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Abstract 

The virulence loci play an essential role in tumor formation by Agrobacterium tumefaciens. Induction of vir 
gene expression by plant signal molecules is solely dependent on the virulence loci virA and virG. This study 
focused on the virA locus of  the octopine type Ti plasmid pTi15955. The nucleic acid sequence of  a 5.7-kilobase 
fragment encompassing virA was determined. Genetic analysis of  this region revealed that virA contains one 
open reading frame coding for a protein of  91639 daltons. Immunodetection with antibodies raised against 
a 35-kDa VirA fusion protein produced in E. coli identified by the VirA product in wild-type Agrobacterium 
cells. Moreover, it is shown that the VirA protein is located in the cytoplasmic membrane fraction of  Agrobac- 
terium. These data confirm the proposed regulatory function of  VirA whereby VirA acts as a membrane sensor 
protein to identify plant signal molecules in the environment. The proposed sensory function of VirA strikingly 
resembles the function of the chemotaxis receptor proteins of E. coli. 

Introduction 

Signal exchange in plant-bacteria interactions is a 
process which induces the development of  special- 
ized parasitic or symbiotic interactions between the 
plant host and the bacterium [11]. 

The soil phytopathogen Agrobacterium tumefa- 
ciens induces tumors in plants by transferring and 
integrating a specific DNA fragment, the T-region, 
into the nuclear genome of  plant cells at infection 
sites (see for reviews: [2, 18, 36]). The T-region trans- 
fer process is activated via the induction of  the ex- 
pression of  the Ti plasmid virulence (vir) genes by 

plant signal molecules [39, 42]. The vir gene 
products act in trans to mobilize the T-region from 
the bacterial Ti plasmid [6, 12, 15]. In the Ti plasmid 
the T-region is flanked by 24-bp direct repeats [1, 42], 
which are the only sequences on the element essen- 
tial for transfer [26]. The Ti plasmid virulence region 
contains at least seven operons of which some (virA, 
virB, virD and virG) are absolutely essential for 
tumor induction, whereas other (virC, virE, virF) 
are only necessary for tumor induction on certain 
plant species [17, 29, 43, 49]. Activation of  the vir- 
genes is the direct result of  the recognition by Agro- 
bacterium of  signal moleculer produced by wounded 
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plants [39, 42]. A number of phenolic compounds 
including acetosyringone and hydroxyacetosyrin- 
gone have been identified as the active plant signal 
molecules which trigger vir gene expression [42]. 

Induction of vir-gene expression is regulated by 
virA and virG ([44, 46], our unpublished results). 
The virA locus is transcribed constitutively and is 
non-inducible, while virG is transcribed constitu- 
tively and is plant-inducible also [44]. The VirG pro- 
tein is closely related to a number of  positive regula- 
tory proteins of E. coli viz. OmpR, P h o B  and Dye 
[35, 46]. The similarity of the VirG protein to these 
positive regulatory proteins strongly suggests that it 
might function similarly to activate vir expression. 

To aid our understanding of  the role of virA in the 
regulation of  expression of the vir-regulon we have 
sequenced the virA locus of  the octopine type plas- 
mid pTi15955. 

In this study we show that the virA locus codes for 
one protein of  829 amino acids. Furthermore, our 
data clearly indicate that the VirA protein is located 
in the cytoplasmic membrane of  Agrobacterium 
tumefaciens by immunodetection with VirA specific 
antibodies. Therefore, we propose that the VirA 
protein present in the Agrobacterium inner mem- 
brane transduces or transports the plant signal, 
whereby the VirG protein becomes activated and 
subsequently triggers vir gene expression. 

Materials and methods 

Materials 

Restriction endonucleases were purchased from 
either Promega Biotech. or New England Biolabs 
and used according to the supplier's recommenda- 
tions. T 4 polynucleotide kinase, unlabeled nucleo- 
tides, and dideoxynucleotides were obtained from 
Pharmacia EL.  Biochemicals. ('y-aEp)ATP was pur- 
chased from New England Nuclear. 

Strains and plasmids 

E. coli strains JM101 and KMBL1001 (wild-type 
K-12) were used for propagation of plasmid con- 

structs and were grown in LC-medium [16]. 
Agrobacterium tumefaciens strain LBA969 contains 
plasmid pAL969, which is a cointegrate of  the octo- 
pine Ti plasmid pTiB6 and R772 [13]. Plasmids 
pTiB6 and pTi15955 are almost identical [9]. Strain 
LBA1010 (wild-type) contains plasmid pTiB6. The 
avirulent Agrobacterium strain LBA2505 (virA mu- 
tant) was constructed as follows. The BamHI frag- 
ment 3 of pTi15955 (Fig. 1) was subcloned onto 
pBR322 to yield pRAL3220. The plasmid clone 
pRAL3220 was digested with KpnI to delete frag- 
ment KpnI-10 followed by insertion of a 3-kb frag- 
ment containing the spectinomycin resistance (Sp r) 
marker of  Tn7 to produce plasmid pRAL3250. This 
KpnI-10 deletion was subsequently introduced into 
the Ti plasmid pAL969 by exchange of  the wild-type 
sequence for the S p  r marker via homologous 
recombination in E. coli KMBLl164 (A (lac-pro) 
XIII, thi, supE). The resultant Ti plasmid pAL2505 
was conjugally transferred to Agrobacterium to give 
strain LBA2505 (RIP, Spr). Southern analysis of  
Agrobacterium LBA2505 total DNA digested with 
KpnI or BamHI was used to check the position of  
the deletion. 

Agrobacterium tumefaciens strain 15955 
(LBA8255) was used for isolating octopine Ti plas- 
mid DNA [22]. The pTi15955 fragment BamHI-3 of 
plasmid pRAL3220 was subcloned onto vectors 
pIC19R and pUC19. Subclones pRAL3235 and 
pRAL3282 both contain a 2147-base pair (bp) PstI 
fragment (2100-4246)* but in different orienta- 
tions in vector pIC19R [32]. Plasmid pRAL3236 
consists of HindIII fragment 21b (981-3186)* 
cloned into pIC19R; pRAL3254 contains KpnI frag- 
ment 10 cloned into pUC19. Plasmid pRAL3251 was 
derived from pRAL3220 by deletion of internal SstI 
fragments with SstI and ligation. 

Recombinant Ti plasmids were constructed via 
homologous recombination of different Vir-region 
clones (pRAL3235, pRAL3236, pRAL3251 and 
pRAL3254) into the site of  the deleted virA locus of  
Ti plasmid pAL2505. Homologous recombination 
was performed upon introduction of  a 3-kb Sp r- 
marker (Fig. 3). The recombinant Ti plasmids were 
checked via Southern blotting of Agrobacterium to- 

* Map position on vir-sequence according to sequence of Fig. 2. 



tal DNA. Plasmid conjugal transfer was as described 
by Hooykaas et al. [16], plasmid isolation was by the 
method of  Birnboim and Doly [3], and standard 
recombinant DNA procedures were according to 
Maniatis et al. [31]. 

Nucleotide sequencing 

DNA sequence reactions were conducted according 
to the method of Maxam and Gilbert [33], as modi- 
fied by Barker et al. [1]. Both strands were sequenced 
over their entire length. Sequence data were analyzed 
using the programs of  Martinez and Devereux et al. 

[8]. 

Construction of inducible expression plasmids 

E. coli expression plasmids pRAL3286 and 
pRAL3287 carry segments of  the pTi15955 virA cod- 
ing region fused in frame with the lacZ c~-peptide 
coding region of  vector plC19R which contains the 
E. coli lac-promoter. The expression plasmid 
pRAL3286 encodes a 65.5-kDa VirA fusion protein 
and was constructed as follows. Plasmid pRAL3236 
was digested with SstI to remove the internal 661-bp 
SstI-fragment, ligated and transformed into E. coli. 
The resulting plasmid pRAL3286 contains the cod- 
ing information of  virA from amino acid residue 
number 86 to 604 fused in frame to the coding infor- 
mation of  the N-terminal 13 amino acids of  the o~- 
peptide. At the C-terminus an extra 58 amino acids 
are added before translation is terminated (Fig. 4). 

A 35-kDa VirA fusion protein is encoded by ex- 
pression plasmid pRAL3287. This plasmid was ob- 
tained by deletion of  an internal 862-bp BgllI- 
fragment from plasmid pRAL3282, followed by 
Klenow treatment to blunt-end-fill the BgllI-site and 
ligated to produce plasmid pRAL3287. The fusion 
protein encoded by pRAL3287 contains N-terminal 
11 amino acids derived from polylinker coding se- 
quence plus an additional serine residue, as a result 
of  BgllI site filling-in reaction, fused to the C- 
terminal 309 amino acids of  the VirA protein. 
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Protein purification and immunization 

Strain KMBL1001 (pRAL3287) was induced with 
100/~M isopropyl-/3-D-thiogalactopyranoside 
(IPTG) and grown to an optical density at 600 nm 
of  0.8. The fusion proteins accumulate inside the E. 
coli cells to large amounts (1 to 10 mg fusion protein 
per liter of  culture). Cells were disrupted by sonica- 
tion and subsequently centrifuged at 12000 rpm for 
1 h in a Sorvall HB4-rotor. VirA fusion proteins were 
recovered by dissolving the protein pellet in Laemmli 
sample buffer [25]. 

Fusion proteins were prepared by electrophoresis 
in preparative 10°70 polyacrylamide gels. Protein po- 
sitions were visualized by faint staining with 
Coomassie brilliant blue R-250. VirA fusion pro- 
teins of  about 35 kDa were isolated from excised gel 
strips by electrophoresis and subsequently analyzed 
by sodium dodecyl sulfate polyacrylamide gele elec- 
trophoresis (SDS-PAGE) for concentration and pu- 
rity. Purified fusion proteins were emulsified in com- 
plete Freund's adjuvant: initial subcutaneous 
injection of  2 kg New Zealand White rabbits con- 
tained 300/~g of  protein. Rabbits were boosted every 
2 weeks with 100 t~g of  protein in incomplete 
Freund's adjuvant (during a period o f 2 months) and 
serum was collected 7 days later. 

Gel electrophoresis and immunoblotting 

SDS-PAGE was performed according to Laemmli 
[25]. Visualization of  the VirA protein bands by im- 
munoblotting (Western blot) was performed essen- 
tially as described by Burnette [4]. (Serum was dilut- 
ed 1:400). The bands were stained using the alkaline 
phosphatase reaction according to the Protoblot Im- 
munoscreening system (Promega Biotech). 

Cell fractionation 

Agrobacterium ceils of  strain LBA969 were separat- 
ed into four distinct fractions (total cell lysate, 
cytoplasmic proteins, outer membrane and inner 
membrane fractions) using the procedure described 
by De Maagd and Lugtenberg [7]. Membranes were 
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isolated in the presence of 0.1 M KCL. Fractions of  
0.5 ml were collected from the bottom of  the gra- 
dient and the relative protein content was deter- 
mined by measurement of  A280. 2-Keto-3-deoxy- 
octonate content was estimated by using the thiobar- 
bituric acid assay [19] after precipitation of  fraction 
samples with 10°70 trichloroacetic acid. NADH- 
oxidase was measured by the method of  Osborn et 
al. [40]. 

Results 

Nucleotide sequence analysis o f  the virA locus 

The genetic organization of  the approximately 40-kb 
Vir-region of  the octopine Ti plasmid is shown in 
Fig. 1 [14, 17, 20, 21, 43]. The virA complementation 
group is located on the most leftward end of  the Vir- 
region within BamHI-fragment 3 of the octopine Ti 
plasmid. We determined the nucleotide sequence of  
a 5.7-kb fragment of  the pTi15955 Vir-region which 
encompasses the virA locus (Fig. 1). The VirA- 
region clones pRAL3220, pRAL3235, pRAL3236 
and pRAL3254 were used to determine the DNA se- 
quences of  both strands. The nucleotide sequence 
presented in Fig. 2 revealed two open reading frames 
in the analyzed 5.7-kb region of the Ti plasmid. One 
large open reading frame (ORF) reading from left to 
right was found within the interval of  the KpnI frag- 
ment 10, and encodes a protein of  829 amino acids. 
The second ORF encoding a protein of 255 amino 

acids is located about 600 bp downstream of  the 
former open reading flame and ends within restric- 
tion fragment KpnI-4. In order to determine the role 
that each of  these two coding regions plays in viru- 
lence, we constructed a deletion mutant which lacks 
both ORF's. To this end the restriction fragment 
KpnI-10 of  Ti plasmid pAL969 was replaced by the 
Spr-marker from plasmid pRAL3250 via double 
crossing over to yield strain LBA2505. Agrobacteri- 
um strain LBA2505 was avirulent on Kalanchoe 
daigremontiana, Kalanchoe tubiflora, Nicotiana 
glauca and tomato. Complementation of Agrobac- 
terium LBA2505 was performed in cis to determine 
the smallest restriction fragment capable of com- 
plementing the virA mutation (Fig. 3; for construc- 
tion recombinant Ti plasmids see Materials and 
methods). 

Agrobacterium recombinant strains were tested 
for virulence on three different plant species (Ta- 
ble 1). Strains LBA2505, LBA2507, LBA2508 and 
LBA2510 were avirulent on all test plants. Thus, a 
functional virA locus was not present on plasmid 
pRAL3235, pRAL3236 or pRAL3251 as these vir- 
clones could not complement the virA-mutation of  
strain LBA2505. The virulence of  strain LBA2505 
was fully restored upon introduction of pRAL3254 
in Ti plasmid pAL2505, which implicates that a 
complete virA locus is present on pTi15955 fragment 
KpnI-10. 

These data revealed that the virA transcriptional 
unit consists of  a single gene capable of coding a 829- 
amino acid protein. Furthermore, the 255-codon 
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Kpn I 2a  iI 10 I 4 
Sma I 5 1 

BamH I ._[ 

A B C D E F 

I pRAL 3 2 2 0  
t I pRAL 3 2 5 4  

I I pRAL 3 2 3 6  
I t pRAL 3 2 3 5  

I . . . . . . . . .  I i pRAL 3 2 5 1  

2 Kb 
I I 

Fig. 1. Physical map of the octopine plasmid pTi15955 virulence region. Map positions of the seven different vir-loci are shown. The 
bottom of this figure shows the fragments of plasmids pRAL3320, pRAL3235, pRAL3236, pRAL3251 and pRAL3254 used for sequence 
analysis and complementation experiments. The dashed line indicates a deleted region present in plasmid pRAL3251. A hatched bar at 

the top represents the sequenced region (see Fig. 2). 
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K p n l  

1 AGGTACCAGCTTGGCCTACAAGTGCGCGATCGACCATGGGTTGAG~FI~CGTGCTCCACAGTGATTTTTGCGTCCAGTCCAGTCCGATGTAAGCCCAAGGTAACGCTTGCAA~TACCCAC 

121 ATTTGA•CGTCGCTGCCATTTCGGTTCT•AGACAAATATCTGTCAGCCGGCTGAGTCCACGCCAGACGACCGTATTTCCCGGAGGAG•ATCTGAAGTTCTAGCACGGTTG•CACCCAAAC 

241 GAGCGAGTTTGGTGAGACAGAAGTTTAGCGATTCGCAACGAAGCACGACCGCAGAACCATTTACTTCGAAGGCTTCGTATATCTCGTTGCCGCAGTGATATGGCTGCGATGAATGTCGAT 

361 TTGTCCTAGTGGTAGCATCAGGGACAGTCCTACGACGAGGCATAGGATTTAAGTCATCACGGCTGTCAAATGCCGCCGCCGCTGGCCACGCGAAGACAAAGAGCGCCCCGTCGCTGCCTG 

481 CTTT~AGCCGGACGCGGTTATCTCTGAGATTGCCTGCGCGGACGGTATCAAT~TCAGCCAGT~3GAA~CACAGCGATGTAATAATCAAGCTGGGTCGGGACCGACGTGTCC~C~TAGATA 

601 GCAACATCGACACGGAAGCACTTAGCCGTATTCTCGATTGCGTGCTGGGGCTGCTATGATCATGGTTCCTGCTGGTGTGAAGGTCTGGCAGGCAACGTGCTACACCGACATGCGCAAAGC 

721 CTTCCC•GGTCTGCCGTTGATCGTGCAGAAA•TACTGAA•CCT•ACCC•ATGT••••GCACTGTTC•TATTATGCG•TCGTGGC•GCCAAAGACCGGCATACTTCATAC•GATCTCGTTT 

841 CGCGACGATCTCCTACAGCCGTCAAAGCTTTCGAGCGCAAGCGCCCATCACGCAAACGCTTCCCGGTACATCG•CCGCATCAGCGTGTCGTTATCGCCACCCATACGAACTGTGCCTGCT 

961 GCGAATCGGCCAAACTGTCAAAGCTTGGCGAGGATGGTATCGAGACCCGGAAA•TCACCCGAC•ATTT•GCG•CGGCAACCTCTGCAAAATGC•TTATGAGCCCGGTTTTTCAG•CACA• 
1081 ACAAGTATCGCGTTCGTGAACAAGCTCACGCC~GAAAGTT~TTTA~C~A~T~T~AC~ATTTACGGC~GGAT~TTTGC~TGA~CTGGCGAAGC~GACT~CATC~CTTA~GG~A 

1201 CAGATACAACGTCGCGTTTCATCGACGTCCCATCAGCCGCTTGTGTGTTCAATTCTTCTCTGTTTCACTT•AAACAAA•TGAATATATATTCCC•CTTTCAAAGCCATTTACAAATCCTC 

1321 TCGTGCAGCCTAACGCAGTTGGC•TGGATCAAAGCGTTGGCACGAGGAAGTAAGTGCGATGAACGGAAGATATTCA••GAcGCGGCAGGATTTTAAGACAGG•GCGAAGCCTT•GTCTAT 
MetAsnGlyArgTyrSerProThrArgGlnAspPheLysThrGlyAlaLysProTrpSerIl 

1441 ATTGGCCCTTATCGTTG•TGCAATGATTTTCGCGTTCATGG•GGTTGCGT•CTGGCAGGACAATGCGACTACCCAGGCAATCCTCAGCCAACTACGATCGATTAACGCCGACAGCGCCTC 
eLeuA~aLeuI~eVa~A~aA~aMetI~ePheA~aPheMetA~ava~A~aSerTrpG~nAs~AsnA~aThrThrG~nA~aI~eLeuSerG~nLeuArgSerI~eAsnA~aAsp~erA~a~e 

1561 A•TGCAGCGCGATGTACTCCGCGCTCACACGGGCA•CGTGGCGAACTAC•GCCCCATTATCTCCAGGCT•GGAGCTCTGCGGAAGAATCTGGAAGATTTGAAGCAATTATTTAGACAATC 
rLeuG•nArgAspva•LeuArgA•aHisThrG•yThrva•A•aAsnTyrArgPr•••e••e•erArgLeuG•yA•aLeuArgLysAsnLeuG•uAspLeuLysG•nLeuPheArgG•nSe 

1681 TCATATTGTAAGTGAGAGCAATGCTGCTCAA•TG•TACG••AGCTAGAAGTGT•T•TAAATTCG•CTGACG•G•CGGT••••G•CTTTG•TG•GCA.AAATGTAC••CTGCAAGATT•G•T 
rHis••eVa••erG•uSerAsnA•aA•a••nLeuLeuArgG•nLeuG•uva•SerLeuAsn•erA•aAs•A•aA•aVa•A•aA•aPheG•yA•aG•nAsnva•ArgLeuG•nAsp•erLe 

1801 GGCCAGTTTCACTCGTGCTTTGA••A•TCTT••AGGAAAAG••T•AA••GATCAGACTTTAGAAAAACCAACA•AATTGGCTAGCATGATGCT••AATTT•TT•GGCAACCAAGC•CGG• 
uA~a~erPheThrArgA~aLeu~er~erLeuPr~G~yLysA~a~erThrAspG~nThrLeuG~uLysPr~Tnrc~uLeuA~aSerMetMetLeuG~nPheLeuArgG~nPr~erPr~A~ 

1921 TATTTCATTCGAGATCAGCCTTGAACTAGAGAGGCTCCAAAAACAA•GCGGTCTTGATGAAGCTCCCGTGCGCATACTTGCACGTGAAGGTC•CATTATCTTATC•CTTTTGCCACAGGT 
a~SerPh~G~u~eS~rLeuG~uLeuG~uArgLeuG~nLysG~nArgG~yLeuAspG~uA~aPr~Va~Arg~LeuA~aAr~G~uG~yPr~e~L~uSerLeuLeuPr~G~nVa 

2041 GAAAGATCTGGTGAACATGATTCAGACGTCT(;A~ACCGCAGA~TTG~GGAGATG~TGCAGCGCGAGTGT.I~GAGGT~TATAGcTTGAAAAATGTAGAGGAG~AG~G~A~GTAT~TT 
•LysAspLeuVa•AsnMe•••eG•nThrSerAspThrA•aG•u••eA•aG•uMetLauG•nArgG•uCysLeuG•uVa•Tyr•erLeuLysAsnVa•G•uG•uArg•erA•aAr•••ePh 

2161 T~TTGGGTCCGCTTCAGTGGGTCTTTG~CTCTA~T~ATCAC~TTAGT~TATAGGCTA~GC~CGAT~X~GTTAG~GG~GTTTAGATTA~GAAGA~TAATCAAA~A~ATCGG 
eLeuG~y~erA~aServa~G~yLeu~ysLeuTyr~e~eThrLeuVa~TyrArgLeuArgLysLysThrAsPTrPLeuA~aArgArgLeuAspTyrG~uG~uLeu~eLysG~u~eG~ 

2281 AGTATG~GAAGGTGA~G~GGC~A~C~CGT~GT~CGCGCAAGCT~A~GTATTA~£~A~G~TI~I~ATG~GATA~GTG~G~G~AGCTCTAGTGGACCATGA~CGTAGATG 
yVa~CysPheG~uG~yG~uA~aA~aThrThrSerSerA~aG~nA~aA~aLeuArg~e~eG~nArgPhePheAspA~aAsP~rCysA~aLeuA~aLeuVa~spHisAspArgArgTr 

2401 GG•TGT•GAAACATT•GGT•CGAAA•A•CCAAAA•CTGT•TGG•A••ACAGCGT•CTAC••GAAATAGTCTCTCGTA•CAAA•CGGAC•AACG•GC•AC•GTATTC•GCAT•ATATC•T• 
pA•aVa•G•uThrPheG•yA•aLysHisPr•LysPr•Va•TrpAspAspSerVa•LeuArgG•uI•eVa••erArgThrLysA•aAspG•uArgA•aThrVa•PheAr•I•eI•eSer•e 

2521 GAAAAAAATC~TA~ATTTGCCTCTCGAAATTCCA~GTCT~T~GATACTACTGG~TCACAAATCCACAGATAAACTAATTGCGGTTTGTT~ACTGGGTTACCAAAGCTATCGCC~TCGA~C 
rLysLys••eVa•HisLeuPr•LeuG•u••ePr•••yLeu•er••eLeuLeuA•aHisLysSerThrAspLysLeu••eA•aVa•CysSerLeuG•yTyrG•nSerTyrArgPr•ArgPr 

2641 TT~CCAAG~CGAAATTCA~TTCTTGAA~T~GCCA~C~C~T~CT~TGT~A~TATATCGATGTTCGGCGTAAGCA~ACC~AATGCGACGi-~-~i~GGC~AGAC~ATTG~AGCAT~C~AAC~ 
~CysG~nG~yG~uI~eG~nLeuLeuG~uLeuA~aThrA~a~ysLeuCysHisTyrI~eAs~Va~ArgArgLysG~nThrG~uCysAs~Va~LeuA~aArgArgLeuG~uHisA~aG~nAr 

2761 CCTTGAGGCAGTTGGTACACTTGCCG•CGGAATAGCACATGAATTTAATAA•ATTTTGGGCTCAATCCTCGGGCACG•AGAATTAGCACAAAACTCGGTGTCTCGAA•ATCT•TCA•C•G 
~L~u~uA~aVa~G~yThrLeuA~aG~yG~yI~A~aHisG~uPheAsnAsnI~eLeuG~y~r~eLeuG~yHisA~aG~uLeuA~aG~nAsnSerVa~SerArgThr~erVa~ThrAr 

2881 AAGATATATT•ACTATATCATTTCGTCA••••ACA•A•C•ATG•T•ATTAT•GAT•AGATCTTGACG•T•AGCC•AAAACAG•AGCGCATGATCAA••CATTTA•TGTCTCAGA•CTTGT 
gArgTyr~eAspTyr~e~eSer~erG~yAspArgA~aMetLeu~e~eAspG~n~eLeuThrLeuSerArgLysG~nG~uAr~Met~eLysPr~Phe~erVa~SerG~uLeuVa 

3001 ~ACCGAAATCG~TCCCTTGCTA~GTATG~TCTTCCGCCAAA~AT~GAG~TTAGTTTCAGATTTGATCAAAT~CAGAGC~T~ATC~AAGGAAGCCCG~TTGAACTTCAACAG~TACTAAT 
~ThrG~uI~eA~aPr~LeuLeuArgMetA~aLeuPr~Pr~AsnI~eG~uLeu~erPheAr~PheA~nMee~n~erVa~I~e~uG~y~erPr~LeuG~uLeuG~nG~nVa~LeuI~ 

3121 TAACAT~TGCAAGAATGCTTC~CAAGC~ATGACT~CAAATGGTCAAATCGACATCATCATCAGCCAA~CTT1-~ri~CCAGTTAAGAAAATT~TGGCG~ATGGTGTTATGCCA~TGGC~A 
eAsnI~eCysLysAsnA~aSerG~nA~aMetThrA~aAsnG~y~nI~eAspI~eI~eI~eSer~nA~aPheLeuPr~Va~LysLysI~eLeuA~aHisG~yVa~MetPr~Pr~G~yAs 

3241 CTATGTTCTCCTATCTATTAG•GACAATG•T••A••CATTC•••AG••TGTGTTACCCCACATTTTTGAACCCTTCTTTAC•ACACGAG•TC•CAACGGTGGAACGGGTCT•GG•CTTGC 
pTyrVa~LeuLeuSerI~e~erAspAsnG~yG~yG~yI~ePr~G~uA~aVa~LeuPr~H~sI~ePheG~uPr~PhePheThrThrAr~A~aArgA~nG~yG~yThrG~yLeuG~yLeuA~ 

3361 TT•TGTGCATGGTCATAT•AGCG•GTTT•CGG•TTACATCGA•GTTAGTT•AA•TGTTGGGCATGGGACGCGCTTT•ACATTTATCTCC•T••GTCTT•TAAGGAACCCGTAAAT••AGA 
aserVa~HisG~yHis~e~erA~aPheA1aG~yTyr~eAspVa~erserThrVa~G~yHisG~yThrArgPheAsp~eTyrLeuPr~Pr~$er~erLysG~uPr~Va~AsnPr~As 

3481 CA~TTTTTTCGG~CGCAATAAGGCACCG~GTGGAAACGGGGAGATTGTGG~A~TTGTTGAGCCCGAT~AC~T~TG~G~GAG~CGTATGAAGACAA~ATCG~G~T~TAGGATATGA~CC 
•SerPhePhe••yArgAsnLysA•aPr•Ar•••yAsnG•yG•uI•eVa•A•aLeuV••G•uPr•As•As•LeuLeuAr•G•uA•aTyr••uAspLysI•eA•aA•aLeuG•yTyrG•uPr 

3601 GGTCGGTTTTCGTACCTTTAATGAAATTCGCGATTGGATTTCAAAAGGCAATGAA~CC~A.TCTGGT~AT~GTCGA~CAAGCGTCTCTTCCTGAAGATCAAA~TC~TAATT~GTGGATTT 
~Va~G~yPheAr~ThrPheAsnG~u~aArgAspTrp~eSerLysG~yAsnG~uA~aAspLeuVa~MetVa~AspG~nA~aSerLeuPr~G~uAspG~n~erPr~AsnSerVa~As~Le 

3721 AGTG•TCAAGACCGCCTCCATCAT•ATTG••GGAAAT•ATCTCAAAATGACCCTTTCAAGGGAGGATGTGA•CAG•GAC•TTTATCTTCC•AAGCCGATAT•GTCCAGAA•TATGG•••A 
uVa~LeuLysThrA~a~erI~eI~eI~eG~yG~yAsnAspLeuLysM~tThrLeuSerArg~uAspVa~ThrArgAspLeuTyrL~uPr~LysPr~I~eSerSerArgThrMetA~aHi 

3841 TGCAATCCTAACCAAAATCAAGAC•TAGA•TT•CGACGT•TCA••ACTGGCAATCA•ATTTCGGTTCGGT•GAGC•CGACGG•G•AACTACAT•AAAGATC•AACGGCATAGGTTCAGT• 
sAlaIleLeuThrLysIleLysThr 

3961 GATCAAGCCGGGCGACGCGGCTTGATTTGTCC•ATCA•GTCC••TCGTTT••TTGAAAGGGTTTACGCACCAGCTATGACACCACCATCATTG•TGCCAGCAGATTGAAGTAGGCCGGAA 

4081 CC••TGCGGTCAAAAATCGGTGTGGACGACGGCT•TT•TACAAAGAGAC•ACA•AACACCCACG•GACCGAGCTTCGCGAGCTTTTGTATCCGTGGCATCC•TGGTTCAGGC•ATTTGTT 

4201 CAC•TC•ATGA•GCGCTCT•CAAAGGGACCCATATTTTCCGCTGCA•CCTTTCTG•TTCTTCTTCTG•TCGACTTCTTGAAGTC••AGCATGGATGTTCTTCTTTCGATTCGAGATCTCA 

4321 GCAAAAGTTCTC•GCAAACCTTCACTGC•GGCTTAGGTGTCTTTT•TAACAAATTG•GACGCAGTTGATATCCGCTTGAAACATTAGTC•GAAATTATCGA•ATGTTCCGCTGACAA•GT 

4441 AT••AAATGGCGATAAAATTGGTATTGATACTCGTATTTACACT•TTTCTC•CGG•AGACGCTGCCTATGCGAATGACCGCGCCAATGGTGTCATGT•GTCAAACGGGG•C•AA•CT••A 
MetA~a~eLysLeuVa~Leu~eLeuVa~PheThrLeuPheLeuA~aA~aAspA~aA~aTyrA~aAsnAspArgA~aAsnG~yVa~MetTrpSerAsnG~yG~yG~uA~aG~y 

K p n  I 
4561 GTGAGACTTC•TCTTCGGGTTTTCAATGCCAA•CCAG•CAA•AACA••GTGG•GATCATTTATTC•GGAGACGCTGGATGG•AAAATAT•GAT•A•GT•ATTGGTAC•TATCTGCAGA•G 

Va~ArgLeuPr~LeuArgVa~PheAsnA~aLysPr~A~aLysAsnThrVa~A~aI~eI~eTyrSer~yAspA~aG~yTrpG~rLAsnI~eAs~uVa~I~eG~yThrTyrLeuG~nThr 

4681 •AAG•GATTCCTGTCATTGGCGTCAGTTCACTTCGGTATTTCTGGT•GGAG•GGTCTC•AAGCGAAACT••TAAGGATCTTGGTCACATAATC•ATGTCTA•ACCAAGCATTTCG•TGTG 
G~uG~yI~ePr~Va~I~e~yVa~er~erLeuAr~TyrPheTr~SerG~uArg~erPr~erG~uThrA~aLysAspLeuG~yHisI~eI~eAs~Va~TyrThrLysHisPheG~yVa~ 

4801 CAGAATGTTTTACTTATAGGATATT•TTTCGG••CTGACGTCATGCCGGCAAGCTTCAATA•GCTTA•GCTTGAGCAAAAAAATCGGGTTAAGCAAATCTCTCTCTTGGCATT•TCACAT 
~nAsnVa~LeuLeuI~eG~yTyrSerPheG~yA~aAs~Va~MetPr~A~aSerPheAsnArgLeuThrLeuG~uG~nLysAsnArgVa~Lys~nI~eSerLeuLeuA~aLeuSerHis 

4921 CAAGT•GACTATGT•GTCTCATTTA••••CTG•CTCCAACTCGAAACCGAAGGTAA•GG•GGCAATC•TCTGGAT•AT•TCAGATTCATTGACCCTGCAATCGTCCAATGCATGTACGG• 
G~nVa~AsPTyrVa~Va~SerPheAr~yTrpLeu~nLe~G~uThrG~uG~yLys~yG~yAsnPr~LeuAs~AspLeuArgPheI~eAspPr~A~aI~eVa~G~nCysMetTyr~y 

5041 CGCGAAGACCGTAATAATGCTTGCCCATCTCTC•GACA•ACCGGC•CAGAGGTGATAGG•TTCAG•GGAGG•CATCA•TTTGGTAATGATTTCAAAAAACTGT•TACGCGCGTC•TCTCA 
ArgG~uAspArgAsnAsnA~aCysPr~erLeuArgG~nThrG~yA~aG~uVa~eG~yPhe~erG~yG~yHisHisPheG~yAsnAspPheLysLysLeuSerThrAr~Va~Va~er 

5161 GGCCTCGTGGCACGCCTAAGTCATCA•TATTCTTCAGGTCCTGCACcGCTTTAATATTGACTGGGATAGCGACGCCGGTGATGCAGACATCGGATATT•TGTCGTTAAGTATAAGG•CTT 
GlyLouValAlaArgLeuSerHisClnTyrSorSerGlyProAlaProLeu 

5281 ~AT~TGAT~CCA~ATTCGCTAGT~G.IT.F~AGGTGAGTGAGATTTTTTG~GGAAGTTG~GTT~AGATC~CAT~GGC~GCGGcTGCCGCGCCTCCA~ATTGGCAGCAACAAGAT~ATC 

5401 CTT•AAGG•AATATGCCTATGAC•CATGTCTTGA•GACTTTCGCCTCGT•A.ATGATCCGGTCTGTTCCCAA•GTTGGGAA•CCTTCG•GATAGAGCAGGCTCTC•CGGCA•A••AATTTC 
5521 TCCGATATGACTTCT•TCCTTCTA•G•GCCCAAAG•AGCAACGAAATCATCTATCGCGGCCAAGAGA•CG•CCATGTGAAAGCACTCTTGCCA•TA•kATTGCCCGGCCA•GGT•AGCACG 

Xbal 
5641 ACGATATTGCGAGGTGTTGCTACACCACGGAGGCGATCTAGA 5682 

Fig. 2. N u c l e o t i d e  s equence  o f  a 5682 -bp  in terva l  c o n t a i n i n g  the  virA gene.  virA extends  f r o m  nuc l eo t i de  1 379 to 3 865, the  s e c o n d  O R F  

extends  f r o m  nuc l eo t i de  4447 to  5211. Pu ta t i ve  r i b o s o m e - b i n d i n g  sites u p s t r e a m  o f  each  in i t i a t ion  c o d o n  a re  over l ined .  
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Fig. 3. Construction of recombinant Ti plasmids. Schematic drawing shows the homologous recombination process used for the introduc- 
tion of Vir-region clones into the Ti plasmid pAL2505. Upon homologous recombination between both Spr-fragments different pTi15955 
DNA fragments (indicated by a hatched region) were introduced into plasmid pAL2505. Complementation experiments in cis were per- 
formed with plasmids pRAL3235, pRAL3236, pRAL3251 and pRAL3254 (see Table 1). 

Table  1. Plant tumor induction tests. 

Strain Plasmid Tumors on 
test plant* 

LBA1010 Cr, pTiB6 + + 
LBA969 Cr, R772::pTiB6 + + 
LBA2505 Cr, pAL2505 (virA-) - 
LBA2507 Cr, pAL2505::pRAL3236 - 
LBA2508 Cr, pAL2505::pRAL3235 - 
LBA2509 Cr, pAL2505::pRAL3254 + + 
LBA2510 Cr, p A L 2 5 0 5 : : p R A L 3 2 5 1  - 

* N ico t i ana  glauca, Ka lanchoe  tubi f lora  and tomato. 

In all these A g r o b a c t e r i u m  strains a large cryptic plasmid (Cr) 
is present. Tumor formation was classified as wild-type size 
+ + or negative - .  

ORF does not encode an essential virulence function 
as this region can be deleted from the Ti plasmid 
without affecting virulence of  Agrobacterium. 

Analysis of  the 5 ' -end region of  the virA gene 
showed no sequence identical to the -10 or -35 con- 
sensus sequence of  E. coli promoter regions [34]. A 
sequence similar to the E. coli consensus ribosome- 
binding site sequence (TAAGGAGGTG ( 5 - 9  bp) 
ATG) [41] was observed preceding the reading frame 
of virA (GCACGAGGAA (9 bp) ATG). The predict- 
ed VirA polypeptide has a molecular weight of  
91639 daltons and a net charge of  -2. The Lipman 
and Pearson FASTP program [28] was used to search 

the NBRF protein database for proteins homolo- 
gous to the VirA product. No homologous proteins 
were found. However, a striking nucleotide sequence 
homology was found between a 185-bp region of the 
pTi15955 vir-sequence and the T-center region (T c- 
region) of the same pTi15955 plasmid. A 185-bp ele- 
ment of  KpnI-10 (at position 4115-4299;  Fig. 2) 
turned out to be present in direct repeat in the T c- 
region (at position 14234-14418; [1]) with only 14 
mismatches (82°7o homology). This element was lo- 
cated in the sequence between the coding regions of 
virA and the 255-codon ORF located downstream of 

virA. 
Figure 4 shows the distribution of hydrophilic and 

hydrophobic amino acid residues of  the VirA protein 
using an algorithm developed by Kyte and Doolittle 
[24]. The VirA protein contains two hydrophobic 
regions (amino acid residue 18 to 39 and 260 to 278) 
and closer examination of the amino acid sequence 
at the N-terminus revealed that the VirA protein con- 
tains a putative signal sequence. The N-terminus has 
a hydrophobic region of 22 amino acids followed im- 
mediately by 5 positively charged amino acids and 
contains a putative cleavage site according to the 
" ( -  3, - 1) rule" proposed by Von Heyne [45] (amino 
acid residues 35 and 37 are Ala). These results sug- 
gested that VirA may be an exported or membrane- 
associated protein. To analyse this hypothesis we 
raised antibodies against the VirA protein in order 
to determine the cellular location of this protein. 
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Fig. 4. Hydropathy profile of  VirA plotted by the method of  Kyte and Doolittle (values averaged over nine amino acids; [24]). Horizontal 
bars below represent the 91.6-kDa VirA protein of  Agrobacterium and the E. coli fusion proteins of  65.5 kDa and 35 kDa, which are 

encoded by expression plasmids pRAL3286 and pRAL3287, respectively. The polypeptides encoded by vector sequences are indicated 
with a black bar. 

Induction of VirA fusion proteins 

In order to obtain VirA-specific antibodies we con- 
structed inducible expression plasmids pRAL3286 
and pRAL3287 for the overproduction of  VirA fu- 
sion proteins in E. coli. To this end the virA coding 
region, indicated in Fig. 4, was fused to the lacZ ~- 
peptide coding sequence under control of  the E. coli 
lac-promoter of  vector plC19R ([32]; constructions 
see Materials and methods). E. coli ceils containing 
pRAL3286 or pRAL3287 produced the expected fu- 
sion proteins upon induction of  the lac-promoter 
with IPTG (Fig. 5A). The fusion proteins deter- 
mined by pRAL3286 and PRAL3287 were examined 
by SDS-PAGE and migrate close to the predicted 
molecular weights of  approximately 65.5 kDa and 
35 kDA respectively (Fig. 5). These induced pro- 
teins were not observed in E. coli cells which on- 
ly contained the vector plC19R. The 35-kDA fu- 
sion protein which embraces the C-terminal part 
of  VirA was purified (see Fig. 5B) and was used 
to immunize rabbits as described in Materials and 
methods. After immunization serum was obtained 
and used to detect the VirA protein in Agrobac- 
terium. The specificity of  the antiserum directed 
against the 35-kDa fusion protein was shown in 
Western immunoblotting experiments (Fig. 6A). 
Proteins from IPTG-induced E. coli cells contain- 
ing pRAL3286 or pRAL3287 were separated on 
SDS-polyacrylamide gels and transferred to nitro- 
cellulose. The antiserum reacted specifically with 

the 35-kDA fusion protein (Fig. 6A, lane 6), but 
not with the 65.5-kDa fusion protein which consists 
of  the N-terminal part of  VirA. The results of  this 
experiment show the specificity of  the antibodies 
raised against the 35-kDa fusion protein and indi- 
cate that the antibodies are able to recognize dena- 
tured proteins. 

The VirA protein is probably produced in relative- 
ly small amounts in wild-type Agrobacterium 
strains, as it could not be identified by Coomassie 
brilliant blue staining. Therefore, different bacterial 
fractions (total cell lysate, cytoplasmic proteins and 
cell membranes) were run on SDS-PAGE and ana- 
lyzed by Western blotting using the anti-35-kDA 
serum. The immunodetection of  the VirA protein 
in Agrobacterium tumefaciens with antiserum is 
shown in Fig. 6B. The VirA protein was visualized 
in Agrobacterium strains LBA1010 and LBA969 
which are wild-type for virA, but was absent in 
the Agrobacterium virA deletion mutant LBA2505. 
The apparent molecular weight of  the protein was 
in agreement with the size of 91.6 kDa as predicted 
by the virA coding sequence. The VirA-signal was 
relatively weak in the total cell lysate, but a sig- 
nificantly stronger signal was detected in the frac- 
tions containing the cell envelope proteins of  
LBA1010 or LBA969. In the cytoplasmic protein 
fractions, however, no VirA protein could be visual- 
ized by immunodetection. 

In order to establish the precise cellular location 
of  the VirA protein, membranes of Agrobacterium 
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Fig. 5. Fusion proteins produced in vivo in E. coli. Proteins were stained with Coomassie brilliant blue R. (A) Protein patterns of  IPTG- 
induced E. coli cells containing plasmids plC19R (lanes a, b), pRAL3286 (lanes c, d) or pRAL3287 (lanes e, f). Lanes a, c and e total 
cellular protein; lanes b, d and f protein pellet fraction isolated from sonicated cells by centrifugation. (B) Protein profiles during purifica- 
tion of  a 35-kDa VirA fusion protein. The 35-kDa fusion protein was produced upon induction of  KMBLI001 (pRAL3287) with IPTG, 
and was visualized among total cellular protein (lane g). Lane h, protein pellet obtained by centrifugation of  sonicated cells. Lane i, puri- 
fied 35-kDa VirA fusion protein. 

Fig. 6. Western immunoblot analysis of proteins produced in E. coli (lanes 4, 5 and 6) and Agrobacterium (lanes 7-15)  using antibodies 
raised against the 35-kDa VirA fusion protein. (A) Total cellular protein of  E. coli strains induced with IPTG. Lanes 1 and 4, plC19R; 
2 and 5, pRAL3286; 3 and 6 pRAL3287. Duplicate gels were used for Coomassie brilliant blue staining (lanes 1 - 3) and immunodetection 
(lanes 4 - 6 ) .  (B) Immunodetection of  different Agrobacterium cell fractions. Strain LBA1010 (lanes 7 - 9 ) ,  LBA969 (lanes 10-12) and 
LBA2505 (lanes 13-15) were analyzed. Lanes 7, 10 and 13, total cell lysate; 8, 11 and 14, cytoplasmic proteins; 9, 12 and 15, unseparated 

cell membranes. 



Fig. 7. Western immunoblot analysis of gradient fractions from 
separated Agrobacterium cell membranes of LBA969. Lane a, 
unseparated cell membranes of strain LBA2505 (virA-) and 
lane b, unseparated cell envelopes of strain LBA969. Representa- 
tive fractions of isolated outer membranes (number 4), intermedi- 
ate fractions (numbers 1, 10, 21, 25 and 32) and of isolated 
cytoplasmic membranes (number 17) were analyzed with 35-kDa 
antiserum. 

~train LBA969 were separated using density gradient 
centrifugation [7]. Fractions of  0.5 ml were collected 
and the relative protein content of  the fractions was 
determined. The A2s 0 pattern of  the gradient frac- 
tions showed two major bands for which the peak 
fractions had buoyant densities of  1.229 and 
1.169 g/ml. The distribution of  the outer membrane 
marker 2-keto-3-deoxy-octonate and the cytoplas- 
mic membrane marker NADH-oxidase indicated 
that the separation of  the two membranes was quite 
efficient (data not shown). Immunodetection 
showed that the VirA protein fractionated with the 
cytoplasmic membrane of  Agrobacterium (Fig. 7; 
fraction 17, p 1.169 g/ml); no VirA-signal was seen 
in the outer membrane fractions. 

Discussion 

The virA locus is essential for the formation of  
crown gall tumors by Agrobacterium. We show here 
that a functional virA locus is present on KpnI frag- 
ment 10 of  the pTi15955 octopine-type Ti plasmid. 
This observation corresponds with the map position 
of  the pTiA6 virA locus, determined by a detailed 
analysis of  the genetic and transcriptional organiza- 
tion of  the pTiA6 vir-region [43]. We have deter- 
mined the nucleotide sequence of  virA, and found 
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that the virA locus contains one open reading flame 
that is capable of coding for a 829-amino acid pro- 
tein of about 91.6 kDa. The promoter regions and 
transcription initiation sites of  six vir-genes of  octo- 
pine Ti plasmid pTiA6, which is almost identical to 
pTi15955 [9], were determined previously [5]. The 
nucleotide sequence of the pTi15955 virA upstream 
region turned out to be almost identical to the cor- 
responding virA region of  plasmid pTiA6. A com- 
parison of  both virA upstream regions (178 bp) 
shows that they differ by four nucleotides only: the 
nucleotide sequence in Fig. 2 differs at position 
1228 (T instead of  A), position 1 309 (T for C), posi- 
tion 1372 (A for T) and contains an extra nucleotide 
(T) at position 1253. 

During the preparation of  this manuscript the 
complete nucleotide sequence of  the pTiA6 virA 
gene was published [27]. Comparison of  the nucleo- 
tide sequence of  the VirA coding regions of  pti15955 
and pTiA6 showed a total of  15 differences which 
results in 8 differences in the amino acid sequences 
(positions 67; 74; 75; 128; 333; 648; 786 and 787). 
Thus, the VirA protein encoded by pTi15955 (MW 
91639; net charge - 2 )  is somewhat different from 
that of  the pTiA6 VirA protein (MW 91 797; net 
charge + 1). Our data imply that the difference in net 
charge of  the pTiA6 (+1) and pTiAg162 ( - 2 )  VirA 
proteins mentioned in ref. [27] is not a distinguishing 
characteristic between wide host range and limited 
host range VirA proteins. 

A 185-bp sequence of  KpnI fragment 10 located 
250 bp downstream of  the virA ORF turned out to 
be also present in direct repeat in the To-region of  
plasmid pTi15955 (only 14 mismatches). Earlier, se- 
quence homology was found between a 531-bp re- 
gion of  IS51 of  Pseudomonas savastanoi and a por- 
tion of  the To-region in the plasmid pTi15955 [48]. 
The 185-bp region of  KpnI-10 is not homologous to 
either of  the transposable elements ISS1 or IS52, 
which were found in Pseudomonas savastanoi. The 
homology found by Machida et al. [30] between IS66 
and the virulence region restriction fragment 
BamHI-3 was located in the sequenced region up- 
stream of  the virA gene. The nucleotide sequence of  
BamHI-3 (at positions 530-831, Fig. 2) showed sig- 
nificant homology (about 77%) with 300 bp of  the 
IS66 DNA sequence (positions 386-692,  [30]). 
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Two VirA fusion proteins were visualized in E. coli 
cells upon induction of  expression vectors 
pRAL3286 and pRAL3287 with IPTG. The fusion 
proteins of 35 kDa and 65.5 kDa corresponded in 
size to the proteins predicted by the DNA sequence. 
The 35-kDa virA fusion protein was purified using 
a 2-step purification procedure and used to raise 
specific antiserum. This antiserum was used to local- 
ize the VirA protein in Agrobacterium by Western 
immunoblot analysis. 

The 91.6-kDa VirA protein could be localized in 
Agrobacterium whole cell extracts and specifically 
in the membrane fraction but not in the cytoplasmic 
protein fraction. The sequence data revealed that the 
VirA protein contains two long hydrophobic 
stretches. In addition the N-terminal amino acid se- 
quence contains a putative signal sequence and 
hypothetical cleavage site according to the predic- 
tion rules of  Von Heyne [45]. Hence, it was likely that 
the Agrobacterium VirA protein was an exported 
protein or a membrane protein. From fractioning the 
Agrobacterium membrane in outer and inner mem- 
brane it became clear that VirA is a cytoplasmic 
membrane protein. Identical results were reported 
very recently for the VirA protein of  pTiA6 by 
Leroux and coworkers [27]. 

The VirA protein resembles E. coli protein EnvZ 
and various other transmembrane chemoreceptor 
proteins [23] in that it contains two hydrophobic 
regions which anchor the protein in the inner mem- 
brane, a periplasmic domain and a cytoplasmic do- 
main. The C-terminal regions of  the proteins deter- 
mined by the ntrB gene ofK. pneumoniae, the envZ, 
cpxA, and phoR genes of  E. coli and the virA gene 
of  A. turnefaciens show conservation in their amino 
acid sequences [27, 38]. 

Next to VirA a second regulatory component 
VirG is essential for vir-expression. The VirG pro- 
tein is likely to be a positive transcriptional regulator 
for vir-promoter sequences [35, 44, 46]. Our results 
support a model whereby the VirA protein, present 
in the cytoplasmic membrane, functions in the initial 
recognition of the plant signal molecule and trans- 
duces or transports this extracellular signal; this step 
leads to the activation of  the VirG protein which in 
turn activates transcription of  the rest of the vir- 
regulon. 

A similar two-component regulatory system has 
been proposed to be present in a variety of 
prokaryotic species. For example, the E. coli genes 

envZ and ompR are involved in the regulation of  the 
genes ompF and ompC in response to altered os- 
molarity [10]. Similar regulatory systems which re- 
spond to their environment (nutrient limitation) are 
ntrB/ntrC and phoR/phoB [38]. Recently it was 

shown that NtrB regulates the activity of  NtrC by 
phosphorylation or dephosphorylation, whereby 
NtrC-phosphate activates transcription from 
nitrogen-regulated promoters [37]. Future work will 
show how the VirA protein regulates the activity of  
VirG and whether VirG is covalently modified in re- 
sponse to environmental signals. 
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