is phosphorylated in vivo in the infected plants (43).

Because of the proximity of the phosphorylated serines to
the NLS, we wanted to test their influence on nuclear targeting
of p(77-332). The three serines were mutated to alanines in
the context of p(77-332) [pS32(77-332); Fig. 1B], and this mu-

FIG. 1. CaMV CP constructs. (A) Schematic representation of CaMV CP.
The yellow regions are rich in acidic amino acids. The black region is defined as
the jelly roll (53) and is believed to be involved in protein-protein interaction
between CP subunits in viral assembly (9). The blue region is the lysine-rich
domain which is important for interaction with nucleic acids (9). The red region
is the zinc finger believed to be involved in RNA binding. The amino acid
sequence of the N terminus of p44 is shown below the scheme. The phosphor-
ylation targets are marked in violet, and the NLS is in green. (B) Different forms
of the CaMV CP used in the experiments. The small violet box represents the
position of the phosphorylation target. The number 3 appears in the box when
three of the serines are mutated to alanines. The letter A appears in the green
box when the wt NLS sequence RKRK is mutated to AAAA. Each construct is
named based on the numbering of the full-length ORF IV construct. The flag
HA11 is fused to the N termini of all of the constructs to facilitate the immu-
nodetection of these proteins.
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tation was also combined with the NLS-negative mutant
[pS32NL2(77-332)].

After transient expression in N. plumbaginifolia protoplasts,
the localizations of the proteins were detected by indirect im-
munofluorescence. Surprisingly, about five times more nuclei
were stained with pS32(77-332) (Fig. 5B) than with the wt
protein p(77-332) (Fig. 3A). No nuclear localization could be
detected with construct pS32NL2(77-332) (Fig. 5C). When a
Western blot was made by using tag or specific CaMV CP IgG
with samples of the transfected protoplasts, we could show that
the transiently expressed protein was detectable only when
three of the serines were mutated to alanines (Fig. 5E). The wt
protein was undetectable under these conditions. This sug-
gested that the mutations improved the stability of CP. The
increased abundance of nuclear signals observed with the mu-
tants could thus be explained by an increased protein stability

that leads to a greater accumulation of the protein, rather than
by improved nuclear targeting. The change in the migration of
pS32NL2(77-332) in SDS-PAGE (Fig. 5E) is presumably
caused by the exchange of four basic residues, which affects the
net charge of the protein.

Viral mutants carrying mutations in the NLS or in the
phosphorylation target sites affect the CaMV viral life cycle.
To examine the importance of the NLS for viral replication, we
studied the effect of mutations in this region on viral viability.
We tested the mutant in which the four basic amino acids
RKRK were replaced with AAAA (Table 1). Viral symptoms
were observed on control plants at 7 days postinoculation.
However, more than 3 months after inoculation, the plants
treated with viral DNA mutated in the NLS were still symp-
tomless. To detect traces of viral replication, we performed dot
blot hybridization on extracts made from leaves collected from

FIG. 2. Analysis by indirect immunofluorescence of the intracellular localizations of different forms of CaMV CP after transient expression in N. plumbaginifolia
protoplasts. (A, D, and G) p(77-480), p(77-411), and p(77-332) were detected in the nuclei of transfected cells. (B, E, and H) The same field of view was stained with
DAPI to visualize the nuclei. (C, F, and I) Confocal pictures of different cells from the same transfections.
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plants inoculated with the mutant and wt viral DNAs. None of
the samples infected with the mutant DNA showed any sign of
viral replication. However, the samples infected with the wt
viral DNA showed strong signals even after a 1,000-fold dilu-
tion of the plant extract (Table 1). PCR performed on the same
samples could not amplify the expected viral fragment on the
samples infected with the mutant, in contrast to the wt viral
DNA, which was amplified as anticipated (Table 1). We con-
cluded that the mutations completely abolished viral replica-
tion and that integrity of this region is essential for the life
cycle of the virus.

A similar experiment was also performed with a viral mutant
in which the serines at positions 82, 86, and 88 were mutated to
alanines (CaMV S32). The plants inoculated with this mutant
were symptomless even 3 months after inoculation, while the
plants infected with the wt viral DNA showed symptoms at 7
days postinoculation (Table 1). A PCR product could be ob-
tained from this mutant, suggesting that CaMV could replicate
at a very low level (Table 1). We concluded that this mutation
had a significant effect on the level of replication of CaMV.

Effect of the N terminus of the ORF IV product on the nu-
clear targeting of CP. The CP present in the virus particles does
not contain the first 76 amino acids of the pre-CP (58). To inves-
tigate the influence of this region on nuclear targeting of CP,
we transfected N. plumbaginifolia protoplasts with the full-
length ORF IV [p(1-489)], and versions truncated at the C ter-
minus, namely, p(1-362) and p(1-265). No nuclear signal was
detected in protoplasts transfected with p(1-362) and p(1-265)
even when as much as 50 mg of DNA was used for transfection
[see Fig. 5D for p(1-362)]. Thus, the presence of the first 76
amino acids of the ORF IV product may prevent nuclear
targeting of CP. Similar results were observed when the serines

at position 82, 86, and 88 were mutated to alanine residues in
the context of the full-length ORF IV [p(1-489)] or p(1-362)
(data not shown). The expression of p(1-489), p(1-362), and
p(1-265) could not be detected by Western blotting with the
human tenascin tag or CP IgG. We suggest that the presence
of the first 76 amino acids reduces the stability of the protein,
making its detection difficult with conventional techniques.

DISCUSSION

As a first step in infection, many DNA viruses import their
genomic DNA into the nuclei of infected cells, where tran-

FIG. 3. Mapping of the NLS of CP. (A and B) Confocal pictures showing
indirect immunofluorescence of the intracellular localizations of different forms
of CaMV CP after transient expression in N. plumbaginifolia protoplasts. (A)
p(77-332), containing the wt sequence. (B) pNL2(77-332), with the four posi-
tively charged amino acids of RKRK replaced by AAAA. (C) Alignment of CPs
of four caulimoviruses in the NLS region. CERV, carnation etched ring virus;
FMV, figwort mosaic virus; SoyCMV, soybean chlorotic mottle virus. The SV40
T-antigen NLS is also shown for comparison. The basic clusters are highlighted
in the black box. The acidic amino acids are shown in boldface italics.

FIG. 4. The NLS of CaMV CP is exposed outside the virion and is present in
the three processed forms of CP in the purified virion. (A and B) Gold labeling
of partially purified CaMV particles with preimmune serum (A) or NLS-IgG (B).
Bar, 50 nm. (C) Western blot of proteins from the purified virus probed with
NLS-IgG or CP-IgG. (D) Western blot of p(126-411), pNL2(77-411), and p(77-
332) expressed in E. coli and probed with NLS-IgG. (E) Same as panel D but
probed with CP-IgG.
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scripts that lead to viral protein synthesis are made. The
genomic DNA is too large to easily enter the nucleus, and for
many viruses, such as HBV, influenza virus, adenovirus, SV40,
and HIV, it has been shown that one or several viral proteins
are used to mediate nuclear DNA import (5, 17, 20, 21, 27, 29,
37, 60, 61, 63).

In this study, we analyzed whether the CP of CaMV could
facilitate the transit of the viral genome to the nucleus by
investigating the nuclear targeting of this protein. We charac-
terized a motif (amino acids 122 to 125) containing two lysines
and two arginines that is important for targeting CP to the
nuclei of transfected protoplasts. Mutation of these basic
amino acids to alanines completely abolished the nuclear ac-
cumulation of the protein. Alignment of this region with the
equivalent regions of three other caulimoviruses shows that the
basic cluster is conserved. It is also notable that in all cases
acidic residues are detected in the neighborhood of the basic
cluster (Fig. 3C). Acidic residues have been shown to play an
important role in several NLSs (42), and they might also be
part of the signal in CaMV CP. Cloned CaMV harboring
mutations in the basic cluster was not infectious, and revertants
did not appear even 3 months after inoculation of the plants
(Table 1). This result indicates the importance of this sequence
for the virus life cycle.

The phosphorylation state of a protein can influence nuclear
targeting. In HBV, the core protein (C) has phosphorylation
sites positioned in close proximity to the NLS in the arginine-
rich domain (41). The level of phosphorylation of the protein
influences its capacity to accumulate in the nucleus (36). It was
also suggested that only the phosphorylated form of C can
adopt a structure in the virion that will expose the NLS (36).
Similarly, it was shown for the SV40 T antigen that the nega-
tive charge provided by phosphorylation is an enhancer of the
nuclear import (35). Protoplasts transfected with CaMV CP
mutant constructs that cannot be phosphorylated apparently
showed improved nuclear targeting (Fig. 5B). The frequency
and the intensity of the signals were stronger than those with
the wt CP. However, this mutation appeared to improve pro-
tein stability rather than nuclear targeting activity (Fig. 5E). It
is important to mention that the proteins harboring wt se-
quences transiently expressed in plant protoplasts were not
detected by Western blotting. By mutation of serines 82, 86,
and 88 to alanine residues, which resulted in changes in phos-
phorylation, the proteins were stabilized, showing the impor-
tance of the basic cluster (residues 122 to 125) in nuclear
targeting of CP. The NLS mutant pS32NL2(77-332) accumu-
lates in transfected protoplasts to a level similar to that of
pS32(77-332) (Fig. 5E). However, in contrast to the pS32(77-
332) construct, the mutant pS32NL2(77-332) was not detected
in the nucleus (Fig. 5C). Although phosphorylation seemed to
be important for virus infectivity (Table 1) in our experiments,
its role in the CaMV life cycle remains to be determined.

Transfection of protoplasts with constructs containing the
very acidic N-terminal region of CP never showed detectable

FIG. 5. Influence of phosphorylation and the N-terminal acidic region of CP
on nuclear targeting of CaMV CP. (A) In vitro phosphorylation of CaMV CP.
Serines 82, 86, and 88 were mutated to alanines in pS32(77-265). (B to D)
Analysis by indirect immunofluorescence of the intracellular localizations of
different forms of CaMV CP after transient expression in N. plumbaginifolia
protoplasts. (B) pS32(77-332), in which serines 82, 86, and 88 were mutated to
alanine. (C) pS32NL2(77-332), in which serines 82, 86, and 88 and all of the
basic amino acids of the NLS were mutated to alanine. (D) p(1-362), with the
first 76 amino acids of the ORF IV product. (E) Western blot of transfected
protoplasts expressing wt p(77-332), pS32(77-332), or pS32NL2(77-332) probed
with tag antibody.

TABLE 1. Infection of B. rapa plants with CaMV clones harboring
mutations in the NLS or in the phosphorylation target sites of CP

CaMV

Symptoms at post-
inoculation day: Nuclear

targeting
Dot blot

hybridization
PCR

amplification
7 10 90

RKRK 1 11 11 1 1 1
AAAA 2 2 2 2 2 2
S32 2 2 2 1
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quantities of protein in the nucleus (Fig. 5D). We suggest that
the acidic region can mask the basic cluster, as shown for
human heat shock factor 2 (56). Nuclear targeting of CP would
then be inhibited. This could be an important feature for the
virus life cycle, since CP must be kept in the cytoplasm for viral
assembly. We suggest that after assembly of the virus in the
inclusion bodies in the cytoplasm, the first 75 amino acids of
CP are removed by the viral protease to generate p44 (58).
After this processing, the NLS becomes available for interac-
tion with a plant receptor, such as importin-a (13, 54), that
directs the complex to the nuclear pore. It is also possible that
the pre-CP is simply less stable, making it undetectable by
conventional techniques. We are presently trying to introduce
mutations that will stabilize the pre-CP to evaluate its influ-
ence on nuclear targeting.

This work shows clearly that CaMV exposes NLSs at the
surface of the virion that could be used for targeting the virus
to the nucleus. The nuclear targeting of CP is not directly
regulated by phosphorylation but may be influenced by the
presence of the N-terminal acidic region that is removed by
the viral protease (58). It is unclear how the viral DNA enters
the nucleus. CaMV particles are not normally found in the
nuclei of the infected plants. Two reports describe the pres-
ence of CaMV particles in the nuclei of infected plants (22,
26). These examples were reported as being unusual, because
the CaMV isolates used do not infect natural hosts of the virus.
However, we cannot rule out that CaMV particles enter the
host nucleus through the nuclear pore complexes in a normal
infection, as suggested for SV40 (10). SV40 virions are made of
three structural proteins, VP1, VP2, and VP3. Each of these
proteins contains an NLS that is involved in the nuclear local-
ization of the virus (8, 11, 23, 34, 47, 60, 61). Soon after entry
of SV40 into the nucleus, expression of the large T antigen can
be detected (10, 62). The expression of this viral protein pos-

itively affects the rate of nuclear import by enlarging the size of
the nuclear pores (16). Like for SV40, it is possible that CaMV,
a 50-nm virion (similar in size to SV40), can pass through a
26-nm pore (30), if the pore is elastic. It might be possible that
CaMV virions are rarely seen in the nuclei of infected plants
because the rate of disassembly of the virus nucleus is very
high.

In summary, these results suggest that CaMV belongs to the
group of viruses that are able to infect nonproliferating cells.
This hypothesis is supported by the observation that CaMV is
able to infect a plant if a fully developed leaf is inoculated. This
allows us to suggest the following model (Fig. 6). CaMV virions
infecting a new cell will be targeted to the nucleus of the plant
cell via the NLS of the CP (step 1). It is not clear at this point
if the virus is able to pass through the nuclear pore or if the
virus disassembles at the nuclear membrane. Once the virion is
in the nucleus, the viral genome is transcribed and mRNAs are
transported to the cytoplasm for translation and for reverse
transcription (step 2). The full-length CP (amino acids 1 to
489) is produced. The presence of the first 76 amino acids of
CP keeps the protein in the cytoplasm, where it can be targeted
to the inclusion body for viral assembly (step 3). Once the virus
is assembled, the viral protease will cleave off the first 75 amino
acids (step 4). This proteolysis will expose the NLS of the virus
so that it can now be transported to the nucleus (step 5). The
mature virus can also be transported to a neighboring cell via
plasmodesmata modified by the viral movement protein (step
6) or can be captured by a feeding aphid that will transmit the
virus to another plant (step 7).
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