
calculated estimates because of nonideal 
packing interactions or incomplete filling of 
the cavity. 

Hydrophobicity, packing effects, cavity 
formation, and side chain conformational 
entropy all play important roles in deter- 
mining protein stability and must be con- 
sidered in any mutational study. Additional 
mutations coupled with intensive free ener- 
gy calculations should provide greater in- 
sight into the various contributions of these 
factors to protein folding and stability. This 
approach can be applied to other forces that 
determine protein folding, including hydro- 
gen bonding, electrostatic interactions, and 
main chain effects. 
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Nuclear Localization of Agrobacterium VirE2 
Protein in Plant Cells 

Vitaly Citovsky, John Zupan, Debra Warnick, Patricia Zam bryski* 
The Agrobacterium single-stranded DNA (ssDNA) intermediate T-strand is likely trans- 
ferred to the plant cell nucleus as a complex with a single VirD2 molecule at its 5' end and 
multiple VirE2 molecules along its length. VirD2 contains a nuclear localization signal 
(NLS); however, because the T-strand is principally coated with VirE2 molecules, VirE2 
also might assist in nuclear uptake. Indeed, VirE2 fused to a reporter protein localizes to 
plant cell nuclei, a process mediated by two amino acid sequences with homology to the 
bipartite N L S  of Xenopus nucleoplasmin. Moreover, tumorigenicity of an avirulent virE2 
mutant is restored when inoculated on transgenic plants expressing VirE2, supporting in 
planta function of VirE2. 

T h e  interaction of Agrobacterium with 
plant cells results in crown gall tumors. 
Most functions for Agrobacterium-plant cell 
DNA transfer are carried on the Ti (tumor- 
inducing) bacterial plasmid. One portion, 
the T-DNA, is copied and transferred to 
the plant cell, but the products that medi- 
ate its movement are encoded by a separate 
virulence (wir) region. After induction of wir 
gene expression by small phenolic mole- 
cules excreted from wounded plant cells, a 
single-stranded copy of the T-DNA (T- 

V. Citovsky, J. Zupan, P. Zambryski, Department of 
Plant Biology, Genetics and Plant Biology Building, 
University of California, Berkeley, CA 94720. 
D. warnick, Sandoz Crop protection Corporation, Palo 
Alto, CA 94304. 
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strand) is generated and transferred [re- 
viewed in ( I ) ] .  

The T-strand associates with two pro- 
tein products of the wir region, VirD2 and 
VirE2. The VirD2 protein is bound to the 
5' end of the T-strand ( 2 ) ,  and an ssDNA 
binding protein (SSB), VirE2, coats the 
T-strand along its entire length (3, 4). The 
T-strand associated with VirD2 and VirE2 
is designated the T-complex (5) .  The 
T-complex travels from Agrobacterium into 
the plant cell where the T-DNA is integrat- 
ed into the plant nuclear genome. 

Recently, Howard et al. (6) identified a 
bipartite NLS at the COOH-terminus of 
VirD2; deletion of this sequence reduced 
Agrobacterium tumorigenicity (7). Thus, it 
was proposed that VirD2 mediates nuclear 
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uptake of the T-complex (6). However, the 
T-complex is a very large structure; a 20- 
kbp T-strand would contain about 600 mol- 
ecules of VirE2 (4), have a combined mo- 
lecular mass of about 50 x lo6 daltons, and 
a predicted length of 3600 nm (5, 8, 9). 
Can such a large DNA-protein complex be 
transported into the nucleus by a single 
molecule of VirDZ? Because VirE2 is a 
major protein component of the T-com- 
plex, it may assist in nuclear transport. 

The coding sequence of the virE2 locus 
was fused to the 3' end of the P-glucuroni- 
dase (GUS) gene (Fig. IA), and the result- 
ing construct (10) was introduced into to- 
bacco protoplasts. Intracellular localization 
of GUS-VirE2 was determined histochem- 
ically, with the GUS product of this fusion 
product localized specifically to the nucleus 
(Fig. 2C). GUS alone expressed in proto- 
plasts did not exhibit nuclear localization 
(Fig. 2A). VirD2 expressed in tobacco pro- 

toplasts as a translational fusion with GUS 
also localized to the nucleus (Fig. 2B). 

Many karyophilic proteins contain a bi- 
partite NLS consisting of two basic regions 
separated by a variable number (but not less 
than 4) of spacer amino acids (1 I). Amino 
acid sequences of VirE2 proteins from no- 
paline (1 2) and octopine strains of Agrobac- 
terium (13) reveal two regions with imper- 
fect homology to the bipartite class of NLS 
exemplified by the NLS of X e m p u s  nucle- 
oplasmin (Fig. 1B). Both these regions are 
homologous to the bipartite NLS of VirD2 
(6) and are highly conserved in nopaline 
and octopine Ti  plasmids. These putative 
NLS sequences were designated nuclear 
signal El (NSE l) ,  amino acid residues 228 
to 244 and nuclear signal E2 (NSE 2), 
amino acid residues 296 to 310 (Fig. 1B). 

To assay the role of NSE 1 and NSE 2 
sequences in nuclear localization of VirE2, 
we constructed a series of single and double 

Fig. 1. Characterization of GUS- 
VirE2 deletion mutants and GUS- 
NSE constructs. (A) Physical 
maps. The numbers in the scale 
above refer to amino acids of 
VirE2 (wt) (12); thin lines indicate 
deleted regions; GUS indicates 
the GUS protein fused to VirE2 
sequences; hatched and black 
boxes represent the NSE 1 and 
NSE 2 sequences, respectively. 
(B) Amino acid sequence homol- 
ogy between bipartite nuclear lo- 
calization signals of Agrobacte- 
riumVirE2 [nopaline C58 (12) and 
octopine A6 strains (13)], VirD2 
(6), and Xenopus nucleoplasmin 
(1 1). All basic residues are in 
upper case; basic amino acids of 
the two domains of bipartite sig- 
nals are bold and underlined. 

Fig. 2. Localization of 
GUS-VirE2 activity in to- 
bacco protoplasts. Nic- 
otiana tabacum (line 
XD) protoplasts were 
prepared, electropo- 
rated with supercoiled 
plasmids (50 kg), incu- 
bated in culture medi- 
um (18 to 20 hours), 
and assayed for GUS 
activity as described 
(6). (A) GUS alone; (B) 
GUS-VirD2; (C) GUS- 
VirE2; (D) GUS-del C; 
(E) GUS-del D; (F) 
GUS-del E. The length 
of the bar corresponds 
to 25 km; all micrographs are at the same magnification. 
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deletion mutants (del A to del E, Fig. 1A). 
Del A and del E lacked both NSE regions 
and were not localized to the nucleus. In 
contrast, del B mutant, which retains both 
NSEs, was localized to the cell nucleus. 
Deletion mutants that lacked only one NSE 
sequence (del C and del D) showed partial 
nuclear localization (Fig. 2 and Table 1). 

To  show that NSE 1 and NSE 2 are 
directly responsible for nuclear localization, 
three fusion proteins were constructed: 
GUS-NSE 1, GUS-NSE 2, and GUS-NSE 
12 contain NSE 1, NSE 2, or both NSE 1 
and NSE 2 signals in translational fusion to 
GUS (Fig. 1A). NSE 1 and NSE 2 were 
individually able to direct GUS to the 
nucleus with 68 and 78% efficiency, respec- 
tively (Table 1). Nuclear localization of the 
fusion protein containing both NSE se- 
quences removed from the context of the 
native protein (GUS-NSE 12) was lower 
than that of the full-length VirE2 (Table 
l) ,  suggesting that the activity of the NSE 
signals depends on the surrounding protein 
context as previously observed for SV40 
NLS and polyomavirus middle T antigen 
(14); it is possible that the two NSE signals 
may be augmented by the context of the 
native protein and may include other weak 
NLSs present elsewhere in VirE2. 

We then studied the effect of deletion of 
the NSE sequences on VirE2 binding to 
ssDNA with mutants corresponding to del 
B, del C, del D, and del E (but not fused to 
GUS) (15). Full-length VirE2 binds ss- 
DNA cooperatively (8) : Even subsaturating 
amounts (5 to 10 kg) of VirE2 fully retard- 
ed the ssDNA probe (Fig. 3). Conversely, 

Table 1. Quantification of nuclear and cytoplas- 
mic levels of GUS activity. We quantified the 
intensity of indigo dye precipitates formed dur- 
ing the GUS assay in the plant cell cytoplasm 
and nucleus by photodensitometry, measuring 
the specific light transmission of the indigo 
GUS product in photographic negatives of sin- 
gle cells (6). Nuclear localization of GUS-VirE2 
was defined as 100% activitv. and GUS alone 
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mean value of independent measurements of 
ten different cells. Standard error values are in 
parentheses. 
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wt del B del C del D del E 
protein ( ~g I 

Flg. 3. ssDNA binding of WrE2 deleth mutants. 
The indicated amounts (micrograms) of purified 
VirE2 (wt) and its deletion mutants (del B to del 
E) were incubated for 10 min at 4°C in 40 pI of 
buffer L [lo mM tris-HCI (pH 8.0), 100 mM NaCI, 
1 mM EDTA, and 10% glycerol] with 0.1 pg of 
MI3  ssDNA (8). Incubation mixtures were sep- 
arated by electrophoresis on a 3% agarose gel 
and stained with ethidium bromide (1 7). 

del B was unable to bind ssDNA (Fig. 3), 
even though nuclear localization of del B 
was similar to that of the full-length VirEZ 
(Fig. 2C and Table 1). Thus, nuclear up- 
take of VuEZ does not require ability to 
bind ssDNA, and the two functions may be 
separable. 

The separation between NLS and ss- 
DNA binding activities, however, is not 
complete. Whereas the results with del B 
suggest that the ssDNA binding resides in 
the COOH-terminus of VirEZ, the results 
with del D and del E indicate that other 
regions of the protein are also involved in 
this function. Del D and del E do not bind 
ssDNA (Fig. 3) and are also partly (del D) 
or completely (del E) unable to localk to 
the nucleus (Fig. 2 and Table 1). Inactiva- 
tion of =DNA binding in del D and del E 
may be due to conformational changes 
caused by these deletions. Changes in pro- 
tein conformation after deletion of short 
stretches of amino acid residues were sug- 
gested to inactivate ss nucleic acid binding 
of the P30 protein of tobacco mosaic virus 
(16). 

Del C is the only mutant in which both 
SSB and NLS functions are attenuated 
(Table 1 and Fig. 3). Binding of increasing 
amounts of del C results in mobility shifts 
proportional to the amount of protein add- 
ed, which implies that the protein is ran- 
domly and equally distributed among all 
ssDNA molecules, characteristic of nonco- 
operative binding (1 7). 

The potential role of VirE2 in nuclear 
localization of the T-complex proposed 
here would imply an essential function of 
VirEZ inside the plant cell. To test this 
hypothesis, we produced transgenic tobacco 
plants that express the VuEZ protein (1 8). 
The ability of VirEZ transgenic plants to 
complement tumorigenicity of virE2 mu- 
tants of Agrobactdutn was tested (Table 2). 

Tabb 2. VirE2 transgenic tobacco plants re- 
store virulence of VirE2-deficient Agrobacte- 
rium. In two independent experiments, the top 
three nodes were removed from Gcm-tall 
plants, and the cut surface was inoculated with 
pTipSM219 or pTiA6IpSM361 strains of 
Agrobacterium (10 pI of an overnight culture). 
Crown gall tumors were scored 2 weeks after 
inoculation. Data are expressed as number of 
plants that developed tumors per total number 
of infected plants. For VirE2 transgenic plants, 
three to four plants of each of the eight (VirE2), 
three (VirE3 del C), and four independent trans- 
formants (VirE2 del D) were inoculated. 

~~robacte;ium Host, 
Niwtiana tabacum prIAw p r ~ w  

pSM219 pSM361 
- -  

Experiment 1 : 
Wild type 
Transgenic for WrE2 
Transgenic for VirE2 del C 
Transgenic for VirE2 del D 
Transgenic for TMV P30 

Experiment 2: 
W~ld type 
Transgenic for VirE2 
Transgenic for VirE2 del C 
Transgenic for VirE2 del D 

Two Agrobacterium strains were used to 
infect plants: The pTiA61pSM361 strain 
has an insertion mutation that inactivates 
the uirE locus, and pTiA6lpSM219 has 
wild-type tumorigenicity on tobacco (1 9). 
Wild-type tobacco developed characteristic 
crown gall tumors when infected with 
pTiA6tpSM219 but not when inoculated 
with pTiA6lpSM361. Tumor formation by 
pTiA6/pSM361 was completely restored 
when inoculated on plants expressing 
VirEZ. This complementation of tumorige- 
nicity depended on the presence of both 
VirEZ NSE sequences. Complementation 
by transgenic plants expressing VuEZ del C 
or del D mutants was significantly reduced 
(del C) or completely blocked (del D) 
(Table 2). Although these results cannot 
separate overlapping NLS and SSB func- 
tions of VirEZ, they strongly support the in 
planta function of this protein. Further- 
more, plants transgenic for an unrelated 
SSB protein, P30 of tobacco mosaic virus 
(20), were unable to complement tumor 
formation (Table 2). 

The discovery of specific nuclear local- 
ization of VirEZ helps to explain how large 
Ttomplexes are transported into the plant 
cell nucleus. We propose that the T-strand, 
with a molecule of VirDZ covalently at- 
tached to its 5' end, is a folded and col- 
lapsed structure. After cooperative binding 
of VirEZ, the =DNA is unfolded to form a 
long and thin protein+DNA-T-complex. 
The T-strand is not sequence-specific; any 
DNA sequence located between the 25-bp 

T-DNA border repeats can be transported 
to plants (1 ) . Thus, the T-strand apparent- 
ly does not possess specific nucleotide se- 
quences for nuclear uptake; instead, it like- 
ly is passively transported into the nucleus 
by its associated proteins [piggyback trans- 
port (21 )]. This leaves only two compo- 
nents of the Ttomplex that might be 
responsible for nuclear transport-the 
VirDZ and VirEZ proteins--that each con- 
tain NLSs. Because full nuclear localization 
of VirEZ can only be achieved when two 
NLSs are present, the activity of each 
VirEZ NLS is intrinsically weaker than the 
single NLS of VirDZ. We propose that the 
stronger NLS of VirDZ protein acts to 
initially target the T-complex to the nucle- 
ar pore in a polar fashion, facilitating up- 
take of the T-strand in a 5' to 3' direction. 
Polar transport of T-DNA has been pro- 
posed by earlier genetic and molecular stud- 
ies of Agrobacterium-mediated plant cell 
transformation (1). VirEZ likely functions 
as a facilitator, making sure that the nuclear 
transport of the long and unfolded T-com- 
plex is not interrupted; furthermore, a large 
,number of NLSs provided by VirEZ may 
increase the probability of Ttomplex inter- 
action with the nuclear transport machin- 
ery (22) 

There may be cellular proteins analo- 
gous to VirEZ that serve as molecular chap- 
erones coating and unfolding nucleic acids 
and targeting them to and through nuclear 
pores. This idea suggests the intriguing 
possibility that nuclear transport of Agro- 
buctaium T-complex may represent a gen- 
eralized process of one of the mechanisms 
by which =DNA or RNA molecules move 
within the cell, for example, as unfolded 
nucleic acid-protein complexes. 

Note added in proof: In support of our 
model for nuclear uptake of thin, unfolded 
nucleic acid-protein complexes, Mehlin et 
al. (22a) describe translocation of the nu- 
clear pore by a thin unfolded fiber of a 
premessenger ribonucleoprotein complex. 
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Antigen-specific T cell immune responses 
depend on the expression of the T cell 
receptor (TCR)-CD3 complex; however, a 
number of other T cell-specific molecules 
play important roles in T cell activation 
and function (1, 2). Accessory molecules, 
such as CD2, function by facilitating adhe­
sion, transducing signals that synergize with 
or modulate signals produced by the TCR-
CD3 complex, or both. CD2 binds to lym­
phocyte function-associated antigen-3 
(LFA-3, CD58), a broadly expressed 40- to 
70-kD glycoprotein, and this receptor-li-
gand pair contributes both to T cell activa­
tion and to T cell adhesion with thymic 
epithelium, antigen-presenting cells, and 
erythrocytes (1-3), Although the interac­
tion of CD2 with CD58 is important for T 
cell function, monoclonal antibody (MAb) 
inhibition studies have shown that at least 
one other erythrocyte protein, CD59, con-
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tributes to the phenomenon of spontaneous 
lymphocyte-erythrocyte rosetting, implying 
that a receptor for CD59 exists on the T 
cell (4, 5). 

CD59 (protectin, HRF20, membrane 
inhibitor of reactive lysis) is a broadly dis­
tributed 18- to 20-kD membrane glycopro­
tein that restricts the lysis of human eryth­
rocytes and leukocytes by human serum 
complement (6-10), To determine whether 
CD59 participates in T cell function by 
interacting with the CD2 molecule, we 
stimulated an antigen-specific murine T cell 
hybridoma that expresses the human CD2 
molecule (11) with the human 
CD58+CD59+ Burkitt's lymphoma-de-
rived B cell line Daudi. Expression of hu­
man CD2 in this hybridoma (16CD2-
XH14) greatly enhanced the ability of these 
cells to respond to stimulation by Daudi as 
compared to the parent hybridoma 
(Byl55.16) (Fig. 1), and this enhancement 
was partially inhibited by either a purified, 
monospecific rabbit immunoglobulin G 
(IgG) to CD59 or an MAb to CD58 (Fig. 
1). The simultaneous addition of antibodies 
to CD58 and CD59 resulted in complete 
inhibition of interleukin-2 (IL-2) produc­
tion, suggesting that CD58 and CD59 each 
bind to CD2. In contrast, the addition of 
antibodies specific for either CD58 or CD59 
did not inhibit the IL-2 response of a CD2~ 
hybridoma that expresses the human CD4 
molecule (16CD4-13) (12) (Fig. 1). 

To assess whether CD2+ cells bind 
CD59 directly, we tested the ability of 
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Overlapping But Nonidentical Binding Sites on 
CD2 for CD58 and a Second Ligand CD59 
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The interaction of the T cell glycoprotein CD2 with one ligand, CD58, contributes to T cell 
function. We have identified CD59, a glycoprotein with complement-inhibitory function, as 
a second physiological ligand for CD2. Antibodies to CD59 inhibit CD2-dependent T cell 
activation in murine T cell hybridomas expressing human CD2. In an in vitro binding assay 
with purified CD58 and CD59, CD2+ cells bind not only immobilized CD58 but also CD59. 
With two complementary approaches, it was demonstrated that the binding sites on CD2 
for CD58 and CD59 are overlapping but nonidentical. These observations suggest that 
direct interactions between CD2 and both CD58 and CD59 contribute to T cell activation 
and adhesion. 


