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Summary. Agrobacterium tumefaciens genetically trans-
forms plant cells by transferring a copy of its T-DNA to
the plant where it is integrated and stably maintained. In
the presence of wounded plant cells this process is activated
and mediated by the products of the vir genes which are
grouped into six distinct loci. The largest is the virB locus
spanning 9.5 kb. Transposon mutagenesis studies have
shown that virB gene products are required for virulence
but their functions remain largely unknown. To provide
information relevant to understanding the function of VirB
polypeptides, the nucleotide sequence of the virB operon
from a nopaline plasmid, pTiC38, is presented here. Eleven
open reading frames (ORFs) are predicted from this se-
quence. The predicted sizes of 10 of the 11 VirB polypep-
tides are verified by specific expression in Escherichia coli.
Only the product of the smallest ORF potentially encoding
a 5.8 kDa polypeptide has not been detected. The initiation
of translation of five virB ORFs occurs at codons that over-
lap the termination codons of the ORF immediately up-
stream; thus, translational coupling may be an important
mechanism for efficient translation of the large virB poly-
cistronic mRNA. Based on hydropathy plot analysis nine
of the virB ORFs encode proteins that may interact with
membranes; these data support the earlier hypothesis (Eng-
stromm et al. 1987) that virB gene products may form a
membrane pore or channel to mediate exit of the T-DNA
copy (T-strands) from Agrobacterium into the plant cell.
A comparison of the two published octopine virB sequences
with the nopaline sequence presented here is made.

Key words: Agrobacterium — Vir proteins — virB DNA se-
quence — Membrane proteins — T-DNA transport

Introduction

Interest in Agrobacterium tumefaciens derives from its abili-
ty to transform plant cells. This gram-negative soil bacteri-
um causes crown gall disease by transferring a copy of its
T-DNA (transferred DNA) from its Ti(tumor inducing)
plasmid to susceptible plant cells where it is stably inte-
grated and maintained (reviewed in Zambryski 1988a, b).
While the T-DNA codes for plant growth regulators which
cause undifferentiated plant cell growth, a separate region
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of the large (> 200 kb) Ti plasmid, the vir region, encodes
products to mediate T-DNA movement. Six vir complemen-
tation groups have been identified. Four of these (vird,
virB, virD and virG) are essential for transformation, and
two (virE and virC) are only required on certain hosts (Sta-
chel and Nester 1986). Transcription of vir genes only oc-
curs in the presence of wounded plant cells which secrete
small phenolic compounds such as acetosyringone (Stachel
et al. 1985). Plant phenolics act in concert with the virA
and virG gene products to regulate vir expression (Stachel
and Zambryski 1986). VirA and VirG are thought to act
analogously to other bacterial two component systems:
VirA is a membrane sensor that detects plant signals and
transmits this information to intracellular VirG to direct
specific interaction with vir promoters to activate vir tran-
scription (Ronson et al. 1987).

After induction of vir gene expression, molecular reac-
tions occur to generate a transferrable T-DNA copy. Se-
quence specific single-stranded nicks can be detected at the
25 bp T-DNA borders and single-stranded copies of the
bottom strand of the T-DNA (T-strands) are found in Agro-
bacterium cells (Stachel et al. 1986). The endonucleolytic
activity at the T-DNA borders and the production of T-
strands are dependent on the virD! and virD2 gene products
(Yanofsky et al. 1986; Stachel et al. 1987; Veluthambi et al.
1987). T-strands are likely associated with Vir proteins,
forming a T-complex (Citovsky et al. 1988a). Specifically,
the 5" end of the T-strand is tightly associated with the
VirD2 protein (Ward and Barnes 1988; Herrella-Estrella
et al. 1988; Howard et al. 1989) and the length of the mole-
cule is coated with a single-stranded DNA binding protein
which has been identified as the virE2 gene product (Gietl
et al. 1987; Das 1988; Christie et al. 1988; Citovsky et al.
1988a, 1988b).

While much is known about the early events in the Agro-
bacterium mediated plant cell transformation process, little
is known about the molecular mechanism(s) of the actual
transfer of T-complexes from the bacterial cell to the plant
cell. Potentially a membrane channel or pore may facilitate
movement of the T-complex out of the bacterial cell and
into the plant cell. This T-complex must presumably pass
through the bacterial inner membrane, peptidoglycan layer,
and outer membrane, then through the plant cell wall, cyto-
plasmic membrane and finally into the plant cell nucleus.
Previous studies have shown that virB is not directly in-
volved in T-DNA processing (e.g. Stachel et al. 1987) and
that virB protein products are localized to the bacterial



envelope (Engstromm et al. 1987). Membrane localized
VirB proteins could comprise the channel for T-complex
export.

While there have been two published reports of the virB
sequence from an octopine strain (Ward etal. 1988;
Thompson et al. 1988), our laboratory is interested in
studying the molecular mechanism(s) of the transformation
process directed by nopaline type strains. Here we present
the complete sequence of the virB operon from pTiC58
and verify the predicted sizes of the open reading frames
(ORFs) by specific expression of the individual vir B protein
products. The results show that the octopine and nopaline
virB regions are highly homologous in overall nucleic acid
and amino acid sequence. While the sizes of the VirB pro-
teins predicted by our sequence data and the sizes of the
VirB proteins identified earlier by Engstromm et al. (1987)
agree with each other, they do not agree with some of the
predictions from the octopine sequence data of Thompson
et al. (1988) and Ward et al. (1988). These present results
clarify existing confusion regarding sizes of VirB proteins
and indicate several possible errors in the published nucleic
acid sequences of the octopine virB region.

Materials and methods

General methods and materials. General molecular tech-
niques were performed as described by Maniatis et al.
(1982) except were noted. DNA restriction enzymes,
Klenow fragment and DNA ligase were from New England
Biolabs, Sequenase was from United States Biochemical
(USB), Asp718 and S1 nuclease were from Boehringer
Mannheim, and exonuclease III was from Bethesda Re-
search Laboratories. Nucleotides used for sequencing with
Klenow enzyme were from Pharmacia. Translabel, a high
specific activity mixture of [*°S}methionine and [*3S]cys-
teine was obtained from ICN.

Sequencing. A series of overlapping deletions was made for
both strands of the nopaline virB region using six subclones
of the HindIIl fragments shown in Fig. 1. The upstream
HindIll fragment extends 4.4 kb farther to the left than
shown in Fig. 1. Each of the three HindIIlI fragments from
pGVO310 (Depicker etal. 1980) was subcloned into
pUC119 (Vieira and Messing 1987) in both orientations
and deletions were made using exonuclease I1I and nuclease
S1. In addition to the short overlapping deletions shown
in Fig. 1, subclones were made using available restriction
sites to confirm some areas of the sequence, for example,
to sequence across the upstream HindIII site. Four oligon-
ucleotides complementary to virB were also used for unclear
sections; one was used to sequence across the downstream
HindllI site. Strain XLIBlue (Stratagene) was used to main-
tain deletions and to generate single-stranded templates
with helper phage M13KO7 (Vieira and Messing 1987).
Occasionally, double-stranded (ds) templates were prepared
by an alkaline lysis method (Maniatis et al. 1982) followed
by 30 min incubation with RNase A and a polyethylene
glycol precipitation. The ds templates were annealed to
primers according to Chen and Seeburg (1985) and se-
quenced using Sequenase. Dideoxy chain termination se-
quencing was performed using either the Klenow fragment
of DNA polymerase I or Sequenase as described by the
manufacturer. Computer sequence analysis programs were
from Intelligenetics, Hugo Martinez at the Biomathematics
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Computation Laboratory, Department of Biochemistry and
Biophysics, UCSF, and Guido de Vos (unpublished).

Subcloning. Plasmid pGK215 is an exonuclease 111 gener-
ated deletion of the proximal HindIII fragment (Figs. 1,
3A) which contains virB sequences starting 125 bp up-
stream of the transcription start site (Das et al. 1986). This
construct (pGK215) was used to generate pGK 216 by diges-
tion with HindIII followed by ligation, in the correct orien-
tation for virB transcription, with the 4.0 kb HindIII frag-
ment from pGV0310. Plasmid pGK217, containing all of
the virB operon was constructed by ligating, again in the
correct orientation for virB transcription, the distal HindIIT
fragment of pGVO310 into partially digested pGK216 at
its second HindIll site. A premature translation stop in
VirB11 made made by digestion of pGK217 with Asp718
at the single site in VirB11, using Klenow enzyme to form
blunt ends, and religating to generate pGK218. A subclone,
pGK219, expressing VirB1, VirB2, VirB3 and the first
84 amino acids of VirB4 was made by ligating virB se-
quences from an exonuclease IIT deletion in pUC119 into
the expression vector T7-7 (gift from F. Studier). The virB
sequences were removed from pUC119 with EcoRI and
HindIll and ligated into the EcoRI and HindIII sites of
T7-7. The regenerated EcoRI site in this new construct was
then cut with EcoRI and filled in using Klenow enzyme.
This new construct has an in-frame fusion of 18 amino acids
to VirB1. Plasmid pYT910, expressing VirB9 and VirB10
was made from an exonuclease IIT deletion in pUC119
which begins just inside the virB9 coding region. The virB
sequences were removed from pUC119 as a 1.95 kb EcoRI
fragment and ligated into the EcoRI site of pT7-7 in the
correct orientation for transcription. The resulting fusion
to VirB9 is predicted to be missing its first eight amino
acids and to have gained four amino acids from pT7-7
for a net loss of four from the size or original protein.
This construct also contains the entire virB10 coding se-
quence as the distal EcoRI site begins 1 bp after the TAA
translation stop of virBI10.

Expression of VirB proteins. T7 expression plasmids were
maintained and induced (Studier and Moffat 1986) in
BL21DE3(pLysE) cells (gift from F. Studier). Cells grown
t0 0.5-1.0 ODg,, were induced with 0.4 uM isopropyl-thio-
f-galactoside (IPTG) for 1 h and then treated with 200 pg/
ml rifampicin for 1 h before harvesting. After 1 to 3h of
induction, cells were labeled with 5 pCi/ml of Translabel
for 10 min and harvested by centrifugation. Maxi cells
(strain RB901) were prepared by a modification of the
method of Sancar et al. (1981). Cells (5 ml; ODgpo=0.5~
1.0) were irradiated for 40s in plastic petri dishes at
360 ergs/mm? per 10 s with swirling every 10 s. After 1 h
of growth in Hershey’s sulfate-free medium, the cells were
labeled with 5 pCi/m! of [**S]methionine/cysteine for
30 min and harvested by centrifugation. Labeled celis were
resuspended in Laemmli loading buffer and separated by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
(Laemmli 1970). Gels were exposed directly to X-ray film.

Results and discussion
Nucleotide sequence of the nopaline virB region

A restriction map of the virB region of the nopaline pTiC58
plasmid is shown in Fig. 1. The virB transcriptional unit
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Fig. 1. P.redi(_:ted open reading frames (ORFs) and sequencing strategy of the virB operon. A restriction map of the nopaline pTiC58
virB region is shown. Large arrows above the restriction map indicate ORFs. The ORF number is given above these arrows and
below is shown the predicted molecular weight of the ORF in kDa. Small arrows indicate subclones used for sequencing this region.

S, Sacl; H, HindII1; A, Asp718

of the octopine Ti plasmid A6 was first defined by Stachel
and Nester (1986) using transposon mutagenesis. A hetero-
duplex map between octopine and nopaline vir regions
(Engler et al. 1981) showed a region in pTiC58 homologous
to the octopine virB region. Based on this information, we
chose to sequence the area beginning at the Sacl site shown
in Fig. 1 through to the distal Asp718 site. The nucleotide
sequence of both strands of the virB operon from pTiC58,
encompassing 9072 bp, was determined. Figure 1 shows the
sequencing strategy and the sizes of the predicted ORFs.
The nucleotide sequence and predicted amino acid sequence
of the open reading frames are shown in Fig. 2. The final
758 nucleotides of the operon shown in Fig. 2 are from
a previous report (Powell et al. 1987). virB codes for 11 pro-
teins, designated VirB1 through VirB11.

The limits of each of the 11 VirB polypeptides were de-
duced from the nucleotide sequence of the virB region. Each
polypeptide corresponds to a unique contiguous sequence
of amino acids that initiates with a methionine codon and
ends with a termination codon. Although rare, it is possible
that other initiation codons are used; protein sequencing
or detailed genetic studies are required to establish the exact
starts of translation. However, the assignments of methio-
nine initiation codons made here are consistent with several
other criteria important for translation of mRNA into pro-
tein. First, the initiation codon should be preceded by a
sequence that shows homology to the 3" end of ribosomal
16S RNA, the so-called Shine-Dalgarno (SD) sequence. The
SD sequences proposed for each ORF are derived from
homologies to both Agrobacterium (Yang et al. 1985) and
Escherichia coli (Shine and Dalgarno 1974) 16S ribosomal
RNAs. Interestingly, while there is a slight difference in
the exact SD sequence from each bacterium, the SD se-
quences for the VirB ORFs appear to be equally suited
for Agrobacterium or E. coli ribosomes. Second, the initia-
tion codon should be properly spaced with respect to the
SD sequence, usually 5 to 13 nucleotides between the end
of the SD and the first base of the ATG methionine codon.
Third, the possibility for translational coupling has to be
taken into account. When downstream ATG start codons
are near (<3 bp) or are overlapped by the immediately
upstream stop codon in polycistronic messages, the transla-
tion of the downstream protein is dependent on translation
of the immediately upstream protein (reviewed in Gold
1988). This was first described for the trp operon of E.
coli and has been called translational coupling (Oppenheim
and Yanofsky 1980). Such translational coupling is signifi-
cantly reduced in the absence of an SD sequence (Das and
Yanofsky 1984). Translational coupling is assessed here
since it is noteworthy that, as described below, five of the
VirB polypeptides likely use this mechanism to initiate their

synthesis. Fourth, the deduced initiation sites used should
delimit ORFs of sizes that are confirmed by studies actually
to express and detect the individual protein products. The
results in Fig. 3 are from experiments specifically to assay
the sizes of individual VirB proteins following their expres-
sion and analysis by gel electrophoresis.

Table 1 summarizes our evaluation of each of the pre-
dicted VirB polypeptides for the four criteria mentioned
above. Most of the predicted ORFs fulfill at least three
of the four criteria evaluated. VirB2, VirB3, VirB4, VirB9,
and VirB10 may fulfill the fourth criterion, possibly utiliz-
ing translational coupling to initiate their synthesis. Genetic
studies (Stachel and Nester 1986) have provided evidence
that the region encompassing the »irB complementation
group most likely is transcribed as a single mRNA greater
than 9000 nucleotides long. Translational coupling may
help keep ribosomes bound to this long mRNA minimizing
exposure of intercistronic sequences to nucleolytic attack.

While the assignment of the start of VirB10 appears
to fulfill three out of the four criteria tested in Table 1,
expression studies show that the ORF in this region encodes
a polypeptide with a mobility of 51 kDa on SDS-PAGE
(Fig. 3B, lanes 2, 5, 6, 11). In contrast, we predicted a
40.6 kDa polypeptide from the nucleotide sequence data.
Since our assignment of the start of VirB10 is potentially
in error, we have indicated another possible start site on
the nucleotide sequence shown in Fig. 2, designated 10a.
However, this upstream start does not have a good SD
site, nor does it allow translational coupling. Thus, we favor
the assignment of the ATG start that would encode the
40.6 kDa polypeptide. We suggest that this protein has an
anomolous mobility on SDS-PAGE; this hypothesis is sup-
ported by the fact that the VirB10 polypeptide appears to
migrate as a diffuse rather than a sharp protein band.

VirBé6, VirB7, and VirB8 do not fulfill our criteria for
translational initiation. There are two possible initiation
(ATG) start sites upstream of the VirB6 ORF, indicated
6a and 6b on Fig. 2. Neither site has a good SD sequence,
and neither allows translational coupling. The use of the
6a start, within the coding sequence of virB5 is unlikely,
since there is a low probability for a ribosome to initiate
internal to sequences undergoing active translation; note
that the VirB5 product is abundantly produced, suggesting
that the 6a start does not interfere with translation of VirB5
(Fig. 3B, lanes 2, 4, 5). Ribosome drifting has been pro-
posed to explain reinitiation in the proper frame at sites
near frame shift mutations (Shinedling et al. 1987); how-
ever, the probability that the ribosome could drift 24 co-
dons backward after terminating VirB5 seems low. Thus,
we suggest that the start site for VirB6 is at the 6b site.
The lack of a good SD sequence upstream of the 6b start
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TCGCTGAGCTCGGACATAGGATAGTCGGCATAGGCGGATACCCTCGCCACGCAAATGGCG
CGATCGACACCCTGATCGGAGCCTGCGAAGTGCCACAGTTTATTGGAACCATCCCCCGTT
CAATTCCGCCCTGGAAT TTCAACT TCGACGGCATTCTAGATCCTCGCCGTTGTCTTAGAG
AGCCATCTTTCGTCGGCGCACCCTTAAGT GCATGGAAAGCCGTTTTTCGCTTCAAATGAA
ATCGAAAAGAAGAAAACAAAAATCCTAGAGTAACCGACCCTCCCGATAATCGTGAACATC
AGATGACAGCATTTCTTCCGACCGAAGTGGCTGTGTTGGTTATGAGCTIGCGGAGATGGG

gn’: K A TGP L 8 I I L L ASTCUP S S
GAATGTTGAAGGCAACAGGGCCGCTGTCGATTATCTTACTGGCCTCCACGTGCCCGTCGA

G A APLSF AETFNNUVFARIETLCA AP S
GTGGTGCTGCCCCACTTTCATTTGCTGAGTTCAATAATTTTGCACGCGAATGCGCTCCAT

VAP STIULAAIAOQQVESU RTPFDZPILA
CCGTTGCTCCATCTACGCTTGCAGCGATCGCTCAGGTCGAAAGTCGCTTTGATCCGCTTG

vV HDNTTGETULHWQDNGQAQATAQ
CTGTGCATGACAATACCACCGGCGAAACGCTTCACTGGCAGAACCAGGCTCAAGCAACGC

vVVMDBDRILEARUHKHSULDVGLMOQTIN
AAGTCGTGATGGACCGTCTCGAAGCACGGCATTCGCTGGATGTTGGGCTCATGCAGATCA

S R NF S VL GLTZPDGAULUGQEPTCTS
ATTCCCGGAATTTTTCCGTGCTCGGTCTGACACCTGACGGAGCCCTTCAACCTTGCACGT

L SV A ANILULG S R Y A G GG NTADD
CATTATCTGTCGCCGCARACTTGCTT AGCCGCTACGCTGGCGGCAACACGGCTGACG

E QL SLRRATISAYNTGDTFTHG
ACGAGCAATTGTCGCTTCGTCGGGCAATCTCCGCCTATAACACCGGTGATTTCACGCACG

F ANGY V RKVYV ETAA Q L vV ? P L
GCTTCGCGAACGGCTACGTGCGAAAAGTTGAAACGGCCGCTCAACAGCTCGTCCCCCCGT

T AR P KD DRUEI KZPG S EZETWDVW
TAACCGCGCGTCCAAAAGATGATCGTGAGAAGCCGGGATCCGAGGAAACATGGGATGTTT

G A Y KRRSUPEG GG GAGT G S S G P P P
GG CATATAAGCGTCGTTCCCC GGGCGGAGCTGGCGGGTCATCCGGTCCGCCTC

P P DEDNW RIEKSEDDDAQTLULTFDTILN
CGCCGCCAGACGAGGACAACCGCAAATCCGAAGACGACGATCAACTCTTGTTCGACTTAA

* OR¥2
R ¢ FER YRV HTLNURIL
ATCAAGGAGGTCCGCAATAATGCGATGCT TTGAAAGATACCGTGTACATCTGAATCGCCT

Q G G P Q

S L. $S N AV MRMUVS G Y AP S V V G A
CTCGCTCTCGAACGCGGTGATGCGCATGGTATCCGGCTATGCGCCGAGCGTGGTCGGTGC

M G W s I F S S G P AAAQ S AGG G T
AATGGGGTGGAGCATTTTCTCCTCTGGGCCGGCCGCGGCCCAATCTGCAGGTGGCGGCAC

D PATMV NNTIOTCTT FTIULGTPTFGOQS
TGACCCAGCCACAAIQGTTAACAACATATGCACGTTTATCCTTGGTCCGTTCGGCCAGTC
LAV L 6I VA I GTI S WMEFGRASL
ACTCGCTGTTCTTGGCATCGTGGCCATCGGAATCTCCTGGATGTTCGGTCGCGCTTCACT
G L VA GV V 6 61 VI MTFGASTFULG
CGGTCTCGTTGCCGGCGTCGTCGGCGGCATTGTCATCATGTT TGGAGCCAGCTTCCTGGG

K T LT GG G *
ORF3 M N D R L E E A T L Y L
CAAAACGCTGACIGGAGGTGGCTAATGAATGATCGTCTGGAAGAAGCAACCCTTTACTTG

A ATRUPALT FILGVYV P LTULAGTILILYV
GCGGCGACACGGCCCGCATTGTTTCTTIGGCGTGCCGCTGACGTTGGCGGGGCTACTCGTG

M F A GV F V I V1V QNZPULYEVV LV
ATGTTTGCCGGCTTTGTCATCGTCATCGT TCAGAACCCGCTGTACGAAGTCGTTCTCGTG

P LWF GAURULV VYV ERUDYNAASILUV
CCCTTGTGGTTCGGAGCGCGGCTTGTGGTGGAACGAGACTATAACGCGGCCAGCCTCGTT

L L F L T A GR S VD GUL I WG G AT
CTACTTTTTTTGCAGACGGCGGGAAGGAGCGTTGATGGTCTGATTTGGGGCGGCGCAACG

ORFA M L G A
L s P NP I KV P ARUGIRGMABA *
CTTAGCCCAAATCCAATCAAGGTTCCCGCGCGAGGGAGAGGAATGGCGTAATGCTCGGAG

s G TTZEWR S GEV Y L P Y V GHV 5 D
CAAGTGGCACAACCGAAAGGTCTGGCGAGGTCTATCTACCCTACGTCGGGCACGTCAGCG

H I v L L E D G S I M TMMAMHUV S G M A
ACCATATTGTCCTTCTAGAAGATGGATCGATCATGACGATGGCGCACGTAAGTGGCATGG

F EL BE DA EMUBRNARTCIRIRT EFNTILL
CCTTCGAACTCGAAGATGCCGAAATGCGCAATGCACGTTGCCGTCGATTTAATACGCTCT

R N I ADDHV S I ¥ A HDLV RHDDWV
TGCGCAATATCGCTGATGATCATGTGTCAATATATGCTCACCTCGTACGTCATGACGATG

P P S P A RHFRSAF S A S L S EATF
TGCCGCCGTCACCCGCGCGACATTTCCGCAGCGCTTTTTCCGCCAGTCTGAGCGAAGCTT

E E VL 5 6 KL L RNDUHTFILTULTIUV
TTGAGGAGCGCGTTCTCTCCGGCAAACTCCTTCGCAATGACCACTTCCTTACGCTGATCG

Fig. 2 (continuation see page 260)
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5 P R AALGI KV RRRTFTIKRYR QK
TGTCTCCCCGGGCCGCGCTTGGCAAAGTGAGGAGAAGGTTCACCAAACGCTACAGACAAA

E N D L T A T R NL EDIL WM HBRILV AG
AAGAAAACGATCTCACAGCTCAAACCAGGAACCTGGAAGATCTCTGGCATCTTGTCGCTG

A L EAY G LRRUILOGTIUREI KU OQDUV L F
GCGCTCTCGAAGCGTACGGCCTGCGTCGTCTTGGTATTCGTGAGAAGCAAGATGTGCTTT

T E V 6 E A LRULIMTGRTFTUPV PV
TTACGGAGGTTGGAGAAGC TCTGCGGCTGATAATGACTGGTCGATTCACGCCGGTTCCCG

vV 5 GG S L 6 A s 1I1IYTTDIRUVITCSGZE KRG
TCGTTAGCGGTTCGCTCGGCGCCTCGATCTATACCGACCGAGT TATTTGCGGCAAGCGGG

L EI'R TP KD S Y V GG s I Y S F RE Y
GACTCGAGATCCGAACACCAAAAGATAGTTATGTGGGATCTATTTACTCGTTTCGCGAAT

P ATT®RPGMULNUVILILSILDFUP LV
ACCCCGCAACGACGCGACCGGGTATGCTCAACGTGCTACTGTCTCTCGATTTTCCGCTTG

L T Q Ss F s F LTI R S QAUHSI KTULS L K
TTCTGACGCAGAGCTTCTCGTTTCTGACTCGCTCGCAAGCCCACTCGAAGCTCAGCCTCA

s s M L 5 s 6D KAV T QI s KL s E
AGTCCAGCCAAATGTTGAGTTCTGGCGACAAAGCCGTCACCCAAATCAGCAAGTTATCCG

A EDALASNETFVLGAHUHVS L C
AGGCGGAGGACGCACTAGCGAGCAACGAATTCGTATTGGGGGCGCATCATGTGAGTCTTT

I YA NDILNNULADIRGARABAIRTR RL
GCATATATGCAAATGATCTCAATAATCTTGCAGATAGAGGTGCCCGCGCCCGGACGCGAT

A DA G AV VYV E G I G M A A Y W S
TGGCGGATGC! AGCTGTTGTTGTCCAAGAGGGCATCGGCATGGAGGCGGCTTATTGGT

L P G NY KWRTWRUPGATITSRNF
CGCAGCTGCCAGGCAACTATAAGTGGCGCACGCGTCCGGGAGCGATCACATCGCGCAACT

A G LV 8 F ENF P EG S G S G H WG N
TCGCTGGTTTAGTCTCATTCGAGAATTTTCCCGAGGGATCCGGCTCAGGTCACTGGGGCA

Al AR FRTNGGTU®PF DY I P HE R
ACGCGATTGCGCGCTTTCGTACCAATGGTGGAACCCCTTTCGACTACATCCCGCACGAGC

D VGGMTATIUFGTP I G R G T T L M T
ACGATGTCGGCATGACGGCGATATTCGGTCCCATCGGGAGGGGTAAAACGACGCTCATGA

F I L. AMLEQSMVDRAT® AV VL F
CCTTTATCCTCGCGATGCTCGAGCAGAGCATGGTCGACCGCGCG. L.TGCGGTTGTCCTCT

D KDRGS EULULVRATGGT Y L A L
TCGACAAGGACCGCGGCAGTGAGCTGCTGGTTCGCGCCACCGGGGGAACATATTTGGCGC

R R GG AP S GG L AP LRGULENTARBAS
TCCGTAGAGGAGCGCCGAGCGGATTGGCGCCATTGCGTGGCCTGGAAAATACAGCGGCTT

H D F L REWTIVAULTIESDGURGG I
CACATGATTTTCTGCGCGAATGGATCGTGGCGCTCATTGAGAGCGATGGCCGTGGAGGAA

S P EENRRILVYVRGIHRIGQILSF DFP
TATCCCCCGAGGAAAATCGCCGTCTGGTGCGGGGTATCCATCGGCAGCTCTCGTTTGATC

H MRS I AGILRUETFILTULHGUPAEG A
CCCACATGCGCTCAATCGCGGGGTTACGCGAATTTTTGTTGCATGGACCCGCCGAAGGGG

G AR LOQRTWT CRGUNA ATLTGTWATFTDGE
CGGGAGCGAGACTCCAACGCTGGTGCCGTGGCAATGCACTAGGCTGGGCTTTCGACGGEG

L DEV KLDUP S I TG F PMTUHIULIULE
AGCTCGACGAAGTAAAGTTGGATCCTTCGATTACTGGTTTCGACATGACGCATCTTCTCG

Y EE V CA A AAAY L L HRTIGAMMUV
AATATGAGGAAGTATGCGCTGCCGCCGCAGCATATCTTCTGCACCGCATTGGAGCCATGG

DGR RF VMBS CDETFR RAYTLTLNZPK
TTGACGGCCGTCGGTTTGTGATGAGTTGCGATGAGTTTCGCGCCTATTTGCTAAATCCTA

F AAV VD KT FIULILTVRIEKNNGMLI1
AATTTGCGGCGGTCGTCGACAAGTTCCTGCTTACTGTCCGCAAAAACAATGGGATGCTGA

L ATQ QP EHV L E L G A s L V A
TACTGGCAACGCAGCAACCTGAGCATGTCCTGGAATCGCAGCTAGGCGCCAGTCTCGTCG

Q ¢ M T KTIF Y P s PTADU RS AY I D
CGCAATGTATGACGAAGATTTTCTATCCTTCACCCACGGCAGATCGATCGGCTTACATCG

G L K ¢CTEXKETFQATIW REDMMAVG S
ATGGACTGAAATGTACTGAAAAGGAATTTCAGGCGATCCGTGAAGACATGGCAGTAGGTA

R KF LLEKRETSTG GSVVCETFTUDTELTRE
GCCGGAAGTTTCTGCTTAAACGAGAAAGCGGAAGCGTCGTCTGCGAATTCGATCIGCGSE

M REY VAV LS GRANTV VR RTFADOQ
ABATGCGCGAATATGTCGCCGTACTTTCGGGGCGCGCCAACACGGTGCGCTTCGCGGATC

L RKV QG D NP S AWIL S ETFMATR Y
AGCTTCGCAAAGTACAGGGGGACAACCCATCAGCCTGGCTCAGCGAAT TTATGGCTCGTT

H E A K D *
CRF5 M K I M Q L V A
ACCACGAGGCAAAAGAT TGAT CAAAGGTGGGGAACTATGAAGATCATGCAACTTGTTGCT

A A MAV S L L SV G P AR A F v v s
GCGGCCATGGCCGTCAGCCTTCTTTCGGTCGGGCCCGCGCGGGCGCAGTTCGTTGTCAGC

D P ATEA AETTULATATLTETA AANTLE
GATCCGGCGACGGAAGCTGAGACGCTGGCGACGGCGCTCGAGACTGCGGCAAATCTCGAA
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QT I T MV A MULT S A G VT 6 L L T
CAGACCATAACGATGGTGGCGATGT TAACCTCGGCTTATGGCGTCACCGGCCTACTAACT

S L. NQ KN QY P S TRDILUDTEMTF 5
TCGCTCAACCAAAAAAATCAGTATCCCTCGACCAGGGACTTGGACACGGAAATGTTTTCG

P RMPMST'T ARATITTDTUDHRAUV
CCGCGAATGCCAATGTCGACCACGGCACGTGCGATCACCACCGATACAGATCGCGCCGTA

VGG 6 b AEADULILURSQITG S AN S
GTTGGTGGCGACGCTGAAGCGGATC TGTTGCGATCGCAGATCACCGGT TCCGCAAATAGC

A G I A ADNTULETMDI KR RTILTANAE
GCGGGCATTGCGGCTGACAACCTGGAGACGATGGACAAACGCTTAACAGCGAATGCCGAG

T $ T Q L S R S R N I M A TV T N G L
ACCTCGACACAGCTTTCTCGCTCTCGCAATATCATGCAGGCAACCGTTACCAACGGTTTG

L L K I A p AMI QNVQATSIULTILT
CTTCTCAAGCAGATCCATGACGCAATGATTCAAAATGTACAGGCGACCAGCTTGTTAACG

ORF6a M R R K R R P L N V R s
M T TAQAG L HEA AEEWAA AU BAQOQTRIKE
ATGACCACCGCGCAGGCTGGCCTTCATGAGGCGGAAGAGGCGGCCGCTCAACGTAAGGAG

I K R L RS S L 6P S P ETGRUL I
HQ KTAUV I F G AV P «
CATCAAAAGACTGCGGTCATCTTTGGGGCCGTCCCCTGAGACTGGGCGACTTATTCGTGC

R A

A H L H I S G CEF I Vs DIL R A 5
CGCCCATCTGCACATTTCAGGATGCGAGT TCATTGTATCCGACATTCTGCGACAAGCCAG
ORF6b

Q 60 VQTMWNTFTTLI P APV FTATIHT
TCAAGGTCAGGTCCAAACGATGAATTTCACGATCCCGGCGCCGTTTACGGCCATTCATAC

I FbpD L AFTTSLDTMILGTI E A
GATCTTCGATCTAGCCTTTACGACAAGCCTGGACACAATGCTTGGGACGATCCAAGAGGC

VS AP LV ACVTILWITIUVAQOG I L V
GGTGAGCGCGCCATTGGTCGCCTGCGTCACTCT TTGGATTATCGTTCAGGGTATTCTGGT

M R GE I DTWRGGI TRV I TVTVYV
CATGCGTGGCGAAATCGACACGCGCGGCGGTATCACTCGGGTGATCACGGTCACCGTCGT

VAL VV GQANYHDY V V S V F E B
TGTTGCCCTTGTCGTCGGGCAGGCCAACTACCACGACTATGTGGTTTCAGTCTTTGAAGA

T I P N F I Q QF 8 G 8 6L P L QT I P
GACGATTCCAAACTTTATTCAGCAGTTTAGTGGCAGCGGCCTGCCTCTGCAGACCATTCC

A QL DTMTFAULTWQAATFQRTIASE
CGCTCAGCTCGATACAATGTTCGCCCTAACCCAGGCTGCATTTCAGAGAATTGCATCTGA

I 6 P M NDAQDTITULATFGQGAOQWV F Y
AATCGGCCCGATGAATGACCAGGACATCCTTGCTTTCCAGGGGGCTCAGTGGGTCTTTTA

G T L WS AT FGGI YDAV G I L T KV L
CGGCACGCTCTGGTCTGCCTTCGGAATCTACGACGCCGTCGGAATTCTCACGAAAGTGCT

L A1 6P L I LT GY I FDRTRUDTIA
TCTGGCGATCGGCCCTTTGATCCTCACGGGATATATCTTTGATCGCACGCGCGACATCGC

A Kw I GQUL I T TY G L L L L L N L V
GGCAAAGTGGATCGGGCAACTTATCACCTATGGTCTCCTACTTCTCCTGCTAAACCTCGT

A 7T 1V I LTEA AT ALTILMULGV IT
GGCGACAATAGTCATCCTAACCGAAGCGACTGCACTCACGCTTATGCTTGGTGTAATCAC

L AGTTAAZKTIIGUL YETULDMMTFFL
CCTTGCCGGTACGACCGCGGCCAAGATCATTGGTCTTTACGAACTCGACATGTTCTTTCT

T 6 P AL I VA LPMAIAGNTIGS GS S Y
GACTGGTGACGCACTCATTGTCGCTTTGCCGGCAATCGCCGGCAACATCGGAGGCAGTTA

W S 6 AT QS A N S L Y RRF A vV D R
TTGGAGCGGCGCGACCCAATCTGCCAACAGCTTGTACCGTCGCTTCGCTCAGGTCGATCG

* ORFTM K Y C L L
TCGTTAGGTCCCGCAAAAAAATTCACGTCAGTGGAGAACTCTATGAAATATTGCCTGCTG

cC L AL AL G GC T N D KL A S €C K G
TGCCTGGCTCTCGCT TTAGGCGGCTGCCAGACAAACGATAAATT GGCGAGCTGCAAAGGC

P T FP LNV GRWWOQZPTZPSDIL L s
CCAATATTCCCGCTGAATGTGGGGCGATGGCAGCCTACGCCGTCAGATCTTCAGCTCAGT

ORFE M X 6 'S E Y A L L V A RET L
N VvV G G R HE G V *
AACGTAGGTGGTCGCCATGAAGGGGTC TGAATACGCCTTGCTAGTAGCGCGGGAAACCCT

A EH Y XK EATFOQTARAKSARIRBRILS
GGCTGAGCACTACAAGGAAGCTTTCCAAACTGCGCGTGCGAAATCAGCGCGGCGCCTCTC

K vV I A AV AT I AVL v A A F T
CAAGGTCATTGCAGCTGTCGCAACCATCGCGGTTTTGGGGAATGTTGCGCAAGCCTTCAC

I A TMVPILTIRULVEPV Y L WTIRUPD
AATTGCCACCATGGTGCCGCTGATCAGGCTTGTGCCGGTATATCTTTGGATACGGCCGGA

¢ TV D S EV S VS RLPATQEEA AUV
TGGCACCGTTGACAGCGAGGTGTCCGTCTCCCGATTGCCTGCAACTCAAGAGGAGGCCET

vV N A S L WE Y VRLRES Y DATDT A
CGTTAACGCCTCACTGTGGGAGTATGTTCGGCTGCGCGAGAGCTATGATGCCGATACCGC

Q YA Y DL V S NF S AP MV ROQNY
CCAGTATGCCTATGACCTGGTCTCGAACTTCAGCGCCCCAATGGTGCGCCAAAATTATCA
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Q F F P N P T S P Q VI LG KUH G R
GCAATTCTTCAATTATCCCAATCCAACTTCGCCTCAAGTCATCCTCGGCAAACACGGCAG

L EV EH I ASNDVTUPGV QQTIRY
GCTAGAGGTCGAACACATCGCT TCGAATGATGTTACTCCGGGTGTGCAGCAAATTCGCTA

K R T L I VDG KMUPMASTWTA ATV
TAAGCGAACCCTCATCGTTGACGGCAAAATGCCGATGGCGAGCACTTGGACTGCTACGGT

R Y E KV T S L P GGRLRULTNUPG G L
TCGTTATGAAAAGGTGACCAGCTTGCCCGGCAGAT TGAGACTGACCAACCCGGGAGGCTT

vVV TS Y QTS EDTV S N AGUHSE P
GGTTGTCACCTCCTACCAGACATCGGAAGATACCGTTTCGAACGCAGGCCACAGCGAACC

* ORFS
M T K K AF L TLAGCULTILTFEFAATLIGA AR
ATGACGAAAAAAGCATTTCTCACTCTGGCATGTTTACTTT TTGCGGCGATTGGCGCGAGG

A EDTZP T AGRULDU PR RMUEREYTLATZYN
GCTGAAGACACGCCAACGGCGGGCAGACTTGATCCGCGCATGCGTTATCTCGCTTACAAT

P D Q V V RL S TRAV G T vV vV T F 6
CCCGATCAAGTGGTGCGCCTTTCAACGGCGGTTGGAGCCACTTTGGTTGTTACTTTCGGG

A NETV T AV AV S NS KDILARATLSTEP
GCTAACGAAACGGTGACAGCTGTTGCCGTTTCCAATAGCARAGATCTCGCGGCCCTTCCA

R G N YL F F KAS KVUL?PPOQZPV'V YV
CGCGGAAATTATCTTTTCTTCAAGGCTAGCAAGGTTCTCCCACCCCAGCCAGTGGTCGTG

L T A S DAGMRBRRYVF S I 8§ 5 K TL
CTAACTGCGAGTGACGCCGGTATGCGACGCTACGTTTTCAGCATCTCTTCCAAGACGCTG

P H L D K E A DL Y Y s V F A Y P A
CCGCACCTCGATAAAGAGCAGGCCGATCTCTACTATAGCGTACAATTCGCTTACCCTGCC

D D AAARUOCIKA AAOQEIT KA AV ADUR RTIR
GATGACGCAGCGGCTCGCCAGAAGGCGGCACAAGAGAAGGCTGTTGCAGACCGTATACGT

A E A Q Q QR A E G LLEOQPATTV
GCGGAAGCGCAATATCAACAGAGAGCAGAGGGTTTATTGGAGCAGCCTGCCACGACCGTT

G A E D KNWH Y V A G DR S L L P L
GGTGCCGAGGACAAGAAT TGGCACTATGTCGCTCAGGGCGATCGTTCGCTGTTGCCGCTC

E VF DD GPFTTVF BRBRFP GN VR I P
GAAGTCTTCGATGATGGATTTACGACGGTATTTCACTTCCCAGGTAATGTACGCATACCC

s I Y T N P DG K E AV ANY S V K G
TCCATCTACACGATAAATCCGGATGGAAAGGAAGCTGTCGCTAACTATTCAGTCAAAGGG

5 Y VETI S SV S5 R GWIR L RD G H TV
AGCTATGTCGAGATTTCTTCGGTTTCCCGTGGT TGGCGTCTGAGGGATGGCCACACGGTA

ORF10a

M HL EYRULRSRPRUPQAGD G H CE
L ¢ I WNTAYUDUPV GRIRUPETGCTV
TTATGCATTTGGAATACCGCCTACGATCCCGTCGGCCGCAGGCCGGAGACGGGCACTGTG

ORF10b

A R CEARUPIEKGGEIRMNDDNZQAOQ S
R P DV KRV L KEV R G *
AGGCCCGATGTGAAGCGCGTCCTAAAGGAGGTGAGAGGATGAACGACGACAATCAGCAAT

A HDVDASGS LV S5 DTHHRIRILS
CGGCGCATGATGTCGATGCGTCEGGGTCCCTGGTCTCCGACACACATCACCGGCGCCTTT

6 AQ KL I V666GV VL AULSULSTILTIW
CGGGGGCTCAAAAGTTGATCGTAGGAGGTGTAGTTCTCGCGCTATCACTTAGCCTCATTT

L 6 G R E KK ENGDAU®P P S T MTI AT
GGCTTGGCGGGCGTGAAAAGAAGGAAAACGGGGACGCACCCCCGTCAACCATGATCGCCA

N T K P FH P AUPIDVTLDUZPZPF A AOQ
CGAACACCAAGCCATTTCATCCGGCTCCGATTGACGTTACACTTGATCCTCCGGCTGCCC

E AV QP TAUPPUPARSEUPERUHEP
AGGAAGCTGTTCAGCCGACTGCTCCTCCGCCAGCACGAAGTGAGCCGGAACGGCATGAGC

R P EETU®P I F A T 8 6 P Q@ 6 T S KR
CGCGGCCGGAAGAAACACCGATTTTTGCGTACACCAGTGGTGATCAAGGGACCAGCAAGT

vV Q0O G ETD RURREGWNGED S P L P
GCGTTCAACAAGGCGAAACGGACCGAAGACGCGAAGGCAATGGGGAAGACAGTCCTTTGC

K VvV EV s A ENDIL S I RMZEKZ®PTETLQ
CGAAGGTCGAAGTGTCCGCCGAGAATGATCTCTCGATACGCATGAAGCCCACCGAGCTGC

P TRATULLPHUP D F MV TEGTII
AGCCCACCAGGGCTACGCTCTTGCCTCATCCCGACT TCATGGTGACGGAGGGGACGATTA

P ¢ I L @ T A I DTS LAGYVKTECUVL
TTCCATGTATCTTGCAAACGGCAATCGACACCAGTCTGGCAGGCTATGTAAAATGCGTGT

P WDVRGTTTNNVV L LDRGT TV
TACCCTGGGATGTTCGTGGAACAACGAACAACGT TGTGCTTCTTGATCGCGGCACCACCG

vV 6 E I Q R 6 L G D ARV F V L WD
TTGTTGGCGAGATCCAGCGCGGTTTGCAACAGGGAGATGCGCGTGTTTTTGTGCTCTGGG

R A E TP D H A M I S L A S A D E L
ATCGGGCGGAGACACCCGACCATGCCATGATT TCGCTTGCGTCACCAAGCGCTGACGAAC

6 R 5 6 L P 6TV D NUHTF W R F S5 G A
TCGGTCGCTCGGGATTGCCGGGCACCGTCGACAATCACTTCTGGCAGCGCTTTAGCGGGE

M L L \2 G A F QA A S T A G S S
CCATGCTCTTGAGTGTCGTCCAAGGTGCCTTCCAGGCAGCGAGCACCTACGCTGGCAGCT



6 6 G T SF NSV QNNUGEOQTADT A
8521 CGGGTGGAGGGACGAGCTTCAACAGCGTCCAGAATAACGGTGAACAAACGGCAGACACAG

L K AT I NI PP T L KIKNZOPOGDTV S
8581 CCCTCAAGGCCACGATCAACATACCGCCAACCCTGAAGAAGAATCAGGGCGACACGGTCT

I F VARDTILTDTF S G661 Y L R M A G R
8641 CCATTTTTGTCGCACGGGATCTCGATTTCTCAGGCATATACCAGCTTCGTATGGCTGGTC

A AR G R DRR P *
8701 GCGCGGCGCGGGGGCGGGATCGCCGTCCATAACGAATTCAACTTATCACTTACAGATGGA

CRFI1M E V D P 0 L R I L L K P I L E
8761 GATACGATACAAATGGAGGTGGATCCGCAATTACGAATCCTTCTCAAGCCGATTTTGGAA

W L D P R TEEV ATINURPGTEATFV
8821 TGGCTCGATGACCCGCGGACCGAAGAAGTTGCGATAAATCGACCTGGGGAGGCATTTGTG

R Q AGAF LKV FUPULUPV s Y DDULED
8881 CGCCAGGCCGGCGCCTTCCTCAAGTTCCCTTTGCCTGTCTCCTATGACGATCTCGAAGAT

I A I L A G AL RK DV G P R NP L C
8941 ATCGCTATTTTAGCAGGCGCGCTGAGAAAACAGGACGTTGGACCACGCAACCCACTTTGC

A TEULPD GERULOQTIT CTLZ®PZ®PTUV P S
9001 GCAACTGAACTTCCAGACGGCGAGCGGCTGCAGATCTGTTTGCCGCCGACGGTACCATCG

G TV S L TIRUBRUPS S RV S S L KTEV
9061 GGCACCGTCAGCTTGACGATTCGACGGCCAAGT TCCCGTGTTTCTAGTCTCAAAGAAGTC

S S R Y D A P R W N W K E R K K R H A
9121 TCGTCCCGTTACGATGCTCCGAGGTGGAATCAGTGGAAGGAACGARAAARACGGCATGCT

H D E A I L RY Y DNUGDIL EATFLH
9181 CAGCATGATGAAGCTATCCTTCGGTACTATGACAACGGGGATCTGGAGGCGTTTCTGCAC

A C VYV 6GRLTH®M®¥ILLCG?P TGS 6 KT
9241 GCATGTGTCGTTGGTCGGTTGACGATGCTGCTTTGCGGACCCACCGGGAGTGGCAAGACA

T M S KTULINA ATIU®PP E R LITTIE
9301 ACGATGAGCAAGACCTTGATCAACGCTATCCCGCCGCAGGAAAGGCTGATTACCATCGAA

D T L E L V I P HENU HVYVURIULULTY S KN
9361 GATACGCTCGAACTCGTCATTCCACACGAGAACCACGTAAGGCTGCTTTATTCTAAGAAT

G A GL GA V TAUZEUHTULL A S L R M R
9421 GGGGCTGGGCTGGGCGCAGTTACCGCTGAGCACCTGCTACAGGCTAGCCTGCGCATGCGA

P PRI L L GE I R DBDAAUW A Y L 8 E
9481 CCGGACCGAATACTGCTCGGCGAGATACGCCACCATGCCGCGTGCGCTTATCTGAGTGAA

VVS GGHUPG S 1 S TTIHTGA ANZPWVQG
9541 GTCGTCTCAGGGCATCCGGGATCGATTTCCACAATACATGGTGCCAATCCCGTCCAAGGT

F K K L F § L V K S s A G A S L E DR
2601 TTCAAAAAGCTATTTTCGCTCGTGAAAAGCAGCGCTCAGGGGGCTAGCT TGGAAGATCGC

T L I DMLATA AVDV IV PFURAHG
9661 ACCCTGATTGACATGCTCGCAACCGCAGTTGATGTCATCGTACCCTTCCGTGCCCACGGT

D I ¥YEV GGE I WULAADA BAIRUIBRIRTGET
9721 GACATTTACGAGGTCGGCGARATCTGGCTCGCTGCCGATGCGCGTCGGCGCGETGAGACA

I 6D L L N Q Q@ *
9781 ATAGGCGATCTTCTTAACCAGCAGTAGTTGTGATCCATGTTTCTAAATGCCGCATGGCGC

9841 GTTGTAGAATTACGTTTGTAGCAATGCTCAGCAATCTTTGTCATCAAACGGAGACATCTA

9901 GTTTGCATTTCTGTCGTGCGCGGTTTGGTCGAAATCTTGCCGAARTGCCCGTGTAGTGAG
9961 AGAAAATTAAAGAGTGGAGTCTAGCAAATACAACCTTTACGTGTATAAATTCTGTTGAGC

-

Fig. 2. Nucleotide sequence and predicted amino acid sequence
of the pTiC58 wirB operon. The amino acid sequence is shown
in the one letter code. ATG methionine starts are indicated by
boldface numbered ORFs. The two possible translation start sites
for VirB6 and VirB10 are indicated a and b. Shine-Dalgarno ribo-
somal binding sequences are underlined. The sequence starts from
the vir B promoter region and ends with the vir B, virG intercistronic
region. The region from 9053 to 10020 is from Powell et al. (1987)

site may explain why this protein is produced at very low
levels under its native signals in E. coli: a faint band migrat-
ing at 37 kDa is observed when plasmids containing virB6
are expressed in E. coli maxi cells (Fig. 3 B, lanes 4, 6). Since
the nucleotide sequence of VirB6, initiating at the 6b site,
predicts an ORF encoding a polypeptide of 31 kDa we sug-
gest that VirB6 migrates slightly more slowly than predicted
on SDS-PAGE.

The VirB7 ORF has a good SD sequence and attendant
spacing to the ATG; however, due to its smaller molecular
weight we were unable to confirm its size from expression
studies. The VirB8 ORF has a rather weak SD sequence
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upstream of its predicted start. However, since the predicted
size of this ORF is confirmed exactly by expression studies
(Fig. 3B, lanes 2, 5, 6), we feel that the assignment of the
start of this ORT is correct. It is intriguing to speculate
that there may be no translation of ORF7; instead the rela-
tively long intercistronic region between VirB6 and VirB8
may somehow promote translational initiation of VirB8.

Verification of predicted protein sizes of virB ORFs in E.
coli

The predicted sizes of the virB ORFs were confirmed by
visualization on SDS-PAGE, after expression using maxi
cells and/or a T7 expression vector. To verify the predicted
size of the first three ORFs, an in-frame fusion to the first
ORFT was made in the expression vector T7-7. The resulting
fusion protein contains the entire VirB1 coding sequence
plus an additional 18 amino acids from the vector and up-
stream virB sequences. This construct, pGK219 (Fig. 3A),
also contains coding sequences for VirB2, VirB3 and the
first 84 amino acids of VirB4. Transcription of these pro-
teins from the T7 gene 70 promoter, is dependent on T7
RNA polymerase and is inducible by IPTG since transcrip-
tion of the T7 RNA polymerase is under the control of
a tac promoter. After induction of host cells carrying
pGK219, and labeling with [33S}methionine/cysteine, the
predicted fusion to VirB1 at 30 kDa (i.e. VirB1 ORF plus
18 amino acids), VirB2, VirB3 and the first part of VirB4
can all be seen by SDS-PAGE when compared with controls
without induction (Fig. 3B, lanes 9, 10, 11). An exact as-
signment of the individual VirB2 and VirB3 ORFs to the
bands seen by SDS-PAGE is not possible since these poly-
peptides, and the portion of VirB4 present in this construct
are of such similar size (12.3, 11.6 and 9.6 kDa respectively).
However, three predicted polypeptides in this molecular
weight range are visible, namely protein bands at 14, 13.8
and 12.5 kDa.

Many of the remaining ORFs were verified in E. coli
maxi cells. Expression of pGV0310 (Fig. 3A) in maxi cells
revealed six new protein bands as compared with the vector
control, pBR322 (Fig. 3B, lanes 1, 2). Further analysis of
smaller segments of the virB operon in maxi cells allowed
us to assign most of these protein bands to specific virB
ORFs. Expression in maxi cells was dependent on Agrobac-
teriwm sequences upstream of the first ORF as a construct
lacking these sequences gave no expression (data not
shown). Additionally, the level of expression of virB-en-
coded proteins did not change with orientation of the insert
in the vector (pUC119) suggesting that vector promoters
were not responsible for its transcription. Thus, the A. tume-
faciens virB promoter apparently is recognized by E. coli
RNA polymerase, allowing us to identify the sizes of virB
specific proteins in E. coli maxi cells. Transcription from
vir promoters in E. coli maxi cells has been observed pre-
viously by De Vos and Zambryski (1989) in a study of
virD- and virC-encoded proteins. Since pGV0310 contains
the entire virB operon in addition to vird, tzs, and most
of virG it was necessary to dissect virB further in order
to identify conclusively the sizes of the virB gene products.

Expression of pGK215 (Fig. 3A), containing the virB
promoter (Das et al. 1986) followed by VirB1, VirB2, VirB3
and the first 84 amino acids of VirB4 showed virB specific
bands at 12 and 14 kDa corresponding to VirB2, VirB3
and/or the VirB4 partial polypeptide when compared with
a pUC119 control (data not shown). A protein band for



262

Table 1. Criteria for selection of translation initiation sites for VirB ORFs

ORF 1 2 3 4 5 6a 6b 7 8 9 10a  10b 11
SD + + + + + - - + * * - + +
Spacing + + + + T - - + - * - + +
Coupling - + + + - - - - - + - + -
Predicted size 262 12.3 11.6 877 233 384 319 58 260 322 443 406 381
Observed Size 28.0 ~132 ~132 80.0 23.8 38.0 38.0 ? 26.0 28.0 51.0 51.0 38.0

ORF, opening reading frame; SD, Shine and Dalgarno sequence; spacing, +indicates that end of SD is 5 to 13 nucleotides from
the AT_G start of translation, — indicates a deviation from this parameter; coupling indicates downstream ATG starts overlapped
by the immediately upsteam stop codon; predicted size (kDa) is from the nucleotide sequence and observed size is from expression

studies shown in Fig. 3

? Since we have not determined the order of migration of VirB2 and VirB3 they are given the same approximate size

VirB1 was not observed (Fig. 3B, lane 3). This result is
surprising given the strong SD sequence preceding the start
of this ORF; however it is possible that VirB1 migrates
in the same area of the gel as f-lactamase from the vector
and is thus obscured. Plasmid pGK216 with additional virB
sequences (Fig. 3A) shows the expected proteins for VirB4,
VirB5, and VirB6 at 80, 23 and 37 kDa respectively
(Fig. 3B, lane 4). The VirB7 ORF of 5.8 kDa is too small
to be resolved and must be considered a putative ORF
at this time. Addition of the remaining virB sequences to
pGK216 created pGK217 (Fig. 3A) which showed several
additional proteins when expressed in maxi cells. This plas-
mid gave new bands at 26, 38 and 51 kDa. The 26 kDa
band corresponds to VirB8 (predicted size is 26.0 kDa) and
the other two bands correspond to VirB10 and VirB11.
To determine the identity of VirB10 and VirB11 as either
the 38 or 51 kDa proteins observed, a translation stop was
created in VirB11 by filling in an Asp718 restriction site
with Klenow DNA polymerase. This modification should
result in the early termination of VirB11 producing a pro-
tein of approximately 12 instead of 38 kDa. When this con-
struct (pGK218, Fig. 3A) was expressed in maxi cells the
strong protein band at 38 kDa was absent, confirming that
the 38 kDa protein is in fact VirB11 and the 51 kDa band
is VirB10 (Fig. 3B, lanes 5, 6). The other predicted protein
of 32.2 kDa (B9) was not observed in E. coli maxi cells.
Potentially, this protein is not expressed well in maxi cells
or may comigrate with a more intense band. To confirm
the size of the VirB9 ORF we constructed pYT910, carrying
the VirB9 and VirB10 ORFs. Induction expression of
pYT910 produced two novel proteins migrating at 28.5 and
51 kDa on SDS-PAGE (Fig. 3B, lanes 11, 12). Since we
showed the 51 kDa protein corresponds to VirB10, the
28.5 kDa band must correspond to VirB9 and this agrees
well with the predicted mobility of the VirB9 ORF. Thus,
we have confirmed the molecular weight assignments of
10 of the 11 virB ORFs. The only unconfirmed ORF is
the very small VirB7 (5.8 kDa) which may be present, but
is not detected in the gel system used here.

Comparison of the octopine and nopaline Ti plasmid virB
operons

Figure 4 shows a comparison of the predicted ORFs be-
tween the two previously published sequences from octo-
pine type plasmids and the sequence from the nopaline type
plasmid presented here. There are two areas with notable
differences. In the area of virB4 (nopaline), both of the

octopine sequences predict two ORFs with a combined size
of 86.0 kDa (pTi15955) and 89.4 kDa (pTiA6) while the
nopaline sequence predicts only one ORF of 87 kDa. All
the ORFs mentioned are in the same frame. Expression
studies described above demonstrate the presence of an
80 kDa protein coded from this region in nopaline. Addi-
tionally, Engstromm et al. (1987) have observed an 80 kDa
protein, mapping to this region of the virB complementa-
tion group of pTiA6, which fractionated with the bacterial
envelope. Thus, the prediction of an approximately 80 kDa
protein from this area of the virB operon is supported both
by in vivo studies in an octopine strain and by expression
studies of nopaline virB sequences (Fig. 3B, lanes 2, 4, 5,
6). The other area of difference between octopine and nopa-
line sequences is in the region of virB9 and virBI10 of the
nopaline sequence. One of the published octopine sequences
predicts only one larger ORF of 72 kDa (designated virB10;
Ward et al. 1988) and the other report (Thompson et al.
1988) predicts two ORFs of 32.2 and 40.6 kDa (designated
virB9 and virB10) similar in size to those specified in nopa-
line designated virB9 and virBI0. Expression studies con-
firm that two proteins of 51 and 27 kDa apparent molecular
weight are encoded by this region (Fig. 3B, lanes 2, 5, 6,
11).

All the predicted ORFs described here show high amino
acid homology (all greater than 70% identity) to ORFs
predicted from both of the published octopine sequences:
VirB1, VirB2 and VirB3 of nopaline are homologous to
VirB1, VirB2 and VirB3 of pTi15955 and pTiA6 (Fig. 4);
VirB4 of nopaline is homologous to VirB4 and VirB5 of
the octopine sequences; VirB5 nopaline is homologous to
VirB6 octopine; VirB6 nopaline is homologous to VirB7
octopine; VirB7 nopaline is homologous to VirB8 of pTiA6
and the beginning of VirB8 of pTil15955; VirB8 nopaline
is homologous to VirB9 of pTiA6 and VirB8 of pTil15955;
VirB9 nopaline is homologous to VirB9 of pTil5955 and
to the first half of VirB10 from pTiA6; VirB10 nopaline
is homologous to VirB10 of pTi13955 and to the second
half VirB10 from pTiA6; the VirB11 proteins from all three
plasmids are homologous. While most of these homologies
are in the range of 70% to 90%, there are stretches of
perfect homology which may have been conserved due to
functional constraints. A more detailed study of these areas
may give clues to the functions of the VirB proteins. Based
on our detailed expression studies that confirm the assign-
ments of the VirB proteins, we propose that the numbering
of the VirB proteins be as described here for the nopaline
virB region.
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Fig. 3A and B. Expression of virB ORFs in Escherichia coli. A Restriction map of pGVO310 and positions of virB, virG, vird and
tzs are shown. The numbers below the virB region indicate the ORFs predicted from the sequence in Fig. 2. virB sequences contained
in subclones used for expression studies are shown as boxes beneath the restriction map; diagonally lined box represents pGV0310,
white boxes indicate subclones used for expression in maxi cells, and dark boxes indicate subclones expressed under T7 RNA polymerase.
B The plasmids used for expression are indicated above each lane. Arrows indicate the positions of VirB polypeptides and their sizes
and ORF numbers are given to the side of each autoradiogram. The sizes of the polypeptides are given in kDa; these sizes were
determined with reference to standard molecular weight markers (High Molecular Weight Markers from Bethesda Research Laboratories).
Samples in lanes 1 and 2 were electrophoresed on a 13%-21% gradient gel, lanes 3 to 7 on a 12% gel, lanes 8 to 10 on a 15%
gel, and lanes 11 and 12 on a 12% gel. Lanes 1 through 8 are radioactively labeled extracts of E. coli maxi cells. Lanes 8 to 12 are
extracts of E. coli carrying plasmids which express VirB proteins under the control of a T7 promoter after induction by isopropyl-thio-$-
galactoside (IPTG; lanes 8, 11, 12) and treatment with rifampicin. Lane 10 is a longer exposure of lane 9. The positions of VirB2,
VirB3, and VirB4* (N-terminal region of VirB4 present in pGK219) in lane 10 are indicated together since their exact assignments
to specific bands in this molecular weight region of the gel cannot be made

Hydropathy of nopaline VirB proteins

The work of Engstromm et al. (1987) has shown that at
least three VirB proteins localize to the bacterial envelope
suggesting that the VirB proteins may form a membrane
channel or pore to export the T-strand from Agrobacterivum
cells. To determine whether the nopaline VirB proteins
might be membrane associated, we examined the hydropho-
bicity of the VirB polypeptides. Hydropathy plot analysis,

using the parameters of Engleman et al. (1986), revealed
that 9 of the 11 ORFs have regions of hydrophobicity which
could potentially permit interaction with a membrane. Only
VirB4 and VirB11 do not have hydrophobic regions (of
at least 10 amino-terminal residues or 20 internal amino
acids). The hydrophilic nature of VirB4 is puzzling since
Engstromm et al. (1987) have localized this protein to the
bacterial envelope. The precise location of VirB4 and its
characteristics need to be studied further. ORFs 1, 5, 7,
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and 9 have hydrophobic regions at their amino-termini sug-
gesting possible export signal sequences. Additionally,
ORFs 2, 3, 5, 6, 8 and 10 contain hydrophobic stretches
of 20 or more internal amino acids which may be membrane
spanning regions (data not shown). Overall VirB2 is the
most hydrophobic: a large contiguous section of approxi-
mately 70 amino acids, representing 60% of the ORF, con-
tains hydrophobic residues. VirB3 and VirB6 also show
large regions of approximately 30 to 40 hydrophobic amino
acids residues, while VirB8 and VirB10 each have one short
area of hydrophobicity of approximately 20 amino acids.
Note that ORFS potentially contains a signal sequence for
protein export as well as internal membrane spanning re-
gions.

The amino-terminal regions of ORFs 1, 5 and 9 have
features similar to those found in bacterial export signal
sequences (Fig. 5). Such signal sequences are located at the
amino-terminal end of the protein and consist of three dis-
tinct regions: (a) an amino-terminal portion containing 1
to 5 amino acids with an average net charge of +1.7 (von
Heijne 1985); (b) a hydrophobic core region of variable
length thought to form an alpha helix and interact with
the membrane; and (c) a downstream region of 6 to 7 amino
acids containing several polar residues. The hydrophobic
and polar domains are sometimes separated by one or sever-
al helix breaking residues, such as proline or two glycines
(von Heijne 1983). Additionally, these signal sequences have
a consensus cleavage site at their end which is recognized
by signal peptidase I. The consensus cleavage site is for
alanine or glycine at the —1 position and for alanine, glycine
or other small amino acids at the —3 position. This has
been called von Heijne’s -3, —1 rule (von Heijne 1983). Fig-
ure 5 shows signal sequences for VirB1, VirB5 and VirB9.
The signal peptidase I cleavage sites are ser(—3), ala(-1) for
VirB1, ala(-3), ala(-1) for VirB5 and ala(-3), ala(-1) for
VirB9.

The amino-terminal end of ORF7 has features charac-
teristic of a lipoprotein signal sequence (Fig. 5). Studies of
lipoprotein signal sequences have shown some similarities
to the signal peptidase I type described above. The main
difference between the two signal sequences is in the signal
peptidase recognition consensus sequence. In E. coli, lipo-
proteins are cleaved by signal peptidase II which recognizes
a site similar to that recognized by other bacterial lipopro-
tein signal peptidases. The consensus cleavage site is for
alanine or glycine at the —1 position and a glycerol modified
cysteine at +1. ORF 7 contains a Gly, Cys (-1, +1) site
shown in Fig. 5. It has been shown in E. coli that the amino
acid at the +2 or + 3 position in lipoproteins determines
whether the lipoprotein is localized to the inner or outer
membrane. A negatively charged amino acid at the +2

VirB ORF Signal Sequences
ORF1 MLEATGPLSIILLA&TCPSSGAAPLSFA‘EFNN
ORF 5 MIf_IMg zLVAAAMAVSLLSVGPARA'QFVV
ORF7 MIfYCLLCLALALGG'CQTN

ORF 9 MTI_SIEA ELTLACLLFAAIGARA‘EDTP

Fig. 5. Potential protein export signal sequences in virB ORFs.
Charged amino acids are indicated with a+. Hydrophobic core
regions (described in text) are underlined and signal peptidase cleav-
age sites are shown with an arrowhead

or + 3 position relative to the signal peptidase II cleavage
site localizes lipoproteins to the inner membrane and un-
charged amino acids localize the lipoproteins to the outer
membrane (Yamaguchi et al. 1988). By these criteria the
putative lipoprotein encoded by virB7 would be localized
to the outer membrane. Such an outer membrane localized
lipoprotein may interact directly with the plant cell surface
in the T-DNA transfer process.

Homology of VirB proteins to non-Vir polypeptides

A complete search of the NBRF, Genbank and EMBL
databases has shown no significant homologies aside from
those with previously reported virB genes (described above).
VirB11 however is homologous to Bacillus subtilis ComG
protein (David Dubnau, personal communication). B. subti-
lis cells endowed with functional competence genes (ComG)
have the ability to take up single-stranded DNA from their
environment. This may imply that some processes involved
in single-stranded DNA uptake (B. subtilis) and export
(Agrobacterium) are related.

Conclusions and prospects

We have presented the complete sequence of the virB
operon of the nopaline plasmid pTiC58. The predicted sizes
of the ORFs were verified for 10 of the 11 ORFs using
detailed expression studies. A comparison of the nopaline
virB operon with octopine virB operons shows that the virB
operons are highly homologous. However, the assignment
of ORFs between the three sequenced virB operons is not
in agreement. This paper then clarifies the discrepancy
among the sizes of VirB proteins. Hydropathy plot analysis
has indicated 9 of the 11 VirB proteins are hydrophobic
enough to interact with membranes further supporting hy-
potheses about the role of VirB as a membrane channel



or pore for the export of T-strands. The intergenic regions
between many of the virB ORFs are small and suggestive
of translational coupling; this may be a mechanism for
efficient translation of the long virB operon by maximizing
the time ribosomes are bound to the mRNA. The virB
operon is a rich source of material for the study of this
mode of protein synthesis. As the precise function of the
virB gene products is not yet known, further experiments
to determine the exact location and the characteristics of
the VirB proteins are required.
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