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Cooperation in Vira1 Movement: The Geminivirus BL1 
Movement Protein Interacts with BR1 and Redirects It from 
the Nucleus to the'Cell Periphery 

Anton A. Sanderfoot and Sondra G. Lazarowitz' 
Department of Microbiology, University of lllinois at Urbana-Champaign, Urbana, lllinois 61801 

For plant viruses to systemically infect a host requires the active participation of viral-encoded movement proteins. It 
has been suggested that BL1 and BR1, the two movement proteins encoded by the bipartite geminivirus squash leaf 
curl virus (SqLCV), act cooperatively to facilitate movement of the viral single-stranded DNA genome from its site of 
replication in the nucleus to the cell periphery and across the cell wall to adjacent uninfected cells. To better understand 
the mechanism of SqLCV movement, we investigated the ability of BL1 and BR1 to interact specifically with each other 
using transient expression assays in insect cells and Nicotiana tabacum cv Xanthi protoplasts. In this study, we showed 
that when individually expressed, BL1 is localized to the periphery and BR1 to nuclei in both cell systems. However, when 
coexpressed in either cell type, BL1 relocalized BR1 from the nucleus to the cell periphery. This interaction was found 
to be specific for BL1 and BR1, because BL1 did not relocalize the SqLCV nuclear-localized AL2 or coat protein. In addi- 
tion, mutations in BL1 known to affect viral infectivity and pathogenicity were found to be defective in either their subcellular 
localization or their ability to relocalize BR1, and, thus, identified regions of BL1 required for correct subcellular targeting 
or interaction with BR1. These findings extend our model for SqLCV movement, demonstrating that BL1 and BR1 appear 
to interact directly with each other to facilitate movement cooperatively and that BL1 is responsible for providing direc- 
tionality to movement of the viral genome. 

INTRODUCTION 

To successfully infect a host plant and cause disease, a plant 
virus must cross the barrier of the cell wall to move cell to cell 
and reach the phloem sieve elements. From the sieve elements, 
it systemically infects the host. Plant viruses accomplish this 
by encoding movement proteins (MPs), which are nonstruc- 
tural proteins that are not essential for viral replication or 
encapsidation but are required for systemic infection of the 
host (Atabekov and Dorokhov, 1984; Hull, 1991). Our current 
understanding of MP function is based primarily on molecu- 

'lar studies of the single MP encoded by tobacco mosaic virus 
(TMV) and red clover necrotic mosaic virus. In vitro studies 
have shown each to be a sequence-nonspecific nucleic acid 
binding protein that appears to bind RNA in a cooperative 
manner (Citovsky et al., 1990, 1992; Fujiwara et al., 1993; 
Giesman-Cookmeyer and Lommel, 1993). In transgenic plants, 
the TMV 30-kD MP localizes to secondary plasmodesmata in 
primarily nonvascular cells (Ding et al., 1992) and increases 
the size exclusion limit (SEL) of plasmodesmata 40-fold be- 
tween mesophyll and bundle sheath cells. When microinjected 
into mesophyll cells, bacterially expressed fusions of the TMV 
or red clover necrotic mosaic virus MP increase measured 
SELs of plasmodesmata, and each MP rapidly moves from 

' To whom correspondence should be addressed. 

cell to cell and functions to move single-stranded RNA (Fujiwara 
et al., 1993; Waigmann et al., 1994). Based on these studies, 
it has been proposed that these MPs are molecular chaper- 
ones that bind the viral RNA genome and target it to 
plasmodesmata, where the MP functions to increase the SEL 
and thus facilitates movement of the viral genome to adjacent 
cells. 

A second model has been proposed that is based primarily 
on electron microscopic studies of cauliflower mosaic virus 
(CaMV), cowpea mosaic virus, tomato ringspot virus, and 
tomato spotted wilt virus infections. In this model, the single 
viral-encoded MP is associated with tubular structures that con- 
tain viruslike particles and appear to extend from cell walls 
ator near plasmodesmata into adjacent uninfected cells. This 
has led to the suggestion that for these viruses, a virus parti- 
cle or subviral nucleocapsid form may move in association with 
these tubular structures (van Lent et al., 1990; Perbal et al., 
1993; Weiczorek and Sanfaçon, 1993; Kormelink et al., 1994). 
Few molecular studies exist to support this model, but tran- 
sient expression assays in protoplasts do suggest that the 
single viral-encoded MP is sufficient to induce formation of 
the tubular structures (van Lent et al., 1991; Perbal et al., 1993). 

The bipartite geminiviruses, such as squash leaf curl virus 
(SqLCV), are phloem limited and, having genomes of covalently 
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closed circular single-stranded DNA (ssDNA), replicate in the 
nucleus. These viruses encode two MPs, BR1 and BL1, that 
act directly to promote viral movement (Brough et al., 1988; 
Etessami et al., 1988) and define viral host range and patho- 
genic properties (Ingham and Lazarowitz, 1993; Pascal et al., 
1993; lngham et al., 1995). Recent studies of SqLCV (Pascal 
et al., 1993, 1994; lngham et al., 1995) and bean dwarf mo- 
saic virus (BDMV; Noueiry et al., 1994) have provided the first 
insights into the mechanism by which BR1 and BL1 may act 
to facilitate viral short-distance (cell-to-cell) and long-distance 
(systemic) movement. We find that BR1 is a nuclear localized 
ssDNA binding protein and that BL1 localizes to plasma mem- 
brane and crude cell wall fractions from both infected and 
transgenic plants and to the periphery of recombinant baculo- 
virus-infected Sf9 insect cells (Pascal et al., 1993, 1994). Based 
on these studies, we have proposed that BR1 and BL1 have 
distinct roles and act coordinately to facilitate viral movement. 
Our model predicts that BR1 is a nuclear shuttle protein that 
binds viral ssDNA and moves it to the cell periphery where, 
as the result of BL1 action, BR1-ssDNA complexes move lo- 
cally to adjacent uninfected cells and also enter sieve elements. 
From the sieve elements, we suggest that BR1-ssDNA com- 
plexes may initiate infection at dista1 sites along the phloem. 
Whether SqLCV BL1 acts directly to alter the plasmodesmal 
SEL, as suggested by microinjection studies of BDMV BL1 in 
mesophyll cells (Noueiry et al., 1994), or facilitates movement 
by some other mechanism remains unclear. 

Our model for SqLCV movement predicts that BL1 and BR1 
interact directly to facilitate viral movement. To demonstrate 
this, we have established transient expression assays in Sf9 
insect cells and Nicotiana tabacum cv Xanthi protoplasts and 
used these assays to investigate the localization of wild-type 
and mutant forms of BL1 and BR1 when each is expressed 
individually or together. These studies have been aided by the 
large collection of alanine scanning, deletion, and truncation 
mutants of BL7 and BR7 that we have generated by site-directed 
mutagenesis and have characterized as to their infectivity, 
pathogenicity, and host range properties (Ingham et al., 1995). 
Our results reported here demonstrate that BL1 and BR1 ap- 
pear to interact directly, with BL1 redirecting BR1 from the 
nucleus to the cell periphery in both Sf9 cells and Xanthi pro- 
toplasts. These studies have also identified domains in BL1 
required for its specific interaction with BR1 and its correct 
subcellular targeting to the cell periphery. 

RESULTS 

Transient Expression of BL1 and BR1 in Sf9 Cells and 
Tobacco Protoplasts 

To examine the requirements for correct subcellular localiza- 
tion of BL1 and BR1, and their potential interactions with each 
other, we utilized transient expression assays to express each 
in Sf9 cells and tobacco (Xanthi) protoplasts. For expression 

in Sf9 cells, BL7 or BRI was cloned as a transcriptional fusion 
to the Aumgraphica californica nuclear polyhedrosis virus gp64 
promoter and upstream of the gp64 3' untranslated termina- 
tion region contained in the insect expression vector p166B-10 
(Gary Blissard, personal communication), as diagrammed in 
Figure 1. This promoter is strongly expressed early during 
baculovirus infection. Using this vector, 20 to 30% of trans- 
fected Sf9 cells were found to maximally express BR1 or BL1 
by 48 hr post-transfection, as assayed by immunofluorescent 
staining and confocal microscopy; sufficient protein was ex- 
pressed to be detected on immunoblots (data not shown). As 
shown in Figure 2A, BR1 localized to the nuclei of transfected 
Sf9 cells, which is consistent with its nuclear localization in 
phloem parenchyma cells in infected pumpkin (Pascal et al., 
1994). BL1 was localized to the periphery of transfected Sf9 
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Figure 1. Expression Vectors Used for Transient Expression Assays 
in Sf9 Cells or Xanthi Protoplasts. 

Shown are the orientation and nucleotide coordinates of the SqLCV 
AL2, AR7 (CP), BL7, and BR7 genes cloned as transcriptional fusions 
into each expression vector. (Top) p166B-10 showing locations of the 
A. californica nuclear polyhedrosis virus gp64 promoter and 3' untrans- 
lated region (3' UTR) and the unique BamHl site used for cloning. 
(Bottom) p35S, derived by excision of the tobacco etch virus leader 
sequences and P-glucuronidase coding region from pRTLPGUS: 
NlaABam (Restrepo et al., 1990), showing locations of the CaMV 35s 
promoter and termination sequences and the unique Xhol and Xbal 
sites used for cloning. Ap', ampicillin resistance; nt, nucleotide; ori, 
plasmid origin of replication. 
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Figure 2. Localization of BR1, BL1, and BL1 Mutants in Sf9 Cells or
Xanthi Protoplasts.
Cells transiently expressing BR1 or BL1 were incubated with the ap-
propriate rabbit antisera, as indicated, followed by incubation with
trimethylrhodamine-conjugated goat anti-rabbit secondary antibody.
In (F) to (J), cells were also counterstained with chromomycin A to
show the location of the nuclei.
(A) Sf9 cells expressing BR1 and stained with anti-BR1 antisera.
(B) Sf9 cells expressing BL1 and stained with anti-BL1 antisera.
(C) Untransfected Sf9 cells stained with anti-BR1 antisera.
(D) Untransfected Sf9 cells stained with anti-BL1 antisera.
(E) Xanthi protoplasts expressing BR1 and stained with anti-BR1
antisera.
(F) Xanthi protoplasts expressing BL1 and stained with anti-BL1 an-
tisera. Cells shown have recently divided.
(G) Sf9 cells expressing BL1KMOA/KM2A and stained with anti-BL1
antisera.
(H) Sf9 cells expressing BL1W208A'K2"A and stained with anti-BL1
antisera.
(I) Xanthi protoplasts expressing BL1K140A/K142A and stained with anti-
BL1 antisera.
(J) Xanthi protoplasts expressing BLI1"208^21^ and stained with anti-
BL1 antisera. Cells shown have recently divided.
Bars in (A) and (E) = 10 urn.

cells (Figure 2B), which is consistent with its presence in
plasma membrane-containing fractions from infected and
transgenic plants (Pascal et al., 1993). No staining was ob-
served when Untransfected Sf9 cells were incubated with
anti-BR1 or anti-BL1 antisera (Figures 2C and 2D) or when
transfected cells were incubated with preimmune sera (data
not shown; Pascal et al., 1994).

The same results were obtained for localization of BR1 and
BL1 in tobacco protoplasts (Figures 2E and 2F). For these
studies, BL1 or BR1 was expressed as a transcriptional fusion
to the CaMV 35S promoter derived from the expression vec-
tor pRTL2-GUS:NlaABam (Restrepo et al., 1990) and utilized
the 35S 3' untranslated termination region (Figure 1). Approx-
imately 20% of transfected Xanthi protoplasts were found to
express BL1 or BR1 maximally by 24 hr post-transfection (data
not shown). BR1 localized to the nuclei of these protoplasts
(Figure 2E), as determined by phase contrast microscopy and
colocalization with chromomycin A. No staining was observed
with preimmune sera (data not shown). Interestingly, under the
paraformaldehyde fixation conditions used, chromomycin A
showed peripheral staining within the nuclei, as expected
based on its direct binding to DNA (Figure 2F); however, BR1
was clearly localized within the nucleoplasm and was not as-
sociated with the chromatin (Figure 2E). Again, as observed
in Sf9 cells, BL1 localized to the periphery of transfected Xan-
thi protoplasts (Figure 2F), with a somewhat more diffuse
distribution at the cell periphery than was generally found in
the insect cells.

Subcellular Localization of Mutated BL1 Proteins

Both missense and deletion mutants of BL1 that decrease
SqLCV infectivity and pathogenicity and affect viral host range
have been identified (Ingham et al., 1995). For any mutated
BL1 protein, these observed defects could be due to the mis-
folding of BL1, the inability of BL1 to interact with BR1 or other
viral-encoded proteins, or incorrect subcellular targeting of BL1.
Thus, to identify domains within BL1 required for its correct
subcellular targeting, we used our transient expression assays
in Sf9 cells and Xanthi protoplasts to investigate the subcellu-
lar localization of these mutated BL1 proteins.

As shown in Figures 2G and 21 and summarized in Table
1, BL1 alanine scanning mutants BL1F35A, BL1N67A, BL1K79A,
B|_1 Y120A/Y121A g|_l K140A/K142A g|_-| K147A/H148A an(j g|_-| E227A/E228A

and deletion mutants BL1 A11~23 and BL1 A194~293 correctly local-
ized to the periphery of Sf9 cells and Xanthi protoplasts, their
distribution being indistinguishable from wild-type BL1 in both
timing and localization. Like wild-type BL1, these particular
mutants first appeared at the cell periphery as early as 48 hr
post-transfection in Sf9 cells and 24 hr post-transfection in Xan-
thi protoplasts, and they continued to accumulate at the cell
periphery for up to 8 and 5 days, respectively. BL1K79A and
BL1E227A/E223A are c|ass | mutants that retain full wild-type lev-
els of 100% infectivity in both pumpkin and squash and exhibit
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Table 1. Phenotypes of BL1 Mutants: Subcellular Location and 
Ability To Relocalize BR1 

Subcellular Localization 

Xanthi BR1 
BL1 Mutantsa Sf9 Cellsb Cellsb lnteractionc 

Wild type 
F35A 
N67A 
D78NR00A 
K79A 
K112ND113A 
Y120NY121A 
K140NK142A 
K147NH148A 
W208NK211A 
E227NE228A 
N260A 
A l l - 2 3  
A 1 60-1 69 
A1 94-293 

P 
P 
P 
C 
P 
ND 
ND 
P 
ND 
C 
P 
C 
P 
C 
P 

P 
ND 
ND 
C 
ND 
C 
P 
P 
P 
C 
ND 
C 
ND 
ND 
ND 

+ 
+ 
+ 
- 
+ 
+ 
+ 
- d  

- d  

+ 
+ 

+ 
- 
+ 

a Shown are mutated amino acids (see text for details). 
P, cell periphery; C, cytoplasm; ND, not done. 
lndicated is the ability of BL1 to redirect BR1 from the nucleus, as 

assayed in Sf9 cells, Xanthi protoplasts, or both. (+), relocalized BR1; 
(-), BR1 remained in the nucleus. 

These BL1 mutants did not relocalize BR1 in Sf9 cells. In Xanthi 
protoplasts, these BLl  mutants transiently relocalized BR1 to the cell 
periphery at 24 hr, but from 48 to 120 hr, BR1 remained in the nucleus. 

only short delays of 2 to 4 days in the initial appearance of 
disease symptoms (Ingham et al., 1995). BLlF3%, BLlN67A, 

tants that produce very attenuated disease symptoms and have 
reduced levels of infectivity in pumpkin of 56 to 70% of the 
wild-type levels, accompanied by long delays in the timing of 
disease symptom appearance (Ingham et al., 1995). All of these 
mutants also produce attenuated symptoms and have low levels 
of infectivity of 22 to 50% in squash but are no longer infec- 
tious for N. benfhamiana, BLl A11-23 and BL1 Y120A/Y121A are 
class III mutants that are no longer infectious in pumpkin or 
N. benfhamiana (Ingham et al., 1995). 

In contrast to the correct targeting of these BL1 mutants, 

BL1A160-169 all mislocalized to the cytoplasm in both Sf9 cells 
and Xanthi protoplasts, as evidenced by uniform immunofluo- 
rescent staining throughout the cytoplasm (Figures 2H and 
2J and Table 1). No accumulation at the cell periphery was 
observed for these particular BL1 mutated proteins, even fol- 
lowing long incubation periods of up to 9 days post-transfection. 
The total intensities of immunofluorescent staining observed 
for these defective mutants were comparable to that seen for 
wild-type BL1 (compare Figures 2 6  and 2G), suggesting that 
these mutated BL1 proteins had turnover rates similar to that 
of wild-type BL1. BLlD78NR8m, BL1K112A/D11a, BL1 w08NK211A, 

BL1N26m, and BLlA16el69 have been tested for their infectivity 

BL1K140A/K142A, BL1K147A/H148A3 and BLlA194-293 are claSS 11 mu- 

6 ~ 1  D78A/R80A, 6 ~ 1  K112A/D113A, BL1 W208A/K211A, BL1 N260A, and 

and pathogenic properties (Ingham et al., 1995), and all are 
class II or 111 mutants that are highly defective in these traits. 

all null mutants (class 111) that have lost the ability to infect 
squash or N. benfhamiana. BL1N26an is a severely defective 
class II mutant that is no longer infectious for N. benfhamiana 
and has low levels of infectivity in squash and pumpkin (11 
and 40%, respectively; lngham et al., 1995). This last mutant 
produces extremely mild, attenuated symptoms in cucurbit 
hosts, characterized by small chlorotic spots in the absence 
of downward leaf curl that appear with a very delayed time 
course 3 to 4 weeks later than symptoms in wild-type infec- 
tions (lngham et al., 1995). Thus, localization of mutated BL1 
proteins to the cell periphery or cytoplasm in these transient 
expression studies was well correlated with the defects in in- 
fectivity and pathogenicity observed for these mutants in 
virus-infected plants. 

BL1D78A/R8íM, BL1KllZA/D1134, BL1WWKZllA, and BLlA16&169 are 

BL1 Specifically Relocalizes BR1 from the Nucleus to 
the Cell Periphery 

Our model for SqLCV MP function predicts that BR1 and BL1 
directly interact to facilitate viral movement. To test this predic- 
tion, we coexpressed BR1 and BL1 in transiently transfected 
Sf9 cells and Xanthi protoplasts to examine whether the pres- 
ente of either MP would alter the localization of the other MF? 
Coexpression of BR1 and BL1 did not alter the localization of 
BL1 in either Sf9 cells or Xanthi protoplasts. As shown in Fig- 
ure 3C, BL1 remained localized to the periphery of Sf9 cells 
when coexpressed with BR1. The same was true in Xanthi pro- 
toplasts (data not shown). In contrast to these findings for BL1, 
when coexpressed with BL1 in either Sf9 cells or Xanthi pro- 
toplasts, BR1 was redirected from the nucleus to the cell 
periphery where BL1 was located (Figures 3A and 36). This 
relocalization of BR1 to the cell periphery was quite stable, 
with BR1 found only at the periphery at all time points from 
24 hr through 5 days post-transfection in Xanthi protoplasts 
and 24 hr through 9 days post-transfection in Sf9 cells. 

To determine whether the ability of BL1 to redirect BR1 from 
the nucleus to the cell periphery was specific for BR1, we coex- 
pressed BL1 with each of two other SqLCV proteins that are 
nuclear localized, namely, AL2 and coat protein (CP). AL2, a 
viral transcription factor (Sunter and Bisaro, 1992), and CP were 
each localized to nuclei of Sf9 cells or Xanthi protoplasts when 
expressed individually in our transient expression assays, as 
summarized in Table 2. When coexpressed with BL1, both AL2 
and CP each remained in the nucleus (Figure 3D and Table 
2), in stark contrast to the relocalization seen when BR1 was 
coexpressed with BL1. Hence, the ability of BL1 to relocalize 
SqLCV-encoded nuclear proteins is specific for BR1. 

The fact that BR1 is redirected to the cell periphery where 
BL1 is found independent of cell type suggests that BR1 and 
BL1 directly interact with each other. To further investigate this 
interaction, as well as to potentially identify domains in BL1 
required for this interaction, wild-type BR1 was coexpressed 
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Table 2. Interaction of BL1 with SqLCV Nuclear Proteins
BR1, AL2, and CP

Figure 3. Ability of Wild-Type or Mutant BL1 To Relocalize BR1 or AL2
in Sf9 Cells or Xanthi Protoplasts.

Cells transiently coexpressing BL1 or BL1 mutants, as indicated, with
either wild-type BR1 or AL2, were incubated with the appropriate rab-
bit antisera, followed by incubation with trimethylrhodamine-conjugated
goat anti-rabbit secondary antibody. Fluorescein images show chro-
momycin A counterstaining to delimit the cell nuclei (not included in
[D] and [H]).
(A) BR1 and BL1 coexpressed in Sf9 cells and stained with anti-BR1
antisera.
(B) BR1 and BL1 coexpressed in Xanthi protoplasts and stained with
anti-BR1 antisera. Shown in inset is the phase image of the same cell.
(C) BR1 and BL1 coexpressed in Sf9 cells and stained with anti-BL1
antisera.

Protein -BL1a + BL1a

BR1
AL2
CP

N"
N
N

Pb
N
N

a Shown is the subcellular location of the SqLCV protein when ex-
pressed in Sf9 cells or Xanthi protoplasts in the absence (- BL1) or
presence ( + BL1) of wild-type BL1
bN, nuclear; P, cell periphery.

with different BL1 mutants in our transient expression assays.
When coexpressed with either BL1K112A/D113A or BLI*208^11*,
both of which localized to the cytoplasm of transfected cells
(see Figures 21 and 2J), BR1 was relocalized to the cytoplasm
where BL1K112A/D113A or BL1W208A/K211A was located and not
to the cell periphery. This was true in both transfected Sf9
cells and Xanthi protoplasts (Figures 3E and 3F and Table 1).
Thus, it again appears that BR1 and BL1 directly interact with
each other. When coexpressed with the three other cytoplas-
mically localized BL1 mutants-BL1D78A/R80A, BL1A16°-169, and
BL1N260A—BR1 was not relocalized but remained in the nu-
cleus of Sf9 cells or Xanthi protoplasts (see Table 1).

Mutants BL1A"-23, BL1F35A, BL1N67A, BLI*7 ,̂ BL1Y120A/Y121A,
g|_-|K140A/K142A B(_1 K147A/H148A_ BL1 E227A/E228A, and BL1A194~293

were all correctly localized to the periphery of transfected Sf9
cells or Xanthi protoplasts, their distribution being indistinguish-
able from wild-type BL1 (see Figure 2 and Table 1). Of these
mutants, the N-terminal mutants BL1A11-23, BL1F35A, BL1N67A,
and BL1K79A, the C-terminal mutant BL1A194-293, and the cen-
trally located mutant BL1Y120A/Y121A each redirected wild-type
BR1 to the cell periphery. This redirection of BR1 was indepen-
dent of cell type (Table 1). In contrast, mutants BL1K140A/K142A

and BL1K147A/H148A were both defective in their ability to inter-
act with BR1. Each of these mutants only transiently relocalized
BR1 to the periphery of Xanthi protoplasts. When coexpressed
with BL1K140A/K142A and BL1K147A/H148A, BR1 was relocalized
to the periphery of Xanthi protoplasts at 24 hr post-transfec-
tion; however, by 48 hr post-transfection, BR1 was relocated

(D) AL2 and BL1 coexpressed in Sf9 cells and stained with anti-AL2
antisera.
(E) BR1 and BL1W208A/K211A coexpressed in Sf9 cells and stained with
anti-BR1 antisera.
(F) BR1 and BL1W208A/K211A coexpressed in Xanthi protoplasts and
stained with anti-BR1 antisera. Shown in inset is the phase image of
the same cell.
(G) and (H) BR1 and BL1 K">°A"<W2A coexpressed in Xanthi protoplasts
and stained with anti-BR1 antisera at 24 hr post-transfection in (G) or
48 hr post-transfection in (H).
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in the nucleus (Figures 3G and 3H and Table l), where it re- 
mained throughout the 5 days of the assay. BL1 K140A/K142A and 
BL1K147A/H148A were each found at the periphery of these 
cotransfected Xanthi protoplasts throughout the time course 
of the assay, and the amount of each mutated BL1 protein 
remained constant, as determined by the intensity of immuno- 
fluorescent staining (data not shown). This defect in the ability 
to interact with BR1 was.even more extreme when assayed 
in Sf9 cells. When BL1 K140A/K142A was coexpressed with BR1 
in Sf9 cells, BR1 was never found at the cell periphery but 
remained in the nucleus at all times (Table 1; data not shown). 
These results suggest that the region surrounding the muta- 
tions in BL1 K140A/K142A and BL1 K147A/H148A is a domain required 
for BL1 to relocalize and thus specifically interact with BR1. 
These findings also revealed the first difference between Xanthi 
protoplasts and Sf9 cells in our assays for BL1-BR1 interac- 
tions. The subcellular localization of all of our BL1 mutants, 
as well as their ability to interact with BR1 and their infectivity 
defects when tested in plants, are summarized in Figure 4. 

DISCUSSION 

Plant virus movement is a dynamic process that requires that 
the viral genome be targeted to the cell periphery and directed 
locally to adjacent uninfected cells as well as to phloem sieve 
elements for systemic infection. Our previous studies of the 
in vivo subcellular localization and in vitro biochemical prop- 
erties of SqLCV BR1 and BL1 have led us to propose that BR1 
and BL1 act cooperatively to facilitate viral movement (Pascal 
et al., 1993, 1994). We have suggested that BR1 is a nuclear 
shuttle protein that binds newly replicated viral genomes and 
moves these into and out of the cell nucleus. According to this 
model, BL1 traps SqLCV BR1-ssDNA complexes in the 
cytoplasm and attracts these complexes to the cell periphery 
where BL1 acts to facilitate their movement to adjacent unin- 
fected cells (Pascal et al., 1994; lngham et al., 1995). In this 
study, we used transient expression assays in Sf9 cells and 

Xanthi protoplasts and our large collection of BL7 mutants 
(Ingham et al., 1995) to investigate the dynamics of viral move- 
ment, in particular the interactions of BR1 and BL1. These cell 
culture model systems have allowed us to investigate the inter- 
actions of BL1 and BR1 in living cells, and the intracellular 
role of BL1 in viral movement and its subcellular targeting. As 
predicted by our model, we found that BR1 and BL1 do specif- 
ically and may directly interact with each other and that BL1 
provides directionality to SqLCV movement. 

When coexpressed with BR1, BL1 redirected BR1 from the 
nucleus to the cell periphery where BL1 itself was located. That 
BR1 and BL1 may interact directly is inferred from the finding 
that wild-type BR1 was relocalized to the cytoplasm when 
coexpressed with the cytoplasmically localized mutants 
BL1 K112A/D113A and BL1 W208A/K211A. This interaction occurred in 
the absence of replicating viral DNA; however, the same results 
were obtained in Xanthi protoplasts transfected with intact 
SqLCV genomic DNA in which replicating viral DNA was pres- 
ent (data not shown). Although we cannot exclude a potential 
role for accessory cell proteins in this interaction, this interac- 
tion did occur independent of cell type, with BR1 relocalizing 
in the presence of wild-type BL1 or BL1 mutants in the same 
manner whether assayed in Sf9 insect cells or tobacco pro- 
toplasts. Given the central role of both BR1 and BL1 in 
determining viral host range (Ingham and Lazarowitz, 1993; 
lngham et al., 1995), it seems unlikely that required acces- 
sory proteins would be expressed in both Sf9 cells, a non-host 
for SqLCV, and tobacco (N. tabacum), a permissive host for 
SqLCV movement (E. Pascal and S.G. Lazarowitz, unpublished 
data). Furthermore, given that this interaction can occur, 
whether BL1 is located at the cell periphery or throughout the 
cytoplasm, again makes it less likely that accessory proteins 
are involved. Thus, we suggest that BR1 and BL1 may inter- 
act directly. To date, we have been unable to demonstrate this 
interaction by coimmunoprecipitation of in vitro-synthesized 
proteins. It may be that, as our model suggests, the interac- 
tion of BR1 and BL1 is of a transitory nature and not sufficiently 
stable to be detected by immunoprecipitation. It is also possi- 
ble that the epitopes recognized by our antibodies are masked 

Y120A/ K147AI 
F35A K79A Y121A H148A 

#!gm 
N67A D78A/ K112A/ K140A/ W208A/ E227A/ N260A 

A11-23 RSOA D113A K142A AMO-169 K211A E228A 

BL7loc P P P P c C P P P C  P C  P C 

Class 111 I I  I I  I 111 111 111 II II 111 II  111 I II  
+ + +  - BL1:BRl + + + + - + + - - -  

Figure 4. Summary of the Subcellular Location, BR1 Interactions, and lnfectivity Phenotype of BL1 Mutants. 

Diagrammed is the 6L7 coding sequence. Point mutations are indicated by black boxes, deletion mutants by brackets, and the C-terminal trunca- 
tion A194-293 by an arrow. BL1 loc, subcellular location of BL1 as peripheral (P) or cytoplasmic (C); BLl:BRI, ability of the mutated EL1 protein 
to relocalize (+) or not relocalize (-) BRI; Class, infectivity defect of each mutant as characterized by lngham et al. (1995). 
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in complexes formed between BR1 and BL1. Current in vitro 
binding assays using purified BR1 and BL1 overexpressed in 
Sf9 cells should directly address these issues. 

Our findings demonstrate that the ability of BR1 and BL1 
to interact with each other is an inherent property of, and is 
specific to, these two MPs. In addition to this interaction oc- 
curring independent of cell type, as discussed previously, BL1 
did not relocalize other SqLCV-encoded nuclear-localized pro- 
teins, namely, CP and AL2. Both CP and AL2 remained in the 
nuclei of Sf9 or Xanthi cells when coexpressed with BL1; this 
is in striking contrast to the relocalization of BR1 that we ob- 
served. This makes sense in the context of viral multiplication, 
because both AL2 and CP function in the nuclei of infected 
cells: AL2, a transcription factor, activates viral gene expres- 
sion from SqLCV double-stranded DNA templates located in 
the nucleus; and virions are found assembled only in the nu- 
cleus, the site of viral replication, with none having been 
reported in the cytoplasm of infected cells (Goodman, 1981). 
The different behavior of BR1 when coexpressed with BL1 
further argues that as a nuclear-localizing protein, BR1 has 
properties quite distinct from those of either AL2 or CP 

What might these unique properties of BR1 be? For BL1 to 
perturb the nuclear localization of BR1 and redirect it to the 
cell periphery requires that both proteins at least transiently 
exist in the same subcellular compartment. The inability of BL1 
to relocalize either AL2 or CP demonstrates that simple leak- 
age of SqLCV proteins from the nucleus due to the documented 
cytopathic properties of BL1 (Pascal et al., 1993; lngham et 
al., 1995) does not explain our findings. Rather, our results sup- 
port our earlier suggestion that BR1 is a nuclear shuttle protein 
(Pascal et al., 1994). At equilibrium, BR1 is predominantly nu- 
clear and does not have a large cytoplasmic pool (see Figures 
2A and 2E). This is a common feature of other characterized 
nuclear shuttle proteins, such as nucleolin and B23/No38, in 
which the small cytoplasmic pools are not detected by con- 
ventional fractionation or immunological techniques (Borer et 
al., 1989; Laskey and Dingwall, 1993; Schmidt-Zachmann et al., 
1993). We found the presence of BL1 to perturb the equilibrium 
of BR1, presumably by binding BR1 molecules as they tran- 
siently passed into the cytoplasm, thereby retaining them there. 

Directionality is an important aspect of viral movement. Our 
results showed that BR1 does not provide directionality to 
SqLCV movement, but rather that BL1 acts to accomplish this 
through its interaction with BR1. Our coexpression studies in 
both Sf9 cells and Xanthi protoplasts demonstrated that BL1 
acts to redirect BR1 from the nucleus to the cell periphery. 
Thus, as previously suggested (Pascal et al., 1994), it appears 
that one function of BL1 is to trap BR1-ssDNA complexes in 
the cytoplasm and redirect them to the cell plasma membrane 
for transport to adjacent uninfected cells. That BR1-ssDNA 
complexes move is supported by the properties of BR1 as an 
ssDNA binding protein (Pascal et al., 1994) and by the finding 
that CP positively interacts with the movement pathway, prob- 
ably through its ability to increase the amount of viral ssDNA 
synthesis (Ingham et al., 1995). Localization of BL1 to the cell 

periphery is not required for it to interact with BR1 as cytoplas- 
mically localized mutants BL1 K112A/D113A and BL1 W208A/K211A 

both redirected BR1 to the cytoplasm of Sf9 cells and Xanthi 
protoplasts. However, correct peripheral localization is required 
for proper BL1 function, as BL1K112A/D113A and BL1w08A/K211A 
and the cytoplasmically localized mutants BLlD78A/R80A and 
BLlA16&169 are all class 111 null mutants having no infectivity 
in all hosts tested (Ingham et al., 1995). 

That we can separate the ability of BL1 to interact with BR1 
from the correct targeting of BL1 to the cell periphery has al- 
lowed us to identify domains in BL1 required for its specific 
interaction with BR1 or correct subcellular localization, as 
retention of either function suggested that the mutated pro- 
tein under study was not globally misfolded (see Figure 4). 
That these domains are relevant in vivo can be concluded from 
the correlation between observed infectivity defects in the plant 
and the behavior of mutated BL1 proteins in our transient ex- 
pression assays (Ingham et al., 1995). Thus, the mutations in 
BL1 K112A/D113A and BL1W20e+VK211A indicate that the regions sur- 
rounding residues 112 to 113 and 208 to 211 in BL1 are 
important for the correct subcellular targeting of BL1. Given 
the distribution of proline residues and hydrophobic regions 
in BL1, residues 112 to 113 may be exposed on the protein 
surface, and thus in the native protein they could bejuxtaposed 
to the region of residues 208 to 211 to potentially form a do- 
main required for correct targeting of BL1 to the cell periphery. 
Mutants BL1 K140A/K142A and BL1 K147A/H148A appear to define a 
region of BL1 delimited by mutants BL1Y120A/Y21A and 
BLlA194-293, which is essential for BL1 to interact with BR1, as 
neither BL1 K140A/K142A nor BL1 K147A/H14eA relocalized BR1, al- 
though each was correctly localized to the cell periphery. The 
entire region from residues 120 to 160 is neither highly charged 
nor hydrophobic; however, residues 140 to 148 are in a lysine- 
rich region of BL1 (136KFKGKLKLSSAKH148). These results 
suggest that the interaction of BL1 and BR1 is required for their 
correct functioning in viral movement in the plant. Consistent 
with this and of particular interest is our finding that both 
BL1 K140A/K142A and BL1 K147A/H148A only transiently relocalized 
BR1 to the cell periphery in Xanthi protoplasts (see Figure 3G). 
Thus, BL1 K140A/K142A and BL1 K147A/H148A are partially defective 
in their potential to interact with BR1. This correlates with the 
fact that BLlK140A/K142A and BL1K147A/H148A are class II mutants 
that have reduced infectivity and pathogenicity and a long de- 
lay in the appearance of disease symptoms in cucurbits 
(Ingham et al., 1995). 

Certain class II or class III BL1 mutants that are severely 
defective in infectivity or pathogenicity (BLlA17-23, BLlF35A, 
BLINmA, BL1 Y12@N121A, and BL1A194-293) were not defective ei- 
ther in their targeting to the cell periphery or in their ability 
to relocalize BR1. This was expected because our transient 
expression systems only assayed for two properties of BL1, 
namely, its correct subcellular targeting and its ability to inter- 
act with BR1. Thus, BL1A17-23, BLlF35A, BL1N67A, BL1y12~121A,  
and BL1A194-293 are presumed to be defective in other poten- 
tia1 functions of BL1 not directly testable in our model systems. 
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One particularly interesting potential class of BL1 mutants con- 
sists of those that would have increased binding affinity for 
BR1. These would behave normally in our transient expres- 
sion assays, but would be expected to be severely defective, 
according to our model, because BR1 movement complexes 
would be retained by BL1 in the infected cell and thus not 
released into adjacent uninfected cells. 

Hence, all of our results taken together strongly support our 
proposed model for the function and cooperative interaction 
of BL1 and BR1 in facilitating movement of the SqLCV ssDNA 
genome. In vitro biochemical studies (Pascal et al., 1994), im- 
munolocalization and cell fractionation studies in infected plants 
and cultured cells (Pascal et al., 1993, 1994), genetic epista- 
sis studies (Ingham et al., 1995), and our demonstration here 
of the specific and cooperative interaction of BL1 and BR1 iden- 
tify an intracellular pathway in which BR1-ssDNA complexes 
shuttle in and out of the nucleus and are trapped within the 
cytoplasm to be directed to the cell periphery by BL1. Severa1 
aspects of this model are at variance with, and difficult to recon- 
cile with, the model proposed for BDMV based on microinjection 
of Escherichia coli-expressed BR1 and BL1 fusion proteins 
into N. fabacum mesophyll cells (Noueiry et al., 1994). This 
latter model posits that BL1 directly binds and moves viral 
double-stranded DNA and that BR1 is a nuclear-exiting factor 
that delivers the double-stranded DNA to BL1. These conclu- 
sions were based on cytoplasmic localization of BR1 and the 
inability to find BR1 in the nucleus. Clearly, the inability to find 
BR1 in the nucleus is a serious problem with these microin- 
jection studies (Noueiry et al., 1994) because we find BR1 
localized to nuclei in phloem cells and insect cells (Pascal et 
al., 1994) and, as shown above, mesophyll-derived cells (Xanthi 
protoplasts). At issue in interpreting the microinjection studies 
are the mode of preparation and the lack of proper post-trans- 
lational modifications of the E. coli-expressed fusion proteins 
used, the large amounts of protein injected, and the lack of 
quantitation of the results (Noueiry et al., 1994). In addition, 
no direct binding of nucleic acids by BL1 or BR1 was demon- 
strated in the BDMV studies (Noueiry et al., 1994), and it 
remains to be shown whether the fluorescent dyes used re- 
main bound to the nucleic acids following microinjection. Our 
studies reported here do not address directly the mechanism 
by which BL1 acts to facilitate movement of BR1-containing 
complexes across the cell membrane and wall. The microin- 
jection studies of Noueiry et al. (1994) suggest that BDMV BL1 
may act in a manner similar to the TMV 30-kD protein to affect 
plasmodesmal SELs. However, given the aforementioned prob- 
lems and the lack of demonstrated relevance of their findings to 
the function of BL1 in virus-infected plants, it remains an open 
question whether BL1 functions through preexisting plasmo- 
desmata or by some other mechanism to facilitate intercellular 
movement of the viral genome. Additional studies are needed 
to clarify the mechanism of action of BL1 in intercellular move- 
ment and to address the inconsistencies cited above. 

The results reported here for SqLCV BL1 and BR1 demon- 
strate at least one mechanism involving specific protein-protein 
interaction by which directionality can be imposed on plant 

viral movement. These results have also begun to identify 
potential regions within BLl required for its correct subcellu- 
lar targeting to the cell periphery and its interaction with BR1. 
In addition to their intrinsic interest as facilitators of plant virus 
movement, further investigation of these MPs has broader im- 
plications for understanding intracellular trafficking in plants. 
Studies of BL1 should both reveal specific details about its 
ability to bind and direct BR1 and to help define those path- 
ways by which peripheral membrane proteins are modified and 
properly targeted in plant cells. BR1 appears to be the only 
current example of a nuclear shuttle protein in plants and thus 
affords the opportunity to investigate the function of this in- 
teresting class of proteins in plant cells. 

METHODS 

Expression Vectors 

lnsect (Spodoptera frugiperda) cell expression vectors for transient trans- 
fection were constructed using p166B-10 (Gary Blissard, personal 
communication), a plasmid containing the promoter and terminator 
sequences from the gp64 gene of the Autographica californica nuclear 
polyhedrosis virus, separated by a unique BamHl site for cloning (Figure 
1) in the pBS (+) vector (Stratagene). Squash leaf curl virus (SqLCV-E, 
extended host range virus, genomic components AE and BE; 
Lazarowitz, 1991) BR7 and BL7 were excised from pGBR1 and pGBL1, 
respectively (Pascal et al., 1993, 1994), using the upstream Hindlll and 
downstream Xhol sites in the polylinker flanking each coding region. 
Each was blunt ended using T4 DNA polymerase (Sambrook et al., 
1989) and cloned into the blunt-ended BamHl site of p166B-10 using 
T4 polynucleotide ligase (Sambrook et al., 1989) to create pGP64-BR1E 
and pGP64-BLlE, respectively. AL2 and AR1 (coat protein gene) were 
excised from the SqLCV AE component (Lazarowitz, 1991) by diges- 
tion with EcoRll and Xhol (nucleotides 1749 to l l7 l )  or Ddel (nucleotides 
331 to 1255), respectively. Each fragment was blunt ended with T4 DNA 
polymerase and cloned into the blunt-ended BamHl site of p166-106, 
creating pGP64AL2E and pGP64ARIE, respectively. 

The construction of 6L7 mutants and the characterization of their 
phenotype have been reported previously (Ingham et al., 1995). The 
coding region from each BL7 mutant was cloned into p166B-10 as de- 
scribed above. For transient transfection assays in Sf9 cells, DNA (-200 
Ng) was prepared using the Wizard Midi Plasmid Preparation System 
(Promega) as recommended by the manufacturer, and the DNA was 
ethanol precipitated before it was used. DNA was stored at 4OC prior 
to transfection. 

Plant expression vectors were derived from pRTL2-GUS:NlaABam 
(Restrepo et al., 1990). This vector was digested with Xhol and Xbal 
to remove the tobacco etch virus leader and the P-g1ucuronidase:Nla 
fusion, thus leaving the empty expression cassette with the cauliflower 
mosiac virus (CaMV) 355 promoter and terminator regions intact (see 
Figure 1). SqLCV AL2, AR7, BR7, BL7, and BL7 mutants were then 
each cloned into this expression cassette essentially as described 
above, creating expression vectors p35SAL2E, p35SARlE, p35S- 
BRlE, and p35S-BLIE and the corresponding mutant BL1-expressing 
plasmids (for example, p35S- BL1EF3”). Specifically, the Xhol and 
Xbal sites of this expression cassette were blunt ended using T4 
DNA polymerase, and the appropriate blunt-ended fragment for each 
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wild-type or mutant gene was inserted into these sites using T4 poly- 
nucleotide ligase (Sambrook et al., 1989). For the transient transfection 
assays in Xanthi protoplasts, plasmid DNA was purified by a single 
banding in CsCl gradients (Sambrook et al., 1989) and stored at 4OC 
prior to electroporation. 

studies, the two cotransfecting plasmids were each added at 20 pg 
to the transfection mixture described above. 

Cells were washed once in fresh TMN-FH containing 10% FBS and 
antibiotics and incubated in this medium for 2 to 7 days. Cells were 
then removed from the dishes by gentle pipeting in TMN-FH and seeded 
into 10-mm chamber slides (Nunc, Naperville, IL). Cells were allowed 
to attach for 20 to 60 min. They were then gently rinsed with PBS and 
fixed by immersion in 95% ethanol at -2OOC for 5 min. Cells were 
then stained with the appropriate antisera and trimethylrhodamine- 
conjugated goat anti-rabbit secondary antibody, as previously de- 
scribed (Lazarowitz, 1982). samples were mounted in pBs containing 
50% glycerol and visualized using a Bio-Rad MRC-1000 Krypton/Argon 
~~~l ker confocal sptem to an o@ipha microscope (Nikon, 
~ ~ l ~ i l l ~ ,  NY) ata final magnification of x1500 for Sf9 cellS and x l ~ ~ ~  
for Xanthi protoplasts. In coiocalization studies, nuclei were stained 

Site-Directed Mutagenesis of BL1 

Alanine substitutions (alanine scanning; Cunningham and Wells, 1989) 
used to construct mutants BL1 K112A’D113A, BL1y120A’y121A, and 
BL1Kl47A’HlUA were introduced by site-directed mutagenesis using syn- 
thetic oligonucleotide primers and uracil-containing single-stranded 
DNA (ssDNA) templates, as previously described (Ingram et a\., 1995). 

Antisera 

by incubation in 56 pM chromomycin A (Sigma) for 5 min (Leemann 
and Ruch, 1982), and the trimethylrhodamine and chromomycin A (flu- 
orescein channel) images were superimposed. 

The generation of rabbit polyclonal antibodies raised against BR1 and 
BL1 expressed in Escherichia coli has been described previously 
(Pascal et al., 1993). For production of antiAL2 and anti-AR1 antisera, 
pET-3b translational fusions (Studier et al., 1990) expressing AL2 or 
AR1 were constructed using the Avall-Xhol fragment (nucleotides 1651 

Transient Expression of SqLCV Proteins in Nicotiana 
tabacum cv Xanthi Cells 

Protoplasts of fast growing suspensions of Xanthi cells were prepared 
to 1169, amino acids 9 to 131) or the Ncol-Xhol fragment (nucleotides 
410 to 1171, amino acids 4 to 251) of the SqLCV AE component, 
respectively (Lazarowitz and Lazdins, 1991). lnduction and expression 
of these AL2 and AR1 fusion proteins in E. coliwere as described pre- 
viouslyfor BR1 and BL1 (Pascal et al., 1993). The pellet obtained from 
sonicated cells was washed with TEH (50 mM Tris-HCI, pH 8, 10 mM 
EDTA) containing 0.5% Triton X-100, followed by consecutive washes 
with TEH containing 1% Nonidet P-40 and TEH with 1 M urea. This 
final washed pellet was resuspended in sample buffer (60 mM Tris- 
HCI, pH 8,2.3% SDS, 5% p-mercaptoethanol, 10% glycerol, and 0.1% 
bromophenol blue), and the proteins were resolved on 10% acrylamide 
gels. Protein was visualized by briefly staining (-2 to 5 min) with 0.05% 
Coomassie Brilliant Blue R 250 in water, and the AR1 or AL2 band 
was excised and ground to a fine powder in liquid nitrogen. Rabbits 
were subcutaneously injected at eight sites along their flanks using 
-0.5 mg of protein for initial injections and -0.25 to 0.5 mg for subse- 
quent boosts. 

for electroporation essentially as described previously (Fromm e1 al., 
1986). The protoplasts were resuspended at -1.2 x 106 cells per mL. 
Twenty micrograms of the appropriate p35S expression vector and 100 
pg of carrier salmon sperm DNA were added to 0.8 mL of protoplasts 
and electroporated at 360 V, 100 0, 25 pF in a Bio-Rad GenePulsar. 
Following incubation at 26OC for from 12 to 120 hr, -1 x 105 cells were 
allowed to attach to chamber slides (Nunc) for 30 min in conditioned 
medium. Cells were fixed essentially as described by Liu et al. (1993). 
Briefly, cells were fixed with 4% paraformaldehyde in PME (50 mM 
Pipes, pH 6.9, 5 mM MgSO,, 1 mM EGTA) for 1 hr, permeabilized with 
0.5% Nonidet P-40 in PME for 30 min, and dehydrated in -2OOC meth- 
ano1 for 10 min. Following rehydration in PME for 5 min, cells were 
prepared for indirect immunofluorescence staining and confocal mi- 
croscopy as described above for Sf9 cells. 

ACKNOWLEDGMENTS 

Transient Expression of SqLCV Proteins in Sf9 Cells 

Sf9 cells were grown and maintained, and all transfections were per- 
formed at 26OC. Transfection of Sf9 cells by the Capo4 method was 

We most gratefully thank Gary Blissard for generously providing us 
with the p166B-10 vector prior to publication and Jim Carrington for 
so kindly providing the pRTL2-GUS:NlaABam vector. We thank 
Margaret Sanger for kindly providing us with the Xanthi cell line and 

modified from Summers and Smith (1987). Briefly, -106 cells were 
seeded into 60-mm tissue culture-treated Petri dishes and allowed 
to grow for 2 days in TMN-FH (Grace’s salts plus 0.33% lactalbumin 
plus 0.33% Yeastolate [all from GIBCO BRL]) plus 10% fetal bovine 
serum (FBS; GIBCO BRL). Prior to transfection, the cells were incubated 
for 1 to 2 hr in 3 mL of Grace’s salts containing 10% FBS and antibiot- 
ics (50 pglmL gentamycin [Sigma], and 2.5 pglmL amphotericin B 
[Sigma]). During this incubation period, 20 pg of the appropriate pGP64 
expression plasmid was added to 1 mL of 2 x HEBS (274 mM NaCI, 
12 mM dextrose, 10 mM KCI, 1.4 mM Na2HP04-7H20, 40 mM Hepes, 
pH 7.1), followed by the slow dropwise addition of 1 mL of 250 mM 
CaCI2. A precipitate was allowed to form for 20 to 30 min at room tem- 
perature. The CaP04-DNA precipitate was then added dropwise to 

protoplast and electroporation protocols, as well as for her patient guid- 
ance and understanding in helping us establish this system in our 
laboratory. In addition, we are most grateful to Chris Doe and the mem- 
bers of his laboratory for their help with the confocal microscopy and 
for providing us with access to their confocal microscope facilities. 
We also thank Rodney Friend for subcloning BL7- and BL7E227AE22a 
into the p166B-10 expression vector, and the members of our labora- 
tory (Dave Ingham, Erica Pascal, Brian Ward, and Shenwei Qin) for 
stimulating discussions during the course of this work. This work was 
supported by National Science Foundation Grant No. MCB-9417664 
to S.G.L. and funds from the University of lllinois Research Board. 

the Sf9 cells and incubated for an additional 4 hr. For coexpression Received March 7, 1995; accepted May 12, 1995. 



1194 The Plant Cell 

REFERENCES 

Atabekov, J.G., and Dorokhov, Y.L. (1984). Plant virus-specific trans- 
port function and resistance of plants to viruses. Adv. Virus Res. 

Borer, R.A., Lehner, C.F., Eppenberger, H.M., and Nigg, E.A. (1989). 
Major nucleolar proteins shuttle between the nucleus and cytoplasm. 
Cell 56, 379-390. 

Brough, C.L., Hayes, R.J., Morgan, A.J., Coutts, R.H., and Buck, 
K.W. (1988). Effects of mutagenesis in vitro on the ability of cloned 
tomato golden mosaic virus DNA to infect Nicotiana benfhamiana 
plants. J. Gen. Virol. 69, 503-514. 

Citovsky, V., Knorr, D., Schuster, G., and Zambryski, P. (1990). The 
P30 movement protein of tobacco mosaic virus is a single-stranded 
nucleic acid binding protein. Cell 60, 637-647. 

Citovsky, V., Wong, M.L., Shaw, A.L., Prasad, B.V.V., and Zambryski, 
P. (1992). Visualization and characterization of tobacco mosaic vi- 
rus movement protein binding to single-stranded nucleic acids. Plant 
Cell 4, 397-411. 

Cunningham, B.C., and Wells, J.A. (1989). High-resolution epitope 
mapping of hGH-receptor interactions by alanine-scanning muta- 
genesis. Science 244, 1081-1085. 

Ding, B., Haudenshield, J.S., Hull, R.J., Wolf, S., Beachy, R.N., 
and Lucas, W.J. (1992). Secondary plasmodesmata are specific 
sites of localization of the tobacco mosaic virus movement protein 
in transgenic tobacco plants. Plant Cell 4, 915-928. 

Etessami, P., Callis, R., Ellwood, S., and Stanley, J. (1988). Delimi- 
tation of the essential genes of the cassava latent virus DNA 2. 
Nucleic Acids Res. 16, 4811-4829. 

Fromm, M.E., Taylor, L.P., and Walbot, V. (1986). Stable transforma- 
tion of maize after gene transfer by electroporation. Nature 319, 
791-793. 

Fujiwara, T., Giesman-Cookmeyer, D., Ding, B., Lommel, S. A., and 
Lucas, W.J. (1993). Cell-tc-cell trafficking of macromolecules through 
plasmodesmata potentiated by the red clover necrotic mosaic virus 
movement protein. Plant Cell 5, 1783-1794. 

Giesman-Cookmeyer, D., and Lommel, S.A. (1993). Alanine scan- 
ning mutagenesis of a plant virus movement protein identifies three 
functional domains. Plant Cell 5, 973-982. 

Goodman, R.M. (1981). Geminiviruses. In Handbook of Plant Virus 
lnfection and Comparative Diagnosis, E. Kurstak, ed (New York: El- 
sevier/North Holland Biomedical Press), pp. 879-910. 

Hull, R. (1991). The movement of viruses within plants. Semin. Virol. 

Ingham, D.J., and Lazarowitz, S.G. (1993). A single missense muta- 
tion in the BR1 movement protein alters the host range of the squash 
leaf curl geminivirus. Virology 196, 694-772. 

Ingham, D.J., Pascal, E., and Lazarowitz, S.G. (1995). Both geminivi- 
rus movement proteins define viral host range, but only BLI 
determines viral pathogenicity. Virology 207, 191-204. 

Kormelink, R., Storms, M., van Lent, J., and Goldbach, R. (1994). 
Expression and subcellular localization of the NSM protein of tomato 
spotted wilt virus (TSWV), a putative viral movement protein. Virol- 

Laskey, R.A., and Dingwall, C. (1993). Nuclear shuttling: The default 

Lazarowitz, S.G. (1982). Simian virus 40 mutant with transposed 

29, 313-363. 

2, 89-95. 

Ogy 200, 56-65. 

pathway for nuclear proteins? Cell 74, 585-586. 

T-antigen and VPl genes. J. Virol. 41, 1025-1037. 

Lazarowitz, S.G. (1991). Molecular characterization of two bipartite 
geminiviruses causing squash leaf curl disease: Role of viral repli- 
cation and movement functions in determining host range. Virology 

Lazarowitz, S.G., and Lazdins, I.B. (1991). lnfectivity and complete 
nucleotide sequence of the cloned genomic components of a bipartite 
squash leaf curl geminivirus with a broad host range phenotype. 
Virology 180, 58-69. 

Leemann, U., and Ruch, F. (1982). Cytofluorometric determination 
of DNA base content in plant nuclei and chromosomes by the 
fluorochromes DAPl and chromomycin A3. Exp. Cell Res. 140, 

Liu, B., Marc, J., Joshi, H.C., and Palevitz, B.A. (1993). Ay-tubulin- 
related protein associated with the microtubule arrays of higher plants 
in a cell cycle-dependent manner. J. Cell Sci. 104, 1217-1228. 

Noueiry, A.O., Lucas, W.J., and Gilbertson, R.L. (1994). Two pro- 
teins of a plant DNA virus coordinate nuclear and plasmodesmatal 
transport. Cell 76, 925-932. 

Pascal, E., Goodlove, P.E., Wu, L.C., and Lazarowitz, S.G. (1993). 
Transgenic tobacco plants expressing the geminivirus BLI protein 
exhibit symptoms of viral disease. Plant Cell 5, 795-807. 

Pascal, E., Sanderfoot, A.A., Ward, B.M., Medville, R., Turgeon, 
R., and Lazarowitz, S.G. (1994). The geminivirus BR1 movement 
protein binds single-stranded DNA and localizes to the cell nucleus. 
Plant Cell 6, 995-1006. 

Perbal, M.-C., Thomas, C.L., and Maule, A.J. (1993). Cauliflower mo- 
saic virus gene I product (Pl) forms tubular structures which extend 
from the surface of infected protoplasts. Virology 195, 281-285. 

Restrepo, M.A., Freed, D.D., and Carrington, J.C. (1990). Nuclear 
transport of plant potyviral proteins. Plant Cell 2, 987-998. 

Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989). Molecular Clon- 
ing: A Laboratory Manual. (Cold Spring Harbor, NY: Cold Spring 
Harbor Laboratory Press). 

Schmidt-Zachmann, M.S., Dargemont, C., Kuhn, L.C., and Nigg, 
E.A. (1993). Nuclear export of proteins: The role of nuclear reten- 
tion. Cell 74, 493-504. 

Studier, F.W., Rosenberg, A.H., Dunn, J.J., and Dubendorff, J.W. 
(1990). Use of T7 RNA polymerase to direct expression of cloned 
genes. Methods Enzymol. 185, 60-89. 

Summers, M.D., and Smith, G.E. (1987). A Manual of Methods for 
Baculovirus Vectors and lnsect Cell Culture Procedures. (College 
Station, TX: Texas Agricultura1 Experiment Station). 

Sunter, G., and Bisaro, D.M. (1992). Transactivation of geminivirus 
AR1 and BR1 gene expression by the viral AL2 gene product oc- 
curs at the leve1 of transcription. Plant Cell 4, 1321-1331. 

van Lent, J., Wellink, J., and Goldbach, R. (1990). Evidence for the 
involvement of the 58K and 48K proteins in the intercellular move- 
ment of cowpea mosaic virus. J. Gen. Virol. 71, 219-223. 

van Lent, J., Storms, M., van der Meer, E, Wellink, J., and Goldbach, 
R. (1991). Tubular structures involved in movement of cowpea mo- 
saic virus are also formed in infected cowpea protoplasts. J. Gen. 
Virol. 72, 2615-2623. 

Waigmann, E., Lucas, W.J., Citovsky, V., and Zambryski, P. (1994). 
Direct functional assay for tobacco mosaic virus cell-tocell mwement 
protein and identification of a domain involved in increasing plas- 
modesmal permeability. Proc. Natl. Acad. Sci. USA 91, 1433-1437. 

Weiczorek, A., and Sanfaçon, H. (1993). Characterization and sub- 
cellular localization of tomato ringspot nepovirus putative movement 
protein. Virology 194, 734-742. 

180, 70-80. 

275-282. 




