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Pilus Assembly by Agrobacterium T-DNA
Transfer Genes

Karla Jean Fullner,” J. Cano Lara, Eugene W. Nestert

Agrobacterium tumefaciens can genetically transform eukaryotic cells. In many bacteria,
pili are required for interbacterial DNA transfer. The formation of pili by Agrobacterium
required induction of tumor-inducing ( Ti) plasmid—encoded virulence genes and growth
at low temperature. A genetic analysis demonstrated that virA, virG, virB1 through virB11,
and virD4 are the only Ti plasmid genes necessary for pilus assembly. The loss and gain
of pili in various mutants correlated with the loss and gain of transferred DNA (T-DNA)
transfer functions, which is consistent with the view that Agrobacterium pili are required
for transfer of DNA to plant cells in a process similar to that of conjugation.

Ag'robacten'um tumefaciens is a Gram-nega-
tive bacterium with the capability of trans-
forming eukaryotic cells. This pathogen
normally infects plants, which results in the
neoplastic disease crown gall, but the bac-
terium can also stably transform yeast cells
(I, 2). During infection of plant cells, a
segment of the Agrobacterium Ti plasmid,
termed the T-DNA, is transferred into the
plant cell nucleus, where it is integrated
into the plant genome (1). Although this
transformation system has been widely ap-
plied in studies of plant molecular biology
and crop plant improvement, fundamental
questions remain regarding the mechanism
by which Agrobacterium introduces DNA
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into eukaryotic cells. Here we report on one
crucial component of the process.

At least 10 operons, virA through wir/,
on the Ti plasmid are involved in process-
ing and transfer of T-DNA (1). These virA
through wvir] genes are regulated by the
VirA-VirG two-component regulatory sys-
tem and are transcribed only when the bac-
teria are exposed to chemical inducers found
in the wound site of a plant (3). T-DNA is
transferred to the plant cell as a single strand
covalently attached to the protein VirD2
(1). The VirtE2 protein is also transferred
either separately or in association with T-
DNA (1, 4). Transfer of T-DNA and VirE2
requires at least 12 additional proteins,
VirB1 through VirBl1l and VirD4 (4, 5),
which are related to transport proteins in-
volved in the assembly of conjugative sex pili
and export of toxins by the human patho-
gens Bordetella pertussis and Helicobacter py-
lori (6, 7). On the basis of these homologies
and subcellular fractionation studies, VirB1
through VirBl1 and VirD4 are thought to
SCIENCE
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Fig. 1. Agrobacterium tumefaciens A348 pro-
ducing pili. A348 was grown at 19°C in the pres-
ence of 200 wM acetosyringone (70, 77). All scale
bars indicate 200 nm. Arrowheads, pili; arrows,
the flagella.

assemble into a membrane-anchored transfer
complex that functions similarly to bacterial
conjugation (6). This transfer machinery
performs optimally at low temperatures (8),
as does conjugative transfer of IncH1 plas-
mids, which fail to form H pili when grown
at the nonpermissive temperature (9).

To establish whether A. tumefaciens
forms pili at low temperatures, we grew
cells at 19°C on solid medium under con-
ditions that activate vir gene transcription
(10), washed the plates with 10 mM
MgCl,, and prepared the plates for elec-
tron microscopy (EM) (11). In eight sep-
arate preparations, wild-type strain A348
produced pili visible by EM (Fig. 1). The
pili were 3.8 nm in diameter and were
distinguishable from the flagella, which
were 12 nm in diameter (Fig. 1). Pili were
never seen in cells of strain A136, which
lacks a Ti plasmid (Table 1), and this
demonstrated that the observed structures
are not cellulose fibrils, which are plant-
induced structures present on A136 cells
(12). The pili varied in length, but pili
longer than the length of the bacterium
were observed (Fig. 1A). In many cases,
pili were present in clumps extending from
a single electron-dense region on the bac-
terial surface (Fig. 1B). In other cases,
long individual pili were observed (Fig. 1,
A and C).

Pili depended on induction of vir genes
because pili were never seen on cells grown
on agar plates lacking acetosyringone (Ta-
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ble 1). When bacteria were grown at 28°C,
piliated cells were rare (Table 1), which, if
the assumption that pili are required for
T-DNA transfer is made, is consistent with

observations  that tumorigenesis and
T-DNA transfer are less efficient at higher
temperatures (8, 13). Thus, we presume
that these pili have not been previously
observed (14) because, as in the IncHI1
system (9), the pili are rare on cells grown
at the temperatures customarily used.

To determine whether the pili are es-
sential for transfer of T-DNA, we exam-
ined mutants defective in T-DNA trans-
fer. Strains carrying insertions within the
virB operon or the wirD4 gene cannot
transfer T-DNA strands, VirE2 protein, or
the plasmid RSF1010 (Table 2) (15). Be-
cause virA and virG are required for tran-
scription of virB and virD4, mutations in
these genes also result in defective transfer
(Table 2) (15). We did not find pili on
cells harboring polar mutations in virA,
virG, wirB, or virD4 (Table 2) or with
nonpolar mutations in each of the 11 virB
genes (16). Both the virB4 and the virB11
mutants were complemented in trans by
the appropriate cloned gene, which dem-
onstrated that the lack of pili was specif-
ically due to the virB mutation. Thus, pili
assembly required wirA, wirG, wirBI
through virB11, and virD4.

To assess whether other Ti plasmid
genes are essential for pili formation and
T-DNA transfer, we cloned virB1 through
virBI1 and virD4 into the IncP vector
pGP159, which carries the vir promoter
regulatory genes virA and virG and a
virB::lacZ reporter fusion (17). The result-
ing plasmid pKJF108 complemented A.
tumefaciens strains harboring mutations in
virA, virG, virB, or virD4 for virulence on

Table 1. Environmental factors affecting pilus as-
sembly by Agrobacterium. Bacteria were grown at
the indicated temperatures with or without the
addition of 200 wM acetosyringone (AS). Six grids
for each condition were prepared and scanned by
EM (70, 11). The presence of pili was scored qual-
itatively because Agrobacterium naturally forms
aggregates that could not be disrupted without
shearing the pili, thereby preventing accurate
quantitative assessments. Three experiments
gave similar results. For pili on cell surface, +++
indicates wild-type piliation (10 to 20% of all cells),
+ indicates few piliated cells (<1% of cells), and —
indicates no piliated cells seen on any of the six
grids.

Strain (growth Relevant Pgieﬁn

condition) characteristics surface

A348 (19°C, +AS)  Wild type +++
A348 (28°C +AS)  Wild type +
A348 (19°C, —AS)  Wild type -
A136 (1 9°C +AS) No Ti plasmid -

Table 2. Ti plasmid genes necessary and sufficient for production of pili and mobilization of RSF1010.
Six grids prepared for each strain were scanned by EM (70, 717), and the presence of pili was scored
qualitatively as described for Table 1. To determine the RSF1010 conjugation frequency, we introduced
pML122AKm (5), a gentamicin-resistant derivative of RSF1010, into donor strains, which were then
mated with A. tumefaciens UIA143 (no Ti plasmid, Ery™) as previously described (8). Frequencies,
expressed as transconjugants per input donor, are the means of triplicates from a single assay. Three
experiments gave similar results. For pili on cell surface, — indicates no plllated cells and + ++ indicates

wild-type piliation.

RSF1010
. . Pili on cell conjugation
Strain Relevant characteristics Ref. surface frequency
(1079
A136 C58 chromosome, no Ti 28) - <0.05
A348 A136 with pTIABNC (29) +4++ 18 +5
At11068 A348 AvirA 8 — <0.01
At12508 A348 virG::Tn3HoHo1 8 — <0.01
At11067 A348 virB1::Tn3HoHo1 8 — <0.01
At12506 A348 virD4::Tn3HoHo1 8) — <0.01
A136(pGP159) VIrA*, virG* (26) - <0.01
A136(pKJIF108) VirA™*, virG™, virB1* through (17) +++ 100 + 20

virB11*, virD4*

Kdlanchse daigremontiana. The VirA and
VirG proteins produced by A136(pKJF108),
which lacks the Ti plasmid, properly regu-
lated transcription of the virB promoters
found upstream of lacZ, virB, and virD4 on
pKJF108, as determined by {3-galactosidase
assays and protein immunoblot analysis.
When A136(pKJF108) cells were examined
by EM, pili similar to those seen for the
wild-type strain A348 were observed on the
cells (Table 2). These cells also functioned
in vir-dependent transfer of DNA and pro-
tein, as measured by the ability to mobilize
RSF1010 to a recipient Agrobacterium (Ta-
ble 2) and to transfer the protein VirE2
directly to plant cells, thereby restoring vir-
ulence to a virE2 mutant (Table 3). The
mutant strain A136 carrying the vector
pGP159 did not produce pili, mobilize
RSF1010, or transfer VirE2 (Tables 2 and
3). Thus, virBl through virBl1 and virD4,

together with virA and virG, are the only
Ti plasmid genes required for both pilus
assembly and transfer of T-DNA and
VirE2. The only other essential transfer
gene is virEl, which is required only for
transport of VirE2 (18).

The pili are morphologically distinct
from the thick, rigid sex pili produced from
IncN, IncW, and IncP conjugative plasmids
(19) even though many of the pilus assem-
bly proteins exhibit amino acid sequence
similarity to the VirB and VirD4 proteins
(6). Agrobacterium pili appear most similar
to the pili encoded by IncX plasmid R485
(20). However, plasmids of the IncX group
can mobilize RSF1010 to other bacteria,
which is consistent with the view that R485
conjugation may resemble T-DNA transfer
(21).

The role of each VirB protein in regu-
lation and assembly of pili remains unde-

Table 3. Restoration of virulence to a virE2 mutant by coinfection. The plasmid pWD200 (virE) (30) and

pUFR047 (vector)

(27) were electroporated into Ti plasmid—deficient strain A136 carrying either

pKJF108 (virA, virG, virB, virD4) (17) or pGP159 (virA, virG) (26). All overnight cultures were adjusted to

O D600

= 0.2, and potential VirE2 protein donors were mixed at a ratio of 1:1 with either At12516

[T-DNA™*, AvirE2 (8)] or with culture broth (no coinfection). Leaves of K. daigremontiana plants were
scratched with an 18-gauge needle, and 5 wl of mixed inocula was applied to the wound site. Tumor
formation was scored 21 days after infection. Dashes indicate that the experiment was not done.

VirE2 protein donor

Tumor induction
(leaves with tumors/leaves inoculated)

Coinfection with

coin’f\lec():tion virE2 mutant
At12516
A348 12/12 —
At12516 (virE2™) 0/12 —
At10002 [T-DNA-, virE2+ (31)] 0/8 11/12
A136(pKJF108) + virE 0/8 11/12
A136(pGP159) + virE 0/8 0/8
A136(pKJF108) + vector 0/8 0/8
A136(pGP159) + vector 0/8 0/8
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fined. We postulate that VirB2 and VirB5
are the structural components of the pilus
because of sequence homology with the
pilin of the Escherichia coli F plasmid and a
putative pilin subunit encoded by the
IneN plasmid pKM101 (22). The require-
ment for VirD4 in pilus assembly is sur-
prising, because its homolog in the IncP
system, TraG, is not essential for the syn-
thesis of P pili (23). However, construc-
tion of P pili requires TraF for which a
homolog does not exist on the Ti plasmid
(24). The requirement for VirD4 in pilus
assembly may suggest that regions of
VirD4 replage TraF in pilus assembly.
Once asSembled, these Ti plasmid-en-
coded pili probably function in a manner
similar to that of the classic sex pilus en-
coded by the F plasmid (14). The Agrobac-
terium pili probably attach to the recipient
plant cell to establish a stable mating pair.
The pili may then retract to create a chan-
nel for movement of the T-DNA strand and
VirE2 protein directly into the plant cell.
Therefore, further studies of Agrobacterium-
mediated DNA transfer should lead to a
better understanding of not only interking-
dom but also interbacterial DNA transfer.
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Role of Postreplicative DNA Mismatch Repair in
the Cytotoxic Action of Thioguanine

Peter F. Swann,* Timothy R. Waters, David C. Moulton,
Yao-Zhong Xu, Qinguo Zheng, Mina Edwards, Raymond Mace

It is proposed here that the delayed cytotoxicity of thioguanine involves the postrep-
licative DNA mismatch repair system. After incorporation into DNA, the thioguanine
is chemically methylated by S-adenosylmethionine to form S®-methylthioguanine.
During DNA replication, the S®-methylthioguanine directs incorporation of either thy-
mine or cytosine into the growing DNA strand, and the resultant S®-methylthiogua-
nine-thymine pairs are recognized by the postreplicative mismatch repair system.
Azathioprine, an immunosuppressant used in organ transplantation, is partly con-
verted to thioguanine. Because the carcinogenicity of N-nitrosamines depends on
formation of O®-alkylguanine in DNA, the formation of the analog S®-methylthiogua-
nine during azathioprine treatment may partly explain the high incidence of cancer

after transplantation.

Mercaptopurine and thioguanine are cyto-
toxic drugs used in the treatment of acute
leukemia, and azathioprine, a pro-drug that
is converted in vivo to mercaptopurine, is
used for immune suppression in transplant
surgery (1). The cytotoxicity of thioguanine
and mercaptopurine involves changes in
purine metabolism and, in the case of both
drugs, the formation of 2’-deoxy-6-thio-
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guanosine triphosphate and the incorpora-
tion of thioguanine into DNA (I). The
delayed cytotoxicity and chromosome dam-
age that are characteristic of these drugs are
associated with this incarporation (2).
N-methyl-N-nitrosourea produces simi-
lar delayed cytotoxicity (3) and chromo-
some damage (4). An indication that the
superficial resemblance between these poi-
sons may have a deeper mechanistic basis
has come from the observation that certain
eukaryotic cells that are resistant to N-
methyl-N-nitrosourea are also resistant to
thioguanine (5, 6). Both drugs produce few-
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