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them and used to transform A136(pSW219) to Tetr by using
acidic plates containing X-Gal. In each case, the resulting
colonies stained darker blue than the wild type.
Plasmid DNA was isolated from these strains and used to
transform E. coli DH5a to Tetr. From these strains, derivatives of pSW207 containing putative mutations in virG were
cleaved with EcoRI and PstI and the DNA fragments containing virG were ligated into pTZ19R cut with EcoRI and
PstI. We ultimately isolated three different mutations that
had interesting phenotypes: alteration of codon 13 from ATG
to ACG, resulting in a change from methionine to threonine
(M13T), alteration of codon 15 from CAT to CGT, resulting
in a change from histidine to arginine (H15R), and alteration
of codon 54 from AAT to GAT, resulting in a change from
asparagine to aspartate (N54D). All three mutations lie
within a predicted acidic pocket of the protein (21, 22),
which also contains the site of phosphorylation, an aspartate
residue at position 52.
To determine whether the mutations responsible for these
phenotypes were contained within virG sequences, the three
mutant alleles were subcloned as EcoRI-PstI fragments into
EcoRI-PstI-digested pUCD2 and introduced into A. tumefaciens A136(pSM243) and A136(pSM243cd). pSM243 and
pSM243cd have identical virB-lacZ fusions, and pSM243
contains the virA gene (20). The virGN54D product did not
require AS for activation of transcription of virB, and
addition of AS led to little, if any, further stimulation (Fig.
1A). The virGN54D mutant also did not require VirA for
activity (Fig. 1B). These results strongly suggest that the
virGN54D product does not require phosphorylation. While
we have not ruled out the possibility that this protein can be
activated by some other kinase, any such kinase would have
to be unable to activate the wild-type protein. This mutant
also efficiently activated vir gene transcription at pH 7.0 (see
Table 1). Isolation of a mutation in virG that bypasses the
requirement for VirA provides genetic evidence that information normally flows from VirA to VirG rather than in the
other direction. One explanation for this phenotype is that
the additional aspartate at residue 54 in this mutant causes a
conformation which simulates the activated form of VirG. It
is possible that the new aspartate residue at position 54 could

Crown gall tumors of dicotyledonous plants are induced
byAgrobacterium tumefaciens as a result of the transfer of
a segment of DNA (T-DNA) from a large tumor-inducing (Ti)
plasmid to wounded host cells (24). Pathogenesis requires
expression of the vir regulon, which is transcriptionally
regulated by the VirA transmembrane protein kinase (5, 7,
12, 13, 27), the VirG response regulator (4, 16, 25), and the
periplasmic sugar-binding protein ChvE (1, 18). VirA autophosphorylates on a histidine residue and transfers this
phosphoryl group to an aspartate residue within the aminoterminal receiver domain (amino acids 1 to 125) of VirG (4).
The carboxyl-terminal domain (amino acids 126 to 241) of
VirG binds to specific sites (vir boxes) upstream of each vir
promoter (17). In the current study, we dissected the VirAVirG signal transduction system genetically by creating
altered-function alleles of the virG gene. Three point mutations in virG, all localized in the amino-terminal receiver
domain, are described. These mutations have offered new
insights into this regulatoxy system, including which step(s)
is stimulated by acid pH and which step(s) is blocked in a
heterologous host.
Efforts were made to isolate mutations in virG which lead
to an acetosyringone (AS)-independent phenotype. Plasmid
pSW207 (3), which contains an IncP replication origin, a Tcr
determinant, and a Plac-virG fusion, was mutagenized by
using Escherichia coli mutDS mutant strain ES1578 (28).
pSW207 DNA was purified by CsCl centrifugation and
introduced into A. tumefaciens A136(pSW219) by electroporation (11). Plasmid pSW219 contains the virA gene and a
virB-lacZ gene fusion derived from pSM243 (19), an IncW
replication origin, and Kanr, Carbr, and Specr determinants.
Transformants were plated on defined AB medium (8) buffered at pH 5.5 and containing the chromogenic substrate
5-bromo-4-chloro-3-indolyl-o-D-galactopyranoside (X-Gal).
Approximately 50,000 colonies in two pools were screened
for elevated P-galactosidase expression in the absence of
AS, and 26 potential mutants some of which may have been
siblings, were obtained. Plasmid DNA was purified from
*
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Three point mutations were isolated in the Agrobacterium tumefaciens virG gene by screening for vir gene
the absence of added phenolic inducing compounds. Al three mutations were localized in the
predicted amino-terminal phosphoryl receiver domain of the protein. One mutant (N54D) bypasses the
requirement for VirA and phenolic inducers both for transcriptional activation of aUl tested vir promoters and for
plant tumorigenesis. This mutant also activates vir gene expression efficiently at neutral pH, indicating that the
step in induction that is normally stimulated by acid pH occurs before or during VirG phosphorylation. The other
two mutants (M13T and H15R) require VirA for activity but are sensitized to low levels of inducing stimuli.
expression in
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of mutations. However, the
resulting mutants showed slightly elevated transcription in
the absence of AS, indicating that VirA may phosphorylate
VirG at very low levels in the absence of added phenolic
inducers. These mutants were strictly dependent upon VirA
for activity (Fig. 1B). This finding suggests that these mutant
proteins require phosphorylation by VirA but are more
readily (or more stably) phosphorylated than the wild-type
protein. Alternatively, the phosphorylated forms of these
proteins may function more effectively than the wild type at
low concentrations. These two mutants did not activate
transcription efficiently at neutral pH (data not shown).
To test the activity of these mutants on other vir-lacZ
fusions, a Kan' derivative of pUCD2 was constructed by
cutting this plasmid with KpnI, digesting it with nuclease S1,
and recircularizing it. The resulting plasmid, pDH99, was
used to clone the wild-type virG gene and the N54D mutant by digesting the virG-containing plasmids and pDH99
with EcoRI and PstI and ligating them. These plasmids
were introduced by electroporation into A. tumefaciens
A136(pSM243cd), A136(pSW161), A136(pSW162), A136
(pSM358cd), and A136(pSW165) to measure the activities of
the virB, virC, virD, virE, and virG promoters, respectively.
The mutant VirG protein directed higher levels of transcription than the wild-type protein for each of these promoters
(Table 1). Unlike wild-type VirG, this mutant activated transcription efficiently at pH 7.0. This indicates that the normal
acid pH optimum can be largely attributed to some step in
signal transduction that occurs before phosphorylation. Residual (two- to fourfold) stimulation by acidic pH was observed for each promoter, indicating that acid pH could play
a minor stimulatory role at some step subsequent to phosphorylation. Note that stimulation of the virG promoter by
acid pH occurs at a VirG-independent promoter (9).
To determine whether this protein could activate vir gene
expression in E. coli, these plasmids were introduced into E.
coli MC4100. No allele of virG activated transcription of any
vir promoter in this heterologous host (data not shown). The
finding that the N54D mutant does not function in E. coli
could be explained in various ways. (i) It is possible that this
protein is not kinase independent, but rather that it is
phosphorylated by some kinase inA. tumefaciens that is not
found in E.- coli. (ii) Assuming that this protein does not
require phosphorylation, it may fail to make all of the correct
contacts with E. coli RNA polymerase that are required for
transcription activation. (iii) Transcription initiation could
require some uncharacterized protein in addition to VirG,
and this protein may not be found in E. coli. It is of interest
gene activation yielded this class
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FIG. 1. Activity of altered-function VirG proteins as a function
of AS concentration. A. tumefaciens strains containing the wildtype virG gene (0), the virGN54D allele (A), the virGM13T allele
(+), or the virGH15R allele (V). Strains also contained pSM243,
which contains virA (A), or pSM243cd, which lacks virA (B). Strains
were cultured for 12 h at pH 5.5 with the concentrations of AS
indicated and assayed for 3-galactosidase as previously described
(14).

mimic the phosphoryl group that is normally bound at
aspartate residue 52.
In contrast, the other two mutations, virGM13T and
virGH1SR, activated virB expression far more strongly in the
presence of AS than in its absence (Fig. 1A). The virGM13T
and virGHJSR products activated transcription of the reporter gene about 15-fold more efficiently than the wild-type
protein in broth containing low concentrations of AS (Fig.
1A). We designated this a sensitized phenotype. It was
somewhat surprising that screening for AS-independent vir

TABLE 1. vir gene induction by wild-type and mutant VirG proteins at neutral and acidic pHsa

activity' (Miller units)

Pr-Galactosidase
Plasmid
Description
pH
virB-lacZ
virC-lacZ
virD-lacZ
pDH99
pDH100
pDH101

Vector
virG+
virGN54D

7.0
7.0
7.0

1
1
20.9

1.1
1.1
7.7

1.4
1.4
7.8

virE-lacZ

virG-lacZ

36.7
50.9
460

8.0
8.6
96.7

76.8
1.6
19.1
Vector
2.1
1.7
5.25
pDH99
85.1
1.8
35.3
virG+
5.25
1.9
1.6
pDH100
392.6
801.3
74.1
14.4
35
5.25
virGN54D
pDH101
a A. htmefaciens strains containing the indicated plasmids were cultured in AB medium for 12 h at the indicated pHs and assayed for ,-galactosidase activity
(14).
b Fusions between virB, virC, virD, virE, and virG and lacZ are contained in plasmids pSM243cd pSW161, pSW162, pSM358cd, and pSW165, respectively.
These plasmids are described in references 20 and 26.
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FIG. 2. Tumorigenesis by strains containing altered-function
variants of VirG. A. tumefaciens 19MX (a virG insertion mutant; A,
B, C, and D) or 226MX (a virA insertion mutant; E, F, G, and H)
containing plasmids that express no virG (A and E), wild-type virG
(B and F), virGN54D (C and G), or virGM13H (D and H).
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