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ABSTRACT

The complete nucleotide sequence of the virB locus, from the octopine
Ti plasmid of Agrobacterium tumefaciens strain 15955, has been determined.
In the large virB-operon (9600 nucleotides) we have identified eleven open
reading frames, designated virB1 to virBil. From DNA sequence analysis it
is proposed that nearly all VirB products, i.e. VirB1 to VirB9, are
secreted or membrane associated proteins. Interestingly, both a membrane
protein (VirB4) and a potential cytoplasmic protein (VirB11) contain the
consensus amino acid sequence of ATP-binding proteins. In view of the
conjugative T-DNA transfer model, the VirB proteins are suggested to act at
the Dbacterial surface and there play an important role in directing
T-DNA transfer to plant cells.

INTRODUCTION

The pathogenic bacterium Agrobacterium tumefaciens genetically

transforms plant cells by introducing a defined segement of DNA (T-region)
from the tumor-inducing (Ti) plasmid into the plant genome (for recent
reviews see 1, 2). Crown gall tumorigenesis results from the expression of
T-DNA genes which encode enzymes for the production of the plant growth
regulators auxin and cytokinin (3-5). Other T-DNA genes determine the
production of certain specific compounds called opines in tumor cells (6,
7). The T-region does not encode functions for its transfer from the
bacterium to the plant cell. In the Ti-plasmid the T-region is flanked by
nearly indentical 24 bp direct repeats, which form the cis-acting signals
necessary for transfer (8-10). T-region transfer is mediated by products
determined by virulence loci located elsewhere on the Ti-plasmid and on the
Agrobacterium chromosome. The chromosomal virulence loci (chvA, chvB, att
and pscA or gggc) specify the attachment of Agrobacterium to plant cells
(11-14). The octopine Ti plasmid virulence (vir) region contains at least
seven operons encoding trans-acting products (15-19) which are required for
plant cell recognition and T-DNA transfer. The Vir-products which are

absolutely essential are encoded by the virA, virB, virD and virG operons,
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while the products determined by virC, virE and virF are only necessary for
tumor induction on certain plant species.

Plant phenolic compounds such as acetosyringone and w«-hydroxyacetosyrin
-gone specifically activate expression of the Ti plasmid vir-loci (20, 21)
and trigger the T-DNA transfer process. Induction of vir-gene expression is
regulated by proteins encoded by the gigA and the virG locus (22,23). The
VirA protein is an inner-membrane protein which most likely functions as a
sensory protein for plant-signal molecules (24,25). The second regulatory
component VirG is proposed to act as a positive regulatory protein which
activates vir-gene expression (23,26). The two remaining vir-loci essential
for tumor induction are virB and virD. A recent study of the yvirD locus
shows that at least two proteins (VirD1 and VirD2) of the virD operon are
involved in T-DNA processing (27). Together, these VirD1 and VirD2 proteins
can induce a nick at a specific site within the T-region border repeats,
which is followed by the generation of a single stranded T-DNA molecule
(T-strand) in Agrobacterium. T-strand molecules are thought to be the
T-DNA intermediates that are transferred to the plant cells during tumor
induction (27, 28). The other locus essential for tumor induction is virB
and comprises the largest vir-operon. However, to date no specific
functions have been assigned to the virB locus. Recently, it was reported
that three proteins encoded within the 5'-half of the virB locus are
located in the cell envelope of acetosyringone induced Agrobacterium cells
(29). Interestingly, the envelope localization of these VirB proteins
suggests that they might be involved in the transfer of T-DNA across the
Agrobacterium membrane to the plant cells.

In this report, we studied the nucleotide sequence of the entire
virB-operon of the octopine type plasmid pTi15955. The virB operon spans
9.6 kb as defined by transposon mutagenesis and contains 11 open reading
frames (ORFs). Some of the VirB proteins, as deduced from the DNA
sequence, are extremely hydrophobic. Two VirB proteins, namely VirB4 and
VirB11 contain the sequence characteristics of mononucleotide-binding-pro-
teins. These findings are in line with a possible structural role of the
virB encoded protein products in the T-DNA transfer process.

MATERIALS AND METHODS
Materials

Restriction endonucleases were purchased from either Promega Biotec or
New England Biolabs and used according to suppliers recommendations. T“
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polynucleotide kinase was purchased from Pharmacia P.L. Biochemicals.
(¥32p)ATP was purchased from New England Nuclear.
Strains and Plasmid Constructs

Agrobacterium tumefaciens strain 15955 (LBA 8255) was grown at 29°C in

minimal medium (30) or LC-medium. Escherichia coli strain JM101 , used for

propagation of plasmid constructs , was grown in LC-medium . Plasmid
isolation from Agrobacterium tumefaciens was done according to Koekman et
al. (31), and from E.coli by the method of Birnboim and Doly (32).
Standard recombinant DNA procedures were according to Maniatis et al. (33).

A number of subclones were used to sequence across the virB region (See
Fig. 1). Restriction fragments from pTi15955 were isolated from agarose
gels by the method of Vogelstein et al. (34), using the "Gene clean" kit
from Bio101. Vectors pUC19 or pIC19R were used for cloning (35, 36). The
constructed vir-clones contain the following pTi15955 restriction
fragments: 4.45 kb KpnI-BamHI fragment, pRAL3221; BamHI-14, pRAL322y;
HindIII-34b+3, pRAL3229; BamHI-24, pRAL3232; BamHI-27, pRAL3240; Sall-12,
PRAL3243 and SalI-13b, pRAL3244 (see Fig.1).

Nucleotide Sequencing

DNA sequence reactions were conducted according to the method of Maxam
and Gilbert (37), as modified by Barker et al. (10). The DNA of the virB
locus was sequenced on both strands over its entire length. Nucleic acid
and amino acid sequences were analysed using the University of Wisconsin
Genetics Computing Group programs.

RESULTS

Nucleotide sequence analysis of the virB locus

Extensive transposon mutagenesis of the octopine Ti plasmid revealed
that the Vir-region contains seven transcriptional units (see Fig. 1)
(15-19). Mutations in the VirB region, which spans about 9.6 kb,
complement as a single 1locus indicating that virB consists of a large
polycistronic operon. Fusions with a promoterless lac-operon demonstrated
that expression of virB is inducible by specific plant phenolic compounds
and that transcription of virB is clockwise towards the T-region (19,21,
Melchers unpublished).

The nucleotide sequence of the entire virB operon is presented in
Fig.2. There are eleven open reading frames, named virBl1 to virB11, which
fall within the VirB-region defined above. There are two possibilities for
the start of the VirB10 coding region. Open reading frames begin at
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Figure 1. A physical map of the octopine plasmid pTi15955 Virulence region.
Map positions of the seven different vir-loci are shown. The clones used
for sequencing are shown below the restriction map.

nucleotide 7298 (virB10a) and 7394 (virB10b) and extend to nucleotide 8524
both in the same reading frame. The first start-codon (position 7298)
overlaps with the coding region of 33389 (overlap 32 amino acids), while
the second start-codon (position 7394) overlaps with the stop-codon of ORF
VvirB9.

The nucleotide sequence of the virB promoter region and transcription
initiation site were reported previously (39). A comparison of the virB
promoter sequence of pTiA6 (39) to the promoter sequence of pTi15955 shows
them to be identical. Analysis of the promoter region shows a -10 region
(5'-GATAAT-3') with strong similarity to the E.coli consensus -10 sequence
(5'-TATAAT-3'), while the -35 region of virB (5'-TCGAGT-3') contains only
weak homology with the consensus -35 region (5'-TTGACA-3') of E.coli
promoters (38). The virB promoter region contains the hexanucleotide
motifs (5'-GCAATT-3' and 5-CGAGTA-3') ,identified by Das et al. (39).We
identified upstream of the =35 region a nine base pair direct repeat
(5'-CAATTGAAA-3') starting at nucleotide positions 36 and 56 of
Fig.2,respectively. The palindromic hexanucleotide (CAATTG) was found also
in the virC/D promoter region (40) ; single base variants of this
palindrome do also occur within all other inducible vir-promoters (our
unpublished results).

Putative ribosome binding sites are found in front of nine of the
eleven open reading frames. The sequence homology to the E.coli consensus
ribosome binding sequence is shown in Table 1 (41). The nucleotide
sequences preceding virB5 and xigBB do not show plausible matches to the
ribosome binding site consensus of E.coli. Examination of the open reading
frames shows that the translational start sites of virB3, virB4, virB9 and
virB10b overlap the stopcodons of virB2, virB3, xlgBB and virB9,respecti-
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Figure 2. The nucleotide sequence of the virB operon. The complete DNA
sequence of 9741 nucleotides derived from the clones shown in Fig. 1 is
presented. The predicted amino acid sequences of the eleven open reading
frames are shown below the DNA sequence in single letter code. The
transcription initation sites (39) at bp 101 and 103 are indicated with a
star. The -10 and -35 region sequences are boxed. The arrows indicate the
presence of a nine base pair direct repeat.

vely. This suggests that the expression of the subsets of ORFs virB2, virB3
and !lgBu as well as those of xigBa, virB9 and virB10b are translationally
coupled (42). 1In the junction regions separating virB2-virB3 (EEBQQ) and
!1£B3f!££BH (ﬁi@gg) the stop and start codons overlap Jjust one base.
Overlap of coding regions by one base exists also in the trp-operon of
E.coli (43, 44) and in several gene pairs of bacteriophage lambda (45). A
second type of overlap is present between the coding regions of !1588j21£B9
and of virB9-virB10b (AEER) whereby the stop and start codons overlap 2
bases. This phenomenon has also been observed in the genome of
bacteriophage $X174 (46) and in the virD-operon of Agrobacterium (47). The
intercistronic regions in the virB operon are rather small, ranging in
length from O (ORFs which abut one another) to 130 nucleotides (between
virB7 and virB8), which is common in most polycistronic bacterial operons
(48).
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Table 1. Predicted Ribosome binding sites in virB.

B1 TAAGGAGaTA - 4 bp -ATG
B2 TAAGGAGGTc - 7 bp -ATG
B3 actGGcGGTa - & bp -ATG
B4 gAgGGAGagG - 9 bp -ATG
B5 attaccGGet - 5 bp -ATG
B6 TAAGGtaGga - 4 bp -ATG
B7 agttcAGGTc - 6 bp -ATG
B8 TttceccGeTG - 1 bp -ATG
B9 gtAGGccagG - 7 bp -ATG
Bl0a gAgGGAtGge - 11 bp -ATG
B10b gAAGGgGGca - 5 bp -ATG
Bll atAGGAtaca - 6 bp -ATG
E.coli TAAGGAGGTG - 5-9 bp -ATG

Nucleotides identical to the E.coli consensus (41)
are capatilized.

Termination of virB transcription must occur within a region of 45
nucleotides (9599-9643) which is present between the last ORF (virB11) and
the promoter region of the adjacent virG locus. At this 3'end of the virB
operon there is no potential signal for factor-independent termination of
virB transcription (49). From sequence analysis it turns out that the
octopine Ti 1loci virB and virG are organized on the octopine Ti plasmid
very close to each other. It has been observed that virG transcription is
constitutive, but also inducible by plant-exudate to a higher level (19).
If proper termination of virB-transcription occurs inefficiently , this
will lead to higher levels of transcription of the adjacent virG operon
upon induction of virB expression by plant signal molecules. This may in
turn explain the inducibility of virG.

Proteins encoded by the virB operon

Computer analysis of the nucleotide sequence of virB revealed a coding
capacity of eleven ORFs. The characteristies of the VirB proteins, as
deduced from the nucleotide sequence i.e. number of amino acids, molecular

weight and net charge are summarized in Table 2. Examination of the codon
usage of the 11 virB-genes in addition to the ten already sequenced
octopine Ti vir genes (virA, ref. 25; virG, ref. 26; virCl and virC2 ,ref.
50, 51 ; virD1, virD2, virD3 and virD4 ,ref. 47,50; virEl and virE2 ,ref.
52) shows that the Agrobacterium vir-genes utilize all codons with uniform
frequency (data not shown). This is in contrast with the codon usage of
E.coli, where certain codons are used rarely (for example, GGA (Gly) or CUA
(Leu)) whereas others are used frequently (for example, GGU (Gly) or GUU
(val)) (53).
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Table 2. Characteristics of the VirB proteins.

Vir sequence location amino acids calculated net
protein ORF encoded MW charge
Bl 164 - 880 239 25,952 -3
B2 898 - 1260 121 12,288 4
B3 1263 - 1586 108 11,759 2
B4 1589 - 3349 587 64,352 9
BS5 3382 - 3954 191 21,633 -2
B6 3972 - 4631 220 23,450 -5
B7 4731 - 5615 295 31,771 -7
B8 5746 - 6516 257 28,362 1
B9 6516 - 7394 293 32,172 3
BlOa 7298 - 8524 409 44,364 1
B10b 7394 - 8524 377 40,666 -3
Bll 8567 - 9595 343 38,008 -7

During the tumor induction process, the T-DNA must cross the
Agrobacterium membrane. Proteins localized in the bacterial inner membrane
or outer membrane fraction are possible candidates which are functionally
important in directing the T-DNA to the plant cell . In order to assign the
possible cellular location of the proteins determined by the eleven virB
ORFs we analyzed the distribution of hydrophobic and hydrophilic amino acid
residues (see Fig. 3) using an algorithm developed by Kyte and Doolittle
(54). Possible signal sequences were analyzed using the method of Von Heyne
(55) to predict potential cleavage sites for signal. peptidase.
Interestingly, all VirB proteins except VirB3, VirB7, VirB10 and VirB11
contain at the N-terminus a putative signal peptide with a potential
cleavage site as shown in Fig. 4, Features common to signal peptides
precede the potential cleavage site in these VirB proteins, namely: a
charged polar residue within the first 5 amino acids, a hydrophobic core
sequence, and adjacent to the processing site a serine/alanine residue at
position -3 while alanine is the most preferred residue at position -1. The
proteins VirB3 and VirB7 lack a recognizable signal sequence although they
are extremely hydrophobic (see Fig.3). Therefore, they are likely to be
associated with the membrane of Agrobacterium as well.

A computer search using the Lipman and Pearson FASTP program (56)
failed to reveal any sequence homology between the eleven VirB proteins
(VirB1 to VirB11) and the proteins of the NBRF protein database (release
12, March 1987). Analysis of the VirB amino acid sequences in more detail
identified a consensus sequence in VirB4 and VirBi11 which is present in a
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Figure 3. Hydrophobicity plots of the eleven VirB products (VirB1 to
VirB11). "The hydrophobicity profiles (values averaged over 7 amino acids)
are plotted against the amino acid sequence positions by the method of Kyte
and Doolittle (54). Values above the horizontal axis indicate
hydrophobicity, while those below the axis indicate hydrophylicity.
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Hydrophobic cleavage

site

-20 -10 -1 +1 S protein
MFKRSGSLSLALMSSFCSSSLA / TP 9.70 Bl
MRCFERYRLHLNRLSLSNA / MM 4.77 B2
MLGASGTTERSGEIYLPYIGHLSDHIVLLEDGSIMSIA / RI 6.56 B4
MTHLLEYEEVCAPAAA / YL 4.39 B5
MKTTQLIATVLTCSFLYIQPARA / QF 6.02 B6
MWGDGSLLRQIFSSAIRVDAMTGPEYAMLVARESLA / EH 6.51 B8
MTRKALFILACLFAAATGAEA / ED 10.69 B9

Figure 4, Putative signal sequences of VirB proteins. The signal peptide
amino acid sequences were aligned from their potential cleavage site
between residue -1 and residue +1. The scores (S-value) of the putative
signal sequences were calculated using an algorithm of Von Heijne (55), and
a window from -13 to +2.The predictive accurancy of this method is 75-80% .

wide variety of nucleotide-binding proteins (see Table 3). Crystallo-
graphic analysis of adenylate kinase and several other enzymes has shown
that the conserved sequence (GXXXXGK) reflects a special strand motif that
forms the phosphate binding region (57, 58). Many nucleotide binding
proteins from both prokaryotes and eukaryotes retain this sequence,
including kinases, ATP hydrolases, ATP-binding subunits of periplasmic
transport systems (59) and the GTP-binding ras gene product p21. The
proteins aligned in Table 3 all possess the consensus sequence of a
nucleotide binding site although besides this region they lack significant
homology with the proteins VirB4 and VirB11. It is important to note that
most bacterial proteins that bind nucleotides, such as elongation and
initation factors, RecA and UvrD, also retain this short consensus sequence
but share no additional homology.

DISCUSSION

The virB operon of  Agrobacterium tumefaciens 1is essential for

tumorigenesis. Homology studies of different types of Ti and Ri plasmids
have shown that the virB locus is the most conserved part within the
virulence regions of these plasmids (60, 61).The present nucleotide
sequence analysis demonstrates that the octopine Ti virB operon contains
eleven open reading frames. From the analysis of the VirB amino acid
sequences, we suggest that most of the VirB proteins are membrane proteins.
Signal sequences, predicted by an algorithm of Von Heijne (55), are
identified in the N-terminus of the proteins, VirB1, VirB2, VirB4, VirB5,
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Table 3. Alignment of the predicted amino acid sequence of VirBé4
and VirBll with various prokaryotic proteins comprising
the consensus sequence which is characteristic of a
mono-nucleotide binding site.

Protein Species Sequence
VirB4 A.tumefaciens 427 VGMTAIF
VirBll A.tumefaciens 162 RLTMLLC
HisP S.typhimurium 32 GDVISIIGSS|
MalkK E.coli 29 GEFVVF
PstB E.coli 36 NQVTAFI
NodI R.leguminosarum 38 GECFGL
HlyB E.coli 495 GEVIGI
ATPase f3 E.coli 143 GGKVGL
ATPase « E.coli 162 GQRELII|GDR
EF-Tu E.coli 12 HVNVGTI
UvrD E.coli 22 RSNLLV
RecA E.coli 59 GRIVEI

The consensus sequence (67) is boxed.See ref. 59 and 68
for references to these sequences and for more extensive
listings.The number to left of each sequence is the
position of the first amino acid shown within the complete
protein.

VirB6, VirB8 and VirB9. In addition, the hydropathy profiles of VirB3 and
VirB7 predict that these extremely hydrophobic proteins are associated with
the Agrobacterium membrane, although they lack an obvious signal peptide.
It has been shown that three VirB products of approximate molecular weights
33,000 (B33), 80,000 (B80) and 25,000 (B25) fractionate with the cell
envelope of acetosyringone induced cells (29).
of their coding regions within the virB locus and the nucleotide sequence
in this report we can conclude that B33, B80 and B25 correspond to VirB1
(MW 25,952), VirB4 (MW 64,352) and VirB6 (MW 23,450),respectively.The
membrane location of VirB6 was recently confirmed. VirB6-PhoA hybrid
proteins consisting of the first 207 amino acids of VirB6 fused to the
(PhoA)
(Melchers et al.

From the relative location

carboxyl-terminal portion of alkaline phosphatase confer on

Agrobacterium
unpublished).
molecular weights in the case of VirB1

strong alkaline activity

The reason for the discrepancy in the predicted and apparent

phosphatase

and VirB4 is unclear, but has been
observed in other proteins. For example, the second protein of the
virD-operon is predicted to be 47.4 kDa but migrates in SDS-polyacryl

-amide gels with an apparent molecular weight of approximately 56 kDa (62).
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Similar aberrant mobilities on gels have been observed for the products
VirC1, VirE2 and several other proteins (51, 52, 63). Hence, both the
amino acid sequence analysis of VirB1, VirB4 and VirB6, and the data on
their cellular 1location clearly indicates that these VirB proteins are
Agrobacterium membrane proteins.

After induction of vir-gene expression single-stranded T-DNA molecules,
so called T-strands, are generated in Agrobacterium (27, 28). It is likely
that the T-strand is the T-DNA intermediate molecule which A. tumefaciens
mobilizes to the plant cell. It is interesting to speculate that T-DNA
transfer is established by conjugation between A. tumefaciens and the plant
cell, analogous to the conjugative transfer of plasmid DNA between
prokaryotes. This predicts that several vir-encoded proteins are involved
in this conjugative process, such as proteins that form pilus-like
structures, contribute to conjugal DNA metabolism or regulation of the
expression of the transfer operon (64). The filamentous F pili of E.coli
are the best known example of conjugative pili which promote cell-to-cell
contact during bacterial conjugation. F pilus formation is a complex
process and requires at least 14 genes in the F transfer (tra) region (64),
although the F pilus has an apparently simple structure (65). The 1large
virB operon is a good candidate for a pilus operon in Agrobacterium,
although there is no significant sequence homology between the VirB
proteins and any of the known Tra-products (TraA, TralL, TraE, TraM) (66) or
E.coli pili proteins (for example: PapA,PapG, PapH, FimF, FimG, FimH). The
(membrane) proteins VirB2 (121 a.a.) and VirB3 (108 a.a.) correspond only
in size to the TraA protein (119 a.a.), which following cleavage by signal
peptidase forms the structural subunit of F pili.

It is interesting that a potential ATP-binding site (GXXGXGKT) is
present in VirB4 (a.a. position 433) and VirB11 (a.a. position 169). The
presence of an ATP-binding subunit is reported to be a common feature of
cytoplasmic components from different periplasmic transport systems (for
example: PstB, E.coli phosphate transport; HisP, S.typhimurium histidine
transport; MalK, E.coli maltose transport). The identification of the
ATP-binding consensus sequence in a number of other proteins, e.g. UvrD
(DNA  dependent  ATPase), NodI  (R.leguminosarum nodulation), RecA
(ATP-dependent unwinding of double stranded DNA) and HlyB (haemolysin
secretion), implies that ATP-hydrolysis is coupled to a variety of distinct
biological processes (59). In our view, a possible function of the membrane
protein VirB4 might be to provide the energy, via hydrolysis of ATP, for
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translocation of virulence proteins or for the transfer of a T-DNA-protein
complex across the Agrobacterium membrane. In view of the conjugative
T-DNA transfer model it is interesting to speculate that VirB4 and leader
peptidase are cooperatively involved in the transport of (virulence)
proteins. Proteins essential for the assembly of pilus-like structures
have to be exported. In addition, other proteins involved in the alteration
of the bacterial cell surface are 1likely to play an essential role in the
transfer of the T-DNA across the cell wall. Further characterization of
the proteins VirB4 and VirB11 (e.g. photoaffinity labelling with
ATP-analogues) will be required to confirm the identification of the
ATP-binding sequence. To understand the functions of all the VirB proteins
and their roles during the plant cell transformation process first the
cellular location of all VirB proteins have to be established. In future
research antibodies raised against each specific virB product will be used
to identify their cellular location within acetosyringone induced

Agrobacterium cells.
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