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Abstract

The hairy-root-inducing plasmid A4 (pRiA4) is capable of conferring tumorigenic symptoms on plants
upon infection by its host bacterium, Agrobacterium rhizogenes. The virB operon on pRiA4 has been
sequenced and found to be composed of 11 genes, virBl to virBll, whose products mostly appear to be
associated with the cell membrane. A novel structural characteristic is frequent overlappings between the
translation termination and initiation codons of adjacent genes. This is indicative of fine tuning of relative
translation frequencies for each VirB protein. These results support the view that VirB multisubunit
complexes provide facilities for T-DNA transfer at the bacterial cell membrane. The structural organization
of the pRiA4 virB operon was essentially identical to that of the previously reported virB operons of tumor-
inducing plasmids, pTiC58 and pTiA6, and the corresponding VirB proteins of the three plasmids were
extremely homologous to one another. On the basis of the structural similarity of each VirB protein, the
phylogenetic relationship among pRiA4, pTiC58, and pTiA6 is discussed.
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1. Introduction

Agrobacterium rhizogenes is a plant pathogen that in-
duces hairy roots on a wide variety of dicotyledonous
plants. This symptom is caused by the hairy-root-
inducing plasmid (pRi) that is similar to tumor-inducing
plasmids (pTi) carried by A. tumefaciens, though pRi
and pTi belong to different incompatibility groups. A
portion of either plasmid DNA, defined as T-DNA, is
transferred to plant cells and subsequently integrated
into the plant nuclear genomes. Since T-DNA includes
several genes that direct synthesis of phytohormones
and/or their release from the glycosylated derivatives, tu-
morigenesis by pRi and pTi appears to be the results of
disturbing the phytohormone balance in plant cells. Al-
though the remaining T-DNA genes vary with plasmid
species, T-DNA is always flanked by 24-bp imperfectly
repeated sequences with the same polarity. These border
repeats work as a cis -acting signal for T-DNA transfer
(for a review, see ref. 1).

Although tumorigenesis by pRi and pTi needs the T-
DNA genes directing the synthesis and release of phy-
tohormones, T-DNA transfer itself occurs without any
genes on T-DNA if the border repeats are present. Trans-
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factors required for T-DNA transfer are supplied from
the plasmid virulence genes (vir), located outside of T-
DNA, together with the chromosomal virulence genes
(chv) scattered on the bacterial genome. The plasmid vir
genes are usually comprised of six transcriptional units:
vir A, virB, virC, virD, virE, and virG. In the case of
pRiA4, however, virE is missing except for its promoter
region. The gene organization and transcriptional di-
rections of these vir operons are well conserved among
pRi and pTi though the spacers between the operons
vary with the plasmid.1'2 The expression of these genes
is tightly regulated. Except for vir A and virG, no expres-
sion occurs during vegetative growth of bacteria, and ev-
ery vir gene including vir A and virG is inducible by plant
phenolic compounds such as acetosyringone, through the
vir A and virG gene products (two-component regulatory
system).3'4

The entire vir region of pTiC58 has already been
sequenced.5 We have also deduced the sequence of all
vir loci except virB of pRiA4. To complete structural
analyses of pRiA4 vir and to shed light on the struc-
tural characteristics and functions of VirB proteins, we
now report the nucleotide sequences of the virB operon,
together with its flanking DNA regions.
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Figure 1. Organization of the pRiA4 vir genes. The bar at the top is a portion of pRiA4 DNA with the Hindlll cleavage map, and
the numerals on the bar show the Hindlll restriction fragments. Each of the vir A to virG operons6 is indicated by a heavy line with
an arrowhead in the 5'-to-3' direction. A tiny square marked with virE is a promoter region of virE. The DNA regions carried by
the two cosmid clones are shown by a thick line.10 The lower half illustrates representative restriction sites in the virB region (B,
BamHl; D, Dral; E, EcoRl; HII, Hindi; HIII, ffindlll; P, Pstl; S, Smal; X, Xhol) together with the coding regions of 11 virB genes.

2. Materials and Methods

2.1. Reagents and general procedures
Restriction endonucleases were purchased from Takara

Shuzo Co., Ltd. and Toyobo Inc., and used according to
the instructions provided by the suppliers. DNA poly-
merase I Klenow fragment, T4 DNA ligase, and Taq poly-
merase were obtained from Takara Shuzo Co., Ltd. The
procedures used for standard recombinant DNA experi-
ments were as described previously.6'7

2.2. Bacterial strains, plasmids, and cosmids
The bacterial strains used were A. rhizogenes A46

and Escherichia coli K-12 DH5a [supE44 AlacU169
($80 lacZAM15) hsdRll recAl endAl gyrA96 thi-1
relAl].7 The plasmid vectors used were pUC18/198 and
pHSG398/399.9 For the DNA source of pRiA4 virB re-
gion, we used the two cosmid clones pBANK1329 and
pBANK0206, which carry the ffindIII-23b, -12b, -19a,
-10, -8, -32b, -26, -13a, -25b, and -31b fragments of pRiA4
and the HindlII-10, -8, -32b, -26, -13a, -25b, -31b, -14,
and -13b fragments of pRiA4, respectively (see Fig. I).10

2.3. Nucleotide sequence analyses
Various pRiA4 DNA fragments inserted in pUCl8/19

or pHSG398/399 were sequenced with an ABI Prism 377
DNA Sequencer and a Dye Terminator Cycle Sequencing
Kit with AmpliTaq DNA polymerase, FS (PE Applied

Biosystems; Part no. 402079). Oligonucleotide primers
used for sequencing by polymerase chain reactions were
two universal forward and reverse primers (Takara Shuzo
Co., Ltd.), corresponding to the DNA regions close
to the poly-cloning sites on the plasmid vectors, and
various custom primers synthesized by Biologica Co.
The reaction products were separated by electrophore-
sis on a 5% polyacrylamide gel made of Super Reading
DNA Sequence Solution (Toyobo Inc.). Nucleotide se-
quences thus obtained were arranged and analyzed us-
ing the software DNASIS-Mac (ver. 3.5, Hitachi Soft-
ware Engineering Co., Ltd.) and various DNA-analyzing
programs supplied by the GenomeNet WWW Server
(http://www.genome.ad.jp/). The SOSUI,11 PSORT,12

MOTIF13 computer programs were used for predicting
transmembrane domains of proteins, protein localization
sites in cells/sorting signals, and various amino acid se-
quence motifs, respectively.

3. Results and Discussion

3.1. Sequencing strategy
It has been shown that pRiA4 virB is located in a

region corresponding to the HindUI-10, -8 and -32b frag-
ments from transposon-insertion mutagenesis and simi-
larity tests to pTiA6.6 These three fragments were pu-
rified from a cosmid clone (pBANK1329) (Fig. 1), and

Figure 2. Nucleotide sequence of the pRiA4 virB operon and its flanking regions in the 5'-to-3' direction. The first and last
nucleotide positions correspond to nucleotide position 4236 in Fig. 2 of ref. 15 and to nucleotide position 6 in Fig. 1 of ref. 16.
The start sites of the virBl to virBll coding regions are indicated by BIS to BUS, respectively, and the corresponding ending
sites by B1E to B11E, respectively, with outline letters indicating their translation initiation and termination codons. Potential
ribosome-binding sequences are underlined. The transcription start site is marked by a vertical arrow, and the promoter —35/—10
regions are shown by upperlines. Helically phased hexamer sequences with the upstream inverted one for VirG binding are boxed.
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-35

260

-10
AGATCCTCGCCGTTATCCTAGAGAGfrATrTTTrGTrGGrGGArrfTTGAGTGrTTGGAAAArrGTTTTCt.rTTrAfcAlfnAATri'GAAAAGAAGAAAAfrAtAATrrTArJtflTAArrrarrrTrrrniTa

_ i • . . . . BIS . . . . . 5 2 0

ATCGTGAACATCAGATGATAGCATTTCTTCTGACCGAAGGGGCTGTGTTGGTTATGAGCTTGGGGAGATGGGGABBTTGAAGGCMCGGGGCCGCTGTCGATCATCTTATTGGCCTCCACCTGCCTCTC

650

GAGCGGTGCGGCCCCACTTTCATTTGCTGAGTTCAATAATTTTGCACGCGAATGCGCCCCATCGGTTTCTCCATCTACGCTTGCAGCGATCGCGCAGGTCGAAAGTCGCTTTGATCCGCTTGCTGTGCAT

780

ATTTTTCCG

910

,CAAT

1040

CTCTGCCTATAACACCGGTGATTTCACGCACGGCTTTGCGAACGGATACGTGCGAAAAGTTCAAACGGCCGCTCAACAGCTTGTTCCCCCGTTAACCGAGCGTCCGAAAGACGATCGTGAGAAGCCGAGA

1170

TCCGAGGAAACATGGGATGTTTGGGGTTCATACAAGCGTCGTTCTCCAGAGGGCGGAGCTGGCGGTTCATCCGGTCCGCCTCCGCCGCCAGACCAGGACAACCGCAAGTCCGAAGACGACGATCAACTTT

B1E. B2S . . . . . . . . . 1300

TGTTCGATTTAAATAAAGGAGGTCAGCAA^^CGACACTTTGAAAAATACCATGTGCATATGAATCGCCTCTCGCTCTCGAACGCGGTGATGCGCATGGTATCCGGCTATGCGCCGAGTTTGGGTGGC

1430

1560

TTCTTGGCATCGTGGCTATCGGAATCTCCTGGATGTTCGGGCGCGCTTCACTCGGTCTCGTTGCCGGCGTTGTCGGCGGCATTGTCATCATGTTTGGAGCCAGCTTCCTTGGTAAAACGCTGACTCGCGG

B2E B3S. . . . . . . . . . . . 1690

1820

B3E B4S . . . . . 1950

TCTGATTTGGGGCGGCGCAAGCGTTAGCCCAAATCCGATCAAGGTTCCCGCACGAGGGAGAGGAATGGCG^J^CTCGGCGCAAGTGGCACGACCGAAAGGTCTGGTGAGGTCTATCTACCCTACGTCG

2080

2210

TGAGCAG

2340

CGCAA

2470

CGGCT

2600

2730

TCCATCTACTCGTTTCGCGAATACCCCGCACGGACGCGACCGGGTATGCTCAACGCGCTACTGTCTCTCGATTTCCCCCTTGTTCTGACGCAGAGCTTCTCGTTCCTGACTCGCGCGCAAGCCCACGCGA

2860

3120

CCGGGCAACTATAAGTGGCGCACGCGTCCGGGAGCGATCACTTCGCGCAACTTCGCTGGTTTGGTCTCGTTCGAGAATTTTCCCGAGGGTTCTGGCTCGGGTCACTGGGGCGACGCGATTGCACGCTTTC

3250

GTACCAATGGTGGGACGCCTTTCGACTATATCCCGCATGAGCACGATGTTGGTATGACGGCGATATTCGGTCCCATCGGGAGGGGCAAAACGACGCTCATGACCTTTATCCTCGCCATGCTCGAGCAGAG

3380

3510

GCAGC

3640

GACGG

3770

3900

CGTCGCTTTGTGATGAGTTGCGATGAGTTTCGCGCCTATTTGCTAAACCCTAAATTTTCAGCGGTCATCGACAAGTTTCTGCTTACCGTTCGCAAGAACAATGGGATGCTGATACTGGCAACACAGCAGC

4030
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B4E. . B5S 4290

AATACGGTGCGCTTCGTGGATCAGCTGCGCGAGGCCGGAGGAGACAACCCATCCGCCTGGCTCAGCGAATTCATGGCCCGTTACCACGAGGCAAAAGAl̂ TCAAAGGTGGAAAACG^AAGACAACG

4420

CAACTTATTGCTGCGGCCCTGGCCGTCAGCCTTCTTTCGGTGGGGCCGGTACGGGCGCAGTTCGTTGTCAGCGATCCGGCGACGGAGGCTGAGACCCTGGCGACGGCGGTCGAGACTGCGGATAATCTCA

4550

GTTTTCTGCGCGAAT

4680

4810

AACCTGGAGGCGATGGACAAACGCCTGACGGCGAATGCCGAGACGTCGGCACAGCTTTCTCGCTCCGGCAATATCATGCAGGCAACCGTCACCAACGGTTTGCTTCTCAAGCAGATCCACGACGCAATGA

B5E

. B6S . . 5070

gGATAGGGCAATTTGTTCGCACCGCTCATCCGCGCATTTCAGGATGCGGGnCATTGTATCCGACATTCCGCGATGAGCCAGCCAAGTTCAGGTCCAAACG^AATTTCACGATTCCCGCGCCGTTTAC

5200

GGCTATTCATACGATCTTCGACTTAGCCTTTACGACAAGCCTGGATACAATGATTGGGACGATCCAGGAGGCGGTGAGCGCGCCGTTGATCGCTTGTGTCACCCTTTGGATTATCGTCCAGGGTATTCTA

5330

5460

CGMCTTTGTTCAGMGTTTAGTGGCAGCGGCCTTCCACTGCAGACGATACCCACTCAGCTGGATACAATGTTTGCCCTMCCCAAGCCGCATTTCAGAAAATTGCATCTGAAATTGGGCCGATGAACGA

5590

CTTTTGGCGATCGGTCCGCTGATCCTTGTA

5720

5850

CCCTTATGCTCGGTGTCATTACTCTTGCCGGGACGACCGCGGCTAAGATCATTGGTCTTTACGAACTCGACATGTTCTTTCTCACCGGTGACGCGCTCATTGTCGCTTTGCCGGCGATCGCCGGCAACAT

B6E . . . . B7S . 5980

TGGAGGCAGCTATTGGAGCGGCGCGACCCAATCTGCCAACAGTGTGTACCGCCGCTTCGCTCACGTAGAGCGACGG^GTCGCGCGAAAAAATCGCGTCAATGGAGAAACTTT^AAATATTGCCTGC

6110

B8S B7E. . . . . . . . . . . 6240

6370

6500

.CTTCA

6630

CCGGG

6760

B8E/B9S . . . . . 6890

GGAGGCTTGGTTGTCACCTCCTACCAGACATCGGMGATACCGTTTTGAACGTAGGCCACGGCGAACC^^CGAAAAAAGCATTTCTCACTTTGGCATGCATACTTCTCGCTGCGATTGGCGCGAAGGC

TGCGACGCTACGTTTTC

7020

AAACG

7150

CGGTA

7280

GCACA

7410

GCGAT

7540

TTCAG

7670

B9E/B10S . . . . . . . . 7800

GCCTGATGTGAAGCGCATCCTAAAGGAGGCGAGACG^^ACGACGACAATCAGCAATCGGCGCATGATGTCGATGCGTCCGGGTCCCTGGTCTCCGACACACATCGCCGGCGCCTTTCGGGGTCTCAAA

. ." . . . . . . . . . 7930

8060

ATTTTTGCGTACACCAGT

8190
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8450

GTTTTTGTCCTCTGGGATCGTGCG

8580

8710

TCCAAGGTGCCTTCCAGGCAGCGAGCACCTACGCTGGCAGCTCGGGCGGAGGGATGAGCTTCAACAGCTTCCAGAATAACGGTGAACAAACGGCCGACACAGCCCTCAAGGCCACCATCAACATACCGCC

B10E 8840

AACCCTGMGMAAATCAGGGCGATACGGTCTCCATTTTTGTCGCACGGGACCTCGATTTCTCAGGCGTATACCAGCTTCATATGACTGGCCGCGCCGTGCATGGGCGGGATCGCCGTCC/f^CGAATT

B11S . . . . . . . . . 8970

CAACTTTTAGATTGCAGACGAGGTACGATACAAggGAGGTGGACCCGCAATTACCiCATCCTTCTCAAGCCGATTTTGGAATGGCTCGATGACCCGAGGACCGAAGAAGTGGCGATAAATCGACCAGGAG

9100

AGGCATTTGTGCGCCAGGCTGGCGTTTTCACCAAATTTCCrrTGTCTCrCTCCTATGACGATCTGGAAGACATCGCTATTTTAGCAGGCGCGCTGCGAAAACAGGACGTTGGACCACGCAACCCACTTTG

9230

CGCCACTGAACTTCCAGATGGCGAGCGGTTGCAAATTTGTTTGCCGCCGACGGTACCGTCGGGCACCGTCAGCTTGACGATTCGACGGCCAAGCTTCCGTGTTTCTGGGCTCAAAGAAGTCTCGTCCCGT

9360

TACGATGCTCCAAGGTGGAACCAGTGGCAAACACGAAAAATGCGCCAAGATCAGCATGATGAAGTTATCCTTCGGCACTATGACAACGGGGATCTGGAAGCGTTTCTGCATGCATGCGTCGTTGGGCGGT

9490

GAACCACGTACGGCTGCT

. B11E . . 9926

GATAGCTGATCTTCTCAACCAACAGJHJTTTCAGCTACTGTTTAAA

9620

ATGCC

9750

CAGCT

9880

then separately inserted into the plasmid vectors. With
the resulting recombinant plasmids, progressive deletion
derivatives were constructed by either ejecting appropri-
ate restriction fragments or recloning smaller fragments.
Each of the inserted DNA segments was sequenced from
either side of both strands. In addition, adjacent restric-
tion fragments were confirmed to be contiguous by se-
quencing overlapping fragments or pBANK0206 cosmid
DNA with appropriate custom primers. By arranging
overlapping sequences of both strands, the nucleotide se-
quence from the EcoRI site downstream of virA to the
Dral site upstream of virG (9,926 bp) was deduced, as
shown in Fig. 2. The sequence data were deposited in
the DDBJ/EMBL/GenBank data banks with accession
numbers AB011800 and AB011801.

3.2. Characterization of the virB nucleotide sequence
The occurrence of initiation and termination codons

for protein synthesis in all possible reading frames sug-
gested that the virB locus contains information to code
for 11 polypeptides of 26.4 kDa, 12.3 kDa, 11.7 kDa,
87.7 kDa, 23.1 kDa, 31.8 kDa, 5.9 kDa, 26.2 kDa,
32.2 kDa, 40.3 kDa, and 38.2 kDa in the same polar-
ity (nucleotide positions 465 to 9905 in Fig. 2). Each
putative coding frame was named virBl to virBll, re-
spectively, all of which were accompanied by a potential
ribosome-binding sequence,14 as marked by underlines in
Fig. 2. The virBl gene starts 1747 bp downstream of
the virA termination codon,15 and the virBll gene ends
255 bp upstream of the virG initiation codon.16 The pu-
tative initiation codon for each virB gene except virBl
was the conventional AUG, whereas virBl appeared to

use AUC, a rare translation initiation codon. This is not
the result of a base substitution occurred during cloning
experiments because direct sequencing of the correspond-
ing region of pRiA4 DNA gave an identical result. The
transcription start site previously found in a virB region
was the only one that corresponds to 65 bp upstream
of the virBl translation initiation site.3 In this DNA re-
gion, there were the —10 region of the promoter ( — 10 in
Fig. 2) and the helically phased hexamer sequences for
VirG binding (marked by boxes in Fig. 2).3 Therefore,
all of virBl to virBll are likely to be actually structural
genes and to constitute an operon. A novel structural
characteristic of the virB operon is frequent overlappings
of the translation termination codon of a given gene with
the initiation codon of the following gene. Those from
virBl to virB4 overlap for 1 bp such that two adjacent
coding regions are separated by 2 bp. Those from virB8
to virBlO overlap for 2 bp where the adjacent coding re-
gions themselves share 1 bp. Furthermore, in the cases
of virBl and virB8, 11 bp of the coding regions over-
lap with each other. As a consequence, their potential
ribosome-binding sequences should invade the preceding
genes. This kind of overlapping and compactness have
never been found in the other vir operons. Conversely,
short spacer sequences are present between the two genes
from virB'4 to virBl.

3.3. Characterization of VirB proteins
To obtain information on characteristics of the virB

gene products, the amino acid sequence of each VirB
protein was analyzed. Possible N-terminal signal pep-
tides were found in VirBl, VirB5, VirB7, and VirB9, and
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Table 1. Similarity of the VirB proteins among the three plasmids, pRiA4, pTiC58, and pTiA6.a

[Vol. 5,

Comparison
PRiA4/pTiC58
pRiA4/pTiA6
pTiC58/PTiA6

VirBl VirB2 VirB3 VirB4 VirB5 VirB6 VirB7 VirB8 VirB9 VirBlO VirBll
93
70
71

95
86
89

94

87

93
90
89

90
85
87

94
89
89

94
80
82

91

86

93
85
85

92
83
83

93
92
89

aSimilarity of each VirB protein between two plasmids shown in the leftmost column is expressed as the percent identity of amino acid
residues.

potential transmembrane domains were found in VirB2,
VirB3, VirB5, VirB6, VirB8, VirB9, and VirBlO. The
smallest VirB7 protein contained a putative target se-
quence for signal peptidase II, an enzyme involved in
lipoprotein recognition and processing,17 and thus it ap-
pears to associate with lipid. In addition, an ATP-
binding motif was found in VirB4 and VirBll.

3.4- VirB multisubunit complexes
As mentioned above, the pRiA4 virB operon is highly

compacted. These traits are identical with those of
pTiC58 and close to those of pTiA6.18~20 Conservation
of these traits seems to reflect the control of translation
initiation frequency of a given gene relative to that of
the preceding gene, providing the exact molar ratios of
synthesized VirB proteins. Another possibility is that
translation of a gene depends on the preceding gene prod-
uct. Either view is compatible with the idea that VirB
proteins form multisubunit complexes, probably coupled
with their translation processes. In fact, several protein
complexes have been reported with pTi (e.g., VirB7-
VirB9 heterodimer and VirBlO homodimer),21"24 and
the presence of some VirB proteins appears to stabilize
other VirB proteins.25-26 ATP-binding proteins, VirB4
and VirBll, might act as energy suppliers. Furthermore,
VirB2, VirB3, and VirB4 are significantly homologous to
TraA, TraL, and TraC, respectively, which are essential
for the assembly of the pilus of F plasmid.27 These find-
ings are all consistent with the view that the VirB multi-
subunit complexes provide facilities at the bacterial cell
membrane for the passage of T-DNA from a bacterium
to a plant cell, as does the F pilus for conjugal transfer
of F plasmid.

3.5. Evolution of pRiA4, pTiC58, and pTiA6
The percent identity of amino acid residues between

VirB of pRiA4 and pTiC58 and between VirB of PRiA4
and pTiA6 were in the ranges 90%-95% and 70%-92%, re-
spectively (Table 1). These similarity scores are roughly
comparable to those for other vir operons. However, for
any vir operons and their spacer regions, pRiA4 is al-
ways much closer to pTiC58 than to pTiA6. In addition,
these similarity scores between pRiA4 and pTiC58 (com-
patible combination) are significantly higher than those
between pTiA6 and pTiC58 (incompatible combination),
whereas the similarity scores between pTiA6 and either

pRiA4 or pTiC58 are comparable. These structural fea-
tures suggest that the vir regions of the three plasmids
have evolved from a common ancestor of the vir gene
set from which pTiA6 vir was initially separated. Since
plasmids belonging to the same incompatibility group are
usually more cognate to each other than those involved
in different incompatibility groups, functional domains
of pRi and pTi, at least those determining virulence on
plants (vir and T-DNA) and autonomous replication and
incompatibility (ori/inc), have presumably been shuffled
during the evolution of these plasmids.
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