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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, pTiC58, 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. 
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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 

Offprint requests to: P. Zambryski 

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 (virA, 
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 virD1 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 etal.  1988; Citovsky etal .  
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. /987) and 
that virB protein products are localized to the bacterial 
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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 virB 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 $1 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 [35S]methionine and [aSS]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 HindIII fragments shown in Fig. 1. The upstream 
HindIII fragment extends 4.4 kb farther to the left than 
shown in Fig. 1. Each of the three HindIII fragments from 
pGVO310 (Depicker etal. 1980) was subcloned into 
pUC119 (Vieira and Messing 1987) in both orientations 
and deletions were made using exonuclease III and nuclease 
$1. 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 HindlII site. Four oligon- 
ucleotides complementary to virB were also used for unclear 
sections; one was used to sequence across the downstream 
HindIII 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 

Computation Laboratory, Department of Biochemistry and 
Biophysics, UCSF, and Guido de Vos (unpublished). 

Subcloning. Plasmid pGK215 is an exonuclease III 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 pGK216 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 pGVO310. Plasmid pGK217, containing all of 
the virB operon was constructed by ligating, again in the 
correct orientation for virB transcription, the distal HindIII 
fragment of pGVO310 into partially digested pGK216 at 
its second HindIII site. A premature translation stop in 
VirBll made made by digestion of pGK217 with Asp718 
at the single site in VirBll,  using Klenow enzyme to form 
blunt ends, and religating to generate pGK218. A subclone, 
pGK219, expressing VirBl, VirB2, VirB3 and the first 
84 amino acids of VirB4 was made by ligating virB se- 
quences from an exonuclease III deletion in pUC119 into 
the expression vector T7-7 (gift from F. Studier). The virB 
sequences were removed from pUC119 with EcoRI and 
HindIII 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 VirBl0 
was made from an exonucleaselII deletion in pUCII9 
which begins just inside the virB9 coding region. The virB 
sequences were removed from pUCII9 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 virBlO coding se- 
quence as the distal EcoRI site begins 1 bp after the TAA 
translation stop of virBlO. 

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 
to 0 . 5 - 1 . 0 0 D 6 o  o were induced with 0.4 gM isopropyl-thio- 
/%galactoside (IPTG) for 1 h and then treated with 200 gg/ 
ml rifampicin for 1 h before harvesting. After 1 to 3 h of 
induction, cells were labeled with 5 pCi/ml of Translabel 
for 10min and harvested by centrifugation. Maxi cells 
(strain RB901) were prepared by a modification of the 
method of Sancar et al. (1981). Cells (5 ml; O D 6 o o = 0 . 5  - 
1.0) were irradiated for 40 s in plastic petri dishes at 
360 ergs/mm z 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 gCi/ml of [35S]methionine/cysteine for 
30 min and harvested by centrifugation. Labeled cells 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 nopa[ine 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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NAME 1 2 3 4 5 6 7 8 9 10 11 

ORF 26.2 12.3 11.6 87.7 23.3 31.9 5.8 26.0 32.2 40.6 38.1 

S H S H A H 

I I I I I I 

Fig. 1. Predicted 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, SacI; H, HindlII; 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 SacI 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 nueleotides 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 m R N A  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 Agrobaeterium (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 eodon 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 •986) have provided evidence 
that the region encompassing the virB 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 VirBl0 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, lanes2, 5, 6, l i) .  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 VirBl0 polypeptide appears to 
migrate as a diffuse rather than a sharp protein band. 

VirB6, VirB7, and VirB8 do not fulfill our criteria for 
translational initiation. There are two possible initiation 
(ATG) start sites upstream of the V i r B 6 0 R F ,  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 6 a start does not interfere with translation of VirB5 
(Fig. 3 B, 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. •987); 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 



1 T CGC TGAG CT CGGACATAGGATAGTCGGCATAGGCGGATACCCTCGCCACGCAAATGGCG 

61 C GAT CGACAC CCT GATC GGAC, C CT GCGAAGTGCCACAGTT TATTGGAAC CATCCCCCGTT 

121 CAATTC CGCC C TGGAAT TTCAACT TCGACGGCATTCTAGATCCT CGCCGTTGTCTTAGAG 

181 AG CCATCT TT C GTCGGC GCACC CTTAAGT GCATGGAAAGCCGTTTTTCGCTTCAAATGAA 

241 AT CGAAAAGAAGAAAACAAAAATCCTAGAGTAACC GACCCTC CCGATAATCGT GAACATC 

301 AGATGACAGCATTTCTTC CGAC CGAAGTGGCTGTGTTGGTTATGAGC TT GGGGAGATGGG 
OP21 
M L K A T G P L S I I L L A S T C P S S 

361 GAAT GTTGAAG~CAACAGGGCC GCTGTC GATTATCTTACTGGCCTCCACGTGCCC GTCGA 

G A A P L S F A E F N N F A R E C A P S 
421 GTGGTGCTGCCCCACTTTCATTTGCTGAGTTCAATAATTTTGCACGCGAATGCGCTCCAT 

V A p S T L A A I A Q V E S R F D P L A 
481 C C GT TGCT CCATCTACGCTTGCAGCGATCGCTCAGGTCGAAAGTCGCTTTGATCCGCTTG 

V H D N T T G E T L H W Q N Q A Q A T Q 
541 CT GT GCATGACAATACCACC GGCGAAAC GCT TCACTGGCAC~CCAGGCTCAAGCAACGC 

V V M D R L E A R H S L D V G L M Q I N 
601 AAGT CGTGAT G GACCGT CTCGAAGCACGGCATTCGCTGGATGTTGGGCT CATGCAGATCA 

$ R N F S V L G L T P D G A L Q P C T S 
661 ATTC CC GGAATTT TTCCGTGCTCGGTCTGACACCT GAC GGAGCC CTTCAACCTTGCACGT 

L S V A A N L L G S R Y A G G N T A D D 
721 CATTAT CT GT C GCCGCAAACTT GCTT GGGAGCC GCTAC GCTGGC GGCAACACGGC TGACG 

E Q L S L R R A I S A Y N T G D F T H G 
781 AC GAGCAATTGTCGC TT CGTCGGGCAAT C TCCGCC TATAACACCGGTGATTTCAC GCACG 

F A N G Y V R K V E T A A Q Q L V P P L 
841 GC TT CG CGAAC GGCTACGT GCGAAAAGTT GAAACGGCCGCTCAACAGCTCGTCCCCCC GT 

T A R  P K D DR E KP G S E E TW. D V W  
901 TAAC CGCGCGTCCAAAAGATGATC GT GAGAAGCCGGGATCCGAGGAAACAT GGGAT GT TT 

G A Y K R R S P E G G A G G S S G P P P 
961 GGGGGGCATATAAGC GT CGT TCCC CGGAGGGCGGAGC TGGCGGGTCATC CGGT CCGCCTC 

P P D E D N R K S E D D D Q L L F D L N 
1021 C GCCGC CAGACGAGGACAAC CGCAAATC CGAAGACGACGATCAACT CTTGTTCGACTTAA 

Q G G P Q * ~P.F2 
M R C F E R Y R V H L N R L 

1081 ATCAAGGAGGTCCG CAATAATGCGATGCT TTGAAAGATACCGTGTACATCTGAATCGCCT 

S L S N A V M R M V S G Y A P S V V G A 
1141 C T CGCTCTCGAAC GCGGTGATGCGCATGGTATCCGGCTATGCGC CGAGC GTGGTCGGTGC 

M G W S I F S S G P A A A Q S A G G G T 
1201 AATGGGGTGGAGCATTTTC TCC TCTGGGC CGGC CGCGGCCCAATCTGCAGGTGGCGGCAC 

D P A T M V N N I C T F I L G P F G Q S 

1261 T GACCCAGCCACAA~T TA~C~ACATATGCACGT TTATCCTTGGTCCGT TCGGC CAGTC 

L A V L G I V A I G I S W M F G R A S L 

1321 A C TC GC TGTT C TT GGCATCG TGGCCATCGGAAT CTCCTGGAT GTTCGGTCGCGCTTCACT 

G L V A G V V G G I V I M F G A S F L G 

1381 C G GT CT CGTT GCC GGCGTCGTC GGCGGCATTGTCATCATGTTTGGAGCCAGCTTCC TGGG 

K T L T G G G~R~;M N D R L E E A T L y L 

1441 CAAAACGC TGAC TGGAGGTGGC TAAT GAATGATCGTCTGGAAGAAGCAACCC TTTACTTG 

A A T R P A L F L G V P L T L A G L L V 
1501 GCGGCGACACGGCCCGCATTGTTTCTTGGCGTGCCGCTGACGTTGGCGGGGCTACTCGTG 

M F A G F V I V I V Q N P L Y E V V L V 
1561 AT GTTT GCCGGCT TTGTCATCGTCAT CGT TCAGAACCCGCTGTACGAAGTCGTTCT CGTG 

P L W F G A R L V V E R D Y N A A S L V 
1621 CC CT TGTG GT T CGGAGC GC GGCTTGT GGT GGAACGAGACTATAACGCGG CCAGCCT CGTT 

L L F L Q T A G R S V D G L I W G G A T 
1681 C TAC TT TTTTT GCAGACGGCGGGAAGGAGCGTT GATGGTCTGATTT GGGGC GGCGCAACG 

O~F4 M L G A 
L S P N P I K V P A R G R G M A * 

1741 CTTAGCCCAAATCCAATCAAGGTTCCCGCGCG~C~GAGAGGAAT~GCGTAATGCTCGGAG 

S G T T E R S G E V Y L P Y V G M V S D 
1801 CAAGTG GCACAAC CGAAAGGTCTG GC GAGGTCTAT CTACC CTACGTCGGGCACGTCAGCG 

H I V L L E D G S I M T M A H V S G M A 
1861 AC CATATT GTC CT TC TAGAAGATG GATCGAT CATGAC GATGGCG CAC GTAAGTGGCAT GG 

F E L E D A E M R N A R C R R F N T L L 
1921 C C TT CGAACT C GAAGATGC C GAAATGCGCAATGCACGT TGCCGT CGATTTAATAC GCT CT 

R N I A D D H V S I Y A H L V R H D D V 
1981 T GCG CAATAT C GC TGAT GAT CATGTGTCAATATAT GCT CACCTCGTACG TCAT GAC GATG 

P P S P A R H F R S A F S A S L S E A F 
2041 TGCC GC CGTCACC CGCGCGACATTTCCGCAGCGCT TTTTCCGCCAGT CTGAGCGAAGCTT 

E E R V L S G K L L R N D H F L T L I V 
2101 TTGAGGAGCGCGT TCTC TCC GGCAAACT C CT TCGCAAT GACCAC TTCCTTACGCT GAT CG 

Fig. 2 (continuation see page 260) 
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S P R A A L G K V R R R F T K R Y R Q K  
2161 TGTC TC CC CGGGCCGCGCT TGGCAAAGTGAGGAGAAGGTTCACCAAACGCTACAGACAAA 

E N D L T A Q T R N L E D L W H L V A G 
2221 AAGAAAACGATCT CACAGCTCAAACCAGGAACC TG GAAGATCTC TGGCATCTTGTCGC TG 

A L E A Y G L R R L G 7 R E K Q D V L F 
2281 GCGCTCTCGAAGCGTACGGCCTGCGTCGTCTTGGTATTC GTGAGAAGCAAGATGT GC TT T 

T E V G K A L R L I M T G R F T P V P V 
2341 T TACGGAGGTTGGAGAAGC TCTGCGGCT GATAATGAC TGGTCGATTCACG CC GGT TC CCG 

V S G S L G A S I Y T D R V I C G K R G 
2401 T CGTTAGCGGTTCGCT CGGCGCCTC GAT CTATAC CGACC GAGTTATTT GCGG CAAGC GGG 

LE I'R TP K D S Y V G  S I Y S F R E Y 
2461 GACTCGAGATCC GAACACCAAAAGATAGTTAT GTGGGATCTATTTACT CG TT TC G CGAAT 

p A T T R P G M L N V L L S L D F F L V 
2521 ACCCC GCAACGACGCGAC CGGGTATGC TCAAC GT GCTACTGTCTCTCGATTT TCC GC TTG 

L T Q S F S F L T R S Q A H S K L S L K 
2581 TTCTGAC GCAGAGCTTCTCGTTTCTGAC TCGC TC GCAAGCC CACTCGAAGCTCAGCC TCA 

S S Q M L S S G D K A V T Q I S K L S E 
2641 AGTCCAGCCAAATGTTGAGTTCT GGCGACAAAGC CGTCACC CAAATCAGCAAGTTAT CCG 

A E D A L A S N E F V L G A H H V S L C 
2701 AGGCGGAGGACGCACTAGCGAGCAACGAATTC GTATT GGGGGC GCATCATGT GAGTCTTT 

I Y A N D L N N L A D R G A R A R T R L 
2761 GCATATATGCAAATGATCTCAATAATCTTGCAGATAGAGGTGCCCGCGCCCGGACGCGAT 

A DA G ' A V V V Q  E G I G ME A A Y  W S 
2821 T GGCGC~ATGC GGGAGCTGT TGTTGT CCAAGAGGGCATCGGCAT GGAGGCG GC TTATTGG T 

Q L P G N Y K W R T R P G A I T S R N F 
2881 CGCAGCTGCCAGGCAACTATAAGTGGCGCACGCGTCCGGGAGCGATCACATCGCGCAACT 

A G L V S F E N F P E G S G S G H W G N 
2941 TCGCT GGTTTAG TC TCAT T CGAGAATT TTCCC GAGGGATCC GGCT CAGGT CACT GGGGCA 

A I A R F R T N G G T P F D Y I P H E H 
3001 ACGCGATTGCGCGCTTTCGTACCAATGGTGGAACCCCTTTCGACTACATCCCGCACGAGC 

D V G M  TA IF G p I G R G~" T T LM T 
3061 ACGAT GTCGGCATGAC GGC GATATT CGGTCCCAT CGGGAGGGGT~.%AACGAC GC T CATGA 

F I L A M L E Q S M V D R A ~ A V V L F 
3121 CCT TTATCCT CGCGAT GCTCGAGCAGAGCATGGTCGACC GC GC Gu .TGCGGTTGTCCTCT 

D K D R G S E L L V R A T G G T Y L A L 
3181 TCGACAAGGACCGCGGCAGTGAGCT GCTGGTT CGCGCCACCGGGGGAACATATTT GGCG C 

R R G A P S G L A P L R G L E N T A A S 
3241 T CC GTAGAGGAGCGCCGAGCGGATTGGC GCCATT GCGTGGCCTGGAAAATACAGC GGCTT 

CACATGATTT TCTGCGCGAAT GGAT CGTGG CGCT CATTGAGAGCGATG GCCG TGGAGGGAA H D F L R E W I V A L I E S D G R G I 3301 

S P E E N R R L V R G I H R Q L 3 F D p 
3361 TATCCCCCGAGGAAAATCGCCGT CTGGT GCGG GGTAT CCAT CGGCAGCTC TCGT T TGATC 

H M R  S I A G LR E F L L }{G P AE G A 
3421 CCCACAT GCGCTCAATCGCGGGGTTACGCGAATT TT TGT TGCATGGAC CCGCCGAAG GG G 

G A R  LQ R W C R G N A  L G W A  F D G E 
3481 CGGGAGCGAGAC TCCAACGCTGGTGCC GTGGCAATGCACTAGGCTGGGCTTT CGACGGCG 

L D E V K L D P S I T G F D M T H L L E 
3541 AGCTCGACGAAGTAAAGT T GGATCCTT CGATTACTGGTTTC GACATGACG CATC T TCTCG 

Y E E V C A A A A A Y L L H R I G A M V 
3601 AATATGAGGAAGTATGCGCTGCCGC CGCAGCATATCT TC TG CACC GCATT GGAG CCAT G G 

D G R R F V M S C D E F R A Y L L N P K 
3661 TTGACGGCC GTC GGTTTGTGATGAG TTGCGAT GAGTTTC GCGCCTATT TGCTAAATCCTA 

F A A V V D K F L L T V R K N N G M L I 
3721 AAT TT GCGG CGGTCGT CGACAAGTTCCTGCTTAC TGT CCGCAAAAACAATGGGAT GCTGA 

L A T Q Q P E H V L E S O L G A S L V A 
3781 TAC TGGCAACGCAGCAACCTGAGCATGT CC TGGAATCGCAGCTAGGCGCCAGTCTCG TC G 

Q C M T K I F Y P S P T A D R S A Y I D 
3841 CGCAATGTATGACGAAGATTT TCTATCC TT CACC CAC GGCAGATC GAT CGGCTTACATC G 

G L K C T E K E F Q A I R E D M A V G S 
3901 ATGGACTGAAATGTAC TGAAAAGGAATT TCAGGC GATCCGT GAAGACATG GCAG TAGGTA 

R KF L LK R E'S G S V V  C E F D LR E 
3961 GCC GGAAGT TTCTGCTTAAAC GAC.AAAGC GGAAGCGTCGTCTGC GAATTC GATC T GCG~ 

M R E Y VA'V LS G R A N TV R F A D Q 
4021 AAATGCGCGAATATGTC GCCGTACTTTC GGGGCGCGCCAACACGGTGCGCTTC GCGGAT C 

L R K V Q G D N P S A W L S E F M A R y 
4081 AGC TTCGCAAAGTACAGGGGGACAACC CATCAGCCT GGCTCAG CGAAT TTAT GGc TCGTT 

H E A K D * 
(~5 M K I M Q L V A 

4141 ACCAC GAGGCAAAAGAT TGAT CA~GTGGGGAACTAT GAAGAT CATGCAACTT GT TGC T 

A A M A V S L L S V G P A R A Q F V V S 
4201 GCGGCCATGGCCGTCAGCCTTCTTTCGGTCGGGCCCGCGCGGGCGCAGTTCGTTGTCAGC 

D P A T E A E T L A T A L E T A A N L E 
4261 GAT CC GGCGACGGAAGCTGAGAC GCTGG CGAC GGCGC TC GAGACT GCGGCAAAT C TC GAA 
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Q T I T M V A M L T S A Y G V T G L L T 
4321 CAGACCATAACGATGGTGGCGATGTTAACC TCGG CTTATGGCGTCACCGGCC TAC TAACT 

S L N Q K N Q Y P S T R D L D T E M F S 
4381 T CGCTCAACCA~TCAG TATCCCT CGACCAGG GAC TTGGACACG GAAATGT TT TCG 

P R M PM S T~T AR A I T T D T D R A V 
4441 CCGCGAATGC CAAT GTCGACCACGGCAC GTGCGATCACCACCGATACAGATCGC G CCGTA 

V G G D A E A D L L R S Q I T G S A N S 
4501 GTTGGTG CCGACGCTGAAGCGGATC TGTTGCGATCGCAGATCACCGGTTC CG CAAATAGC 

A G I A A D N L E T M D K R L T A N A E 
4561 GC GGGCAT TGCGG CTGACAACC TGGAGACGATGGACAAACGCTTAACAGCGAATGCCGAG 

T S T Q L S R S R N I M Q A T V T N G L 
4621 ACCTCGACACAGC TTTCTCGCTCTCGCAATATCATGCAGGCAACCGTTACCAACGG TTTG 

L L K Q ~ H D A M I Q N V Q A T S L L T 
4681 CTTCTCAAGCAGATCCATGACGCAATGATTCAAAATGTACAGGCGACCAGCTTGTTAACG 

OR~6a M R R K R R P L N V R S 
M T T A Q A G L H E A E E A A A Q R K E 

4741 ATGACCAC CGC GCAG~CTGGCCTTCATGAGGCGGAAGAGGCGG CCGCTCAACGTAAGGAG 

I K R L R S S L G P S P E T G R L I R A  
H Q K T A V I F G A V F * 

4801 CATCAAAAGACTGCG GTCATCT TT GGGGC CGTC CCCT GAGAC TGGGCGACTTATTC GTGC 

A H L H I S G C E F I V S D I L R Q A S 
4861 C GCC CATC TGCACATTTCAG GATGCGAGT TCAT TG TATCCGACATTCTGCGACAAGCCAG 

ORF6b 
Q G Q V Q T M N F T I P A P F T A I H T 

4921 T CAAGGT CAGGTCCAAACGATGAATTTCACGATCCC GGCGCCGTT TACGGCCATTCATAC 

I F D L A F T T S L D T M L G T I Q E A 
4981 GATC TTCGAT C TAGC CT TTACGACAAGCC TGGACACAATGCTTG GGACGATCCAAGAGGC 

V S A P L V A C V T L W I I V Q G I L V 
5041 GGTGAG CGCGCCATTGGTCGCC TGCGTCACTCT TTGGATTAT CGTTCAGGG TATTCTG GT 

M R G E I D T R G G I T R V I T V T V V 
5101 CATGCGTGGCGAAATCGACACGCGCGGCGGTATCACTCGGGTGATCACGGTCACCGTCGT 

V A L V V G Q A N Y H D Y V v S V F E E 
5161 T G TTGC CCTT G TCGT CGGGCAG GCCAAC TAC CACGAC TAT GTGGTT TCAGTCTTTGAAGA 

T I p N F I Q Q F S G S G L P L Q T I P 
5221 GACGAT TCCAAAC TT TATT CAG CAGT TTAGT GGCAGCGGC CTGC CTCTG CAGACCATTCC 

A Q L D T M Y A L T Q A A F Q R I A S E 
5281 C G CT CAGC TC GATACAATG TTC GCCC TAACCCAGGCTGCATTTCAGAGAATTGCATCT GA 

I G P M N D O D I L A F O G A Q W V F Y 
5341 AATCGGCCCGATGAATGACCAGGACATCCTTC, CTTTCCAGGGGGCTCAGTGGGTCTTTTA 

G T L W S A F G I Y D A V G I L T K V L 
5401 CGGCACGCTCTGGTCTGCCTTCGGAATCTACGACGCCGTCGGAATTCTCACGA~GTGCT 

L A I G P L I L T G Y I F D R T R D I A 
5461 T C TGGCGATCGGC CC TT TGATC CT CACG GGATATATC TTTGATC GCACGCGCGACATCGC 

A K W I G Q L I T Y G L L L L L L N L V 
5521 GG CAAAGTGGATC GGGCAAC TTATCACC TAT GGTCTCCTACTTC TCCTG CTAAACC TCGT 

A T I V I L T E A T A L T L M L G V I T 
5581 G GCGACAATAGTCATCC TAACC GAAGCGACT GCAC TCACGCTTATGCTTGGTGTAATCAC 

L A G  T T A A K  I I G I, YE L D M F  F L 
5641 CCTTGCCGGTACGACCGCGGCCAAGATCATTGGTCTTTACGAACTCGACATGTTCTTTCT 

T G D A L I V A L P A I A G N I G G S Y 
5701 GACTGGTGACGCACTCATTGTCGCTTTGCCGGCAATCGCCGGCAACATCGGAGGCAGTTA 

W S G A T Q S A N S L Y R R F A Q V D R  
5761 T T GGAGCG GC G CGACCCAAT CTGCCAACAGCTT GTACC GTCGCT TCGCTCAGG TC GAT CG 

TC GT T;GGTCCCGCAAAAAAATT CAC GTCGGTGGAGAAC TCTATGAAATATTGCCTGCTG R ORF7 M K Y C L L 5821 

C L A L A L G G C Q T N D K L A S C K G 
5881 TGCCTGGCTCTCGCTTTAGGCGGCTGCCAGACAAACGATAAATTGGCGAGCTGCAAAGGC 

p ~ F P L N V G R W O P T P S D L 0 L S 
5941 CCAATATT CCC GC TGAATGT GGGGCGATGGCAGCC TAC GC CGTCAGATCTT CAGCTCAGC 

ORFSM K G S E Y A L L V A R E T L 
N V G G R H ~ G V * 

6001 AACGTA~TGG TCG CCAT GAAGGGGTC TGAATACGCCTTGC TAGTAGC GCGGGAAACCC T 

A E H y K E A F O T A R A K S A R R L S 
6061 G GCT GAGCAC TACAAGGAAG CTTTCCAAACTGCGC GTGCGAAATCAGCGCGGCGCCTC TC 

K V I A A V A T I A V L G N V A Q A F T 
6121 CAAGGT CATT GCAGC TGTCGCAACCATCGCGGTTTTGGGGAATGTTG CGCAAGCCTTCAC 

I A T M V P L I R L V P V Y L W I R P D 
6181 AATTGC CACCATGGT GCCGC TGAT CAGGCTT GTGCCGGTATATCTT TGGATACGGCCGGA 

G T V D S E V S V S R L F A T Q E E A V 
6241 TGGCACCGTTGACAGCGAG GTGTCCGTC T CCCGAT TGCCT GCAACT CAAGAGGAGGCCGT 

V N A S L W E Y V R L R E S Y D A D T A 
6301 CG TTAACGCCTCACTGT GGGAGTATGTT C GGCT GCGCGAGAGCTATGATGCCGATACCGC 

Q y A y D L V S N F S A P M V R Q N Y Q 
6361 C CAGTATGCCTAT GACC TG GTC TC GAAC TTCAG CGCC CCAAT GGTGCGCCAAAAT TATCA 

Fig. 2 

Q F F N Y P N P T S P Q V I L G K H G R 
6421 GCAATT CTTCAAT TATCCCAAT CCAACTT CGCCTCAAG TCATCCTCGGCAAACACGGCAG 

L E V E H I A S N D V T P G V Q Q I R y 
6481 G CTAGAGG TCGAACACATCG CT TC GAATGAT GTTACTCCGGGTG TG CAGCAAATTC GCTA 

K R T L I V D G K M P M A S T W T A T V 
6541 TAAGCGAACCC TCATCG TTGACGGCAAAATGCCGATGGCGAGCACTT GGACTGCTACGGT 

R Y E K V T S L P G R L R L T N p G G L 
6601 TCGT TATGAAAAG GTGACCAGC TTGCCC GGCAGATTGAGACTGACCAACCCGGGAGGC TT 

V V T S Y Q T S E D T V S N A G H S E p 
6661 GGTTGTCACCTCCTACCAGACATCGGAAGATACCGTTTCGAACGC~Qu~CCACAGCGAAcc 

* ORF9 
M T K K A F L T L A C h L F A A I G A R 

6721 ATGACGAAAAAAGCATTTC TCACTCTGGCATGTTTAC T TTTTGCGGCGATT GGCGCGAGG 

A E D T P T A G R L D P R M R Y L A Y N 
6781 GCT GAAGACACGCCAACGGCGGGCAGACTTGATCCGCGCATGC GTTATCT CGCTTACAAT 

P D Q V V  R I~S T A V  GA T L V V T  F G 
6841 CCCGATCAAGTGGTGCGCCTTTCAACGGCGGTTGGAGCCACTT TGGTTGT TACT TTCGGG 

A N E T V T A V A V S N S K D L A A L P 
6901 G CTAACGAAACGGTGACAGCTGTTGCCGTT TCCAATAGCAAAGATC TCGC GGCCC TTCCA 

R G N Y L F F K AS K V L P P Q P V'VV 
6961 CGCGGAAATTATCTTTTCTTCAAGGCTAGCAAGGTTCTCCCACCCCAGCCAGTGGTCGTG 

L T A S D A G M R R Y V F S I S S K T L 
7021 CTAACTGCGAGTGACGCC GGTAT GC GAC GCTACGTTT TCA~CATC T CTTC CAAGAC GCTG 

P H L D K E Q A D L Y Y S V Q F A Y P A 
7081 CCGCACCTCGATAAAGAGCAGGC CGAT CTC TACTATAGC GTACAAT TC GC TTACC CT GC C 

D D A A A R Q K A A Q E K A V A D R I R 
7141 GATGACGCAGCGGCTCGCCAGAAGGCGGCACAAGAGAAGGCTGTTGCAGACCGTATACGT 

A E A Q Y Q Q R A E G L L E Q P A T T V 
7201 GCG GAAGCGCAATATCAACAGAGAGCAGAGGGTT TATTGGAGCAGC CTGCCACGACCGTT 

G A E D K N W H Y V A Q G D R S L L P L 
7261 GGT GCCGAGGACAAGAATTGGCACTATGTCGCTCAGGGC GATCGTT CG CTGTTG C CGCTC 

E V F D D G F T T V F H F P G N V R I P 
7321 GAAGTCTTCGATGATGGATTTACGACGGTATTTCACTTCCCAGGTAATGTAC GCATACC C 

S I y T I N P D G K E A V A N Y S V K G 
7381 T CCAT CTACACGATAAATCCGGATGGAAAGGAAGCTGTC GCTAAC TATTCAG TCAAAGGG 

S Y V E I S S V S R G W R L R D G H T V  
7441 AGCTATGTC GAGATTTCTTCGGT TTCCCGTGGT TGGCGTCTGAGGGA~CCACAC GGTA 

~Ur lOa  
M H L E Y R L R S R R P Q A G D G H C E 

L C I W N T A Y D P V G R R P E T G T V 
7501 TTATGCATTTGGAATACCGCCTACGATCCCGTCGGCCGCAGGCCGGAGACGGGCACTGTG 

ORFI0b 
A R C E A R P K G G E R M N D D N Q Q S 

R p D V K R V L K E V R G * 
7561 AGGCCCGAT GTGAAGCGCG TC CTAAAGGAGGTGAGAGGAT GAAC GACGACAAT CAGC AAT 

A H D V D A S G S L V S D T H H R R L S 
7621 CGGCGCATGATGTCGATGCGTCGGGGTCCCTGGTCTCCGACACACATCACCGGCGCCTTT 

G A Q K L I V G G V V L A L S L S L I W 
7681 CGG GGGCTCAAAAG TTGAT CGTAGGAGGTGTAGTTC TCGCGCTATCAC TTAGCC T CATTT 

L G G R E K K E N G D A P P S T M I A T 
7741 GGC TT GGCGGGCGT C~GAAGGAAAACGGGGACGCACCC CC GTCAACCATGATCG CCA 

N T K P F H P A P I D V T L D P P A A O 
7801 CGAACACCAAGCCATTTCATCCGGCTCCGATTGACGTTACACTTGATCCTCCGGCTGCCC 

E A V Q p T A P P P A R S E P E R H E P 
7861 AGGAAGC TGTTCAGCC GACTG CTCC TCCGC CAGCACGAAGT GAGC CGGAACG GCATGAGC 

7921 CGCRGG~CGGEAAETcAcP CITTTFT TGAC GTYAcTc SGTGGT ~TCQAA~GGTccAS G cKG~ 

V Q Q G E T D R R R E G N G E D S F L P  
7981 GCG TT CAACAAGGCGAAAC GGAC CGAAGACGCGAAG GCAATGG GGAAGACAGTC CTTTGC 

K V E V S A ~ N D L S I R M K P T E L Q 
8041 CGAAG GT CGAAGTGTC CGCCGAGAATGATCTC TCGATAC GCATGAAGCCCACCGAGC TG C 

P T R A T L L P H P D F M V T E G T I I 
8101 AGC CCACCAGGGCTACGCT CTTGCCTCATC CCGACT T CATGGT GACGGAG GGGAC GATTA 

p C I L Q T A I D T S L A G Y V K C V L 
8161 TTCCATGTATCTTGCAAACGGCAATCGACACCAGTCTGGCAGGCTATGTAAAATGCGTGT 

p W D V R G T T N N V V L L D R G T T V 
8221 TACCCTGGGATGTTCGTGGAACAACGAACAACGTTGTGCTTCTTGATCGCGGCACCACCG 

V G E I O R G L Q Q G D A R V F V L W D 
8281 T TGTTGGCGAGATCCAGCGCGGTTT GCAACAGGGAGATGCGCGTGT TTTT GTGCT CTGGG 

R A E T p D M A M I S L A S P S A D E L 
8341 ATCGGGCGGAGACACCCGACCAT GCCATGATTTC GCTTGCG TCACCAAGCGC TGACGAAC 

G R S G L P G T V D N H F W Q R F S G A  
8401 TCGGTCGCT CGGGATTGCCGGGCACCG T CGACAATCACTTC TGGCAGCGC TT TAGCGGG G 

M L L S V V Q G A F Q A A S T Y A G S S 
8461 CCATGCTCTTGAGTGTCGTCCAAGGTGCCTTCCAGGCAGCGAGCACCTACGCTGGCAGCT 



G G G T S F N S V Q N N G E Q T A D T A  
8521 CGGGT~AGG~CGAGCTTC~CAGCGTCCAG~T~CGGTG~CAAACGGCAGACACAG 

L K A T I N I P P T L K K N O G D T V S  
8581 CCCTC~GGC~CGATC~TACCGCC~CCCTC~C~G~TCAGGGC~CACGGTCT 

I F V A R D L D F S G I Y O L R M A G R  
8641 CCATTTTTGTCGCACGGGATCTC~TTTCTCAGGCATATACCAGCTTCGTATGGCTGGTC 

A A R G R D R R P *  
8701 GCGC~CGCGGGGGCGG~TCGCCGTCCAT~CG~TTC~CTTATCACTTACAGATGGA 

~IIM E V D P O L R I L L K P I L E 
8761 ~TAC~TAC~TG~GGTG~TCCGC~TTACG~TCCTTCTC~GCCGATTTTGG~ 

W L D D P R T E E V A I N R P G E A F V  
8821 TGGCTCGATGACCCGCGGACCG~G~GTTGCGATA/%ATCGACCTGGGGAGGCATTTGTG 

R Q A G A F L K F P L P V S Y D D L E D  
8881 C~CAGGCCGGC~CTTCCTC~GTTCCCTTTGCCTGTCTCCTATGACGATCTCG~T 

I A I L A G A L R K Q D V G P R N P L C  
8941 ATCGCTATTTTA~AGGCGCGCT~GAAAACAGGACGTTGGACCACGC~CCCACTTTGC 

A T E L P D G K R L Q I C L P P T V P S  
9001 GCAACTG~CTTCCAGACG~GCGGCTGCA~TCTGTTT~CGCCGACGGTACCATCG 

G T V S L T I R R P S S R V S S L K E V  
9061 GGCACCGTCAGCTTGAC~TTC~CG~C~GTTCCCGTGTTTCTAGTCTC~J~AG~GTC 

S S R Y D A P R W N Q W K E R K K R H A  
9121 TCGTCCCGTTACGATGCTCCGAGGTGGAATCAGTGC~AAGG~CGAA~CGGCATGCT 

Q H D E A I L R Y Y D N G D L E A F L H  
9181 CAGCATGATG~GCTATCCTTCGGTACTATGAC~CGG~ATCTGGAGGCGTTTCTGCAC 

A C V V G R L T M L L C G P T G S G K T  
9241 GCATGTGTCGTTGGTCGGTT~CGATGCTGCTTTGCGGACCCACCGG~GTGGC~CA 

T M S K T L I N A I P P Q E R L I T I E  
9301 ACGATGAGC~CCTT~TC~CGCTATCCCGCCGCAGGAAAG~T~TTAC~TCG~ 

D T L E L V I P H E N H V R L L Y S K N  
9361 GATACGCTCG~CTCGTCATTCCACACGAC~CCACGT~GGCTGCTTTATTCT~GAAT 

G A G L G A V T A E H L L Q A S L R M R  
9421 GGGGCTGGGCTGGGCGCAGTTACCGCTGAGCACCTGCTACAGGCTAGCCTGCG~TGC~ 

P D R I L L G E I R D D A A W A Y L S K  
9481 CCGGACCG~TACTGCTCGGCGAGATACGCGAC~TGCCGCGTGGGCTTATCT~GTG~ 

V V S G H P G S I S T I H G A N P V Q G  
9541 GTCGTCTCAGGGCATCCGGGATCGATTTCCAC~TACATGGTGCC~TCCCGTCC~GGT 

F K K L F S L V K S S A Q G A S L E D R  
9601 TTC~GCTATTTTCGCTCGTG~GCAGCGCTCAGGGGGCTAGCTTGC~GATC~ 

T L I D M L A T A V D V I V P F R A H G  
9661 ACCCTGATTGACATGCTCGC~CCGCAGTTGATGTCATCGTACCCTTCCGTGCCCACGGT 

D I Y E V G E I W L A A D A R R R G E T  
9721 GACATTTACGAGGTGGGCGAAATCTGGCTCGCTGCCGATGCGCGTCG~GCGGTGA~CA 

I G D L L N Q Q "  
9~81 ATAGGCGATCTTCTT~CCAGCAGTAGTTGT~TC~TGTTTCT~.%ATGCCGCATGGCGC 

9841 GTTGTAG~TTACGTTTGTAGC~TGCTCAGC~TCTTTGTCATC~M~ACGGAGACATCTA 

9901 GTTTGCATTTCTGTCGTGCGCGGTTTGGTCGA~TCTTGCCGAAATGCCCGTGTAGTGAG 

9961 AGAA~TTAAA~GTGGAGTCTAGCA~TAC~CCTTTACGTGTATAAATTCTGTT~GC 

Fig. 2. Nucleotide sequence and predicted amino acid sequence 
of the pTiC58 virB 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 virB promoter region and ends with the virB, 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 V i rB70RF  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 V i r B 8 0 R F  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. 3 B, lanes 2, 5, 6), we feel that the assignment of  the 
start of this ORF 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 VirBS. 

Verification o f  predicted prote& sizes o f  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 
ORF 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 I0 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 [35S]methionine/cysteine, the 
predicted fusion to VirB1 at 30 kDa (i.e. V i r B 1 0 R F  plus 
18 anaino acids), VirB2, VirB3 and the first part of VirB4 
can all be seen by SDS-PAGE when compared with controls 
without induction (Fig. 3 B, lanes 9, 10, 1 l). An exact as- 
signment of the individual VirB2 and V i r B 3 0 R F s  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 pGVO310 (Fig. 3 A) in maxi cells 
revealed six new protein bands as compared with the vector 
control, pBR322 (Fig. 3 B, 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- 
terium sequences upstream of the first ORF as a constrnct 
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 (pUCll9)  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 pGVO310 contains 
the entire virB operon in addition to virA, 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 pUCI I9  control (data not shown). A protein band for 
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Table 1. Criteria for selection of translation initiation sites for VirB ORFs 

ORF 1 2 3 4 5 6a 6b 7 8 9 10a t0b ll 

SD + + + + + - - + + _+ - + + 
Spacing + + + + + - - + - _+ - + + 
Coupling - + + + . . . . .  + - + - 
Predicted size 26.2 12.3 11.6 87.7 23.3 38.4 31.9 5.8 26.0 32.2 44.3 40.6 38.1 
Observed Size 28.0 ~ 13 a ~ 13" 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 ATG 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 
a Since we have not determined the order of migration of VirB2 and VirB3 they are given the same approximate size 

VirBl 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 fl-lactamase from the vector 
and is thus obscured. Plasmid pGK216 with additional virB 
sequences (Fig. 3 A) shows the expected proteins for VirB4, 
VirB5, and VirB6 at 80, 23 and 37 kDa respectively 
(Fig. 3 B, lane 4). The V i r B 7 0 R F  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 VirBll. 
To determine the identity of VirB10 and VirBll as either 
the 38 or 51 kDa proteins observed, a translation stop was 
created in VirBll 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 VirBll and the 51 kDa band 
is VirB10 (Fig. 3 B, 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 Vi rB90RF 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 VirBl0, the 
28.5 kDa band must correspond to VirB9 and this agrees 
well with the predicted mobility of the Vi rB90RF.  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. 3 B, lanes 2, 4, 5, 
6). The other area of difference between octopine and nopa- 
line sequences is in the region of virB9 and virBlO of the 
nopaline sequence. One of the published octopine se~luences 
predicts only one larger ORF of 72 kDa (designated virBlO; 
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 virBlO) similar in size to those specified in nopa- 
line designated virB9 and virBlO. Expression studies con- 
firm that two proteins of 51 and 27 kDa apparent molecular 
weight are encoded by this region (Fig. 3 B, 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 
VirBl, 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 pTi15955; VirB8 nopaline 
is homologous to VirB9 of pTiA6 and VirB8 of pti15955; 
VirB9 nopaline is homologous to VirB9 of pti15955 and 
to the first half of VirB10 from pTiA6; VirB10 nopaline 
is homologous to VirBl0 of pTi15955 and to the second 
half VirBl0 from pTiA6; the VirBll 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, virA 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. eoli 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-fl- 
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 o f  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 Agrobacterium 
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 Vi rBl l  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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1 2 3 4 5 6 7 8 9 10 11 
~-- --D,--.-D,. D- ~ ~ ~ ~ ~ m- D- pTiC58 
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1 2 3 4 5 6 7 8 9 lOb 11 
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25.9 12.0 11.8 21.6 65.8 23.6 31.7 5.9 26.1 72.7 38.0 

Fig. 4. Comparison of ORFs of virB operons from three different Ti plasmids, pTi15955 virB ORFs are from Thompson et al. (1988) 
and pTiA6 virB ORFs are from Ward et al. (1988). Numbers above each set of arrows indicate ORF designation and those below 
indicate predicted size (kDa) 

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 ORF5 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 t h e - 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. eoli, 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, eoli 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 

ORF 1 MLKATGPLSIILLASTCPSSGAAPLSFA~EFN'N + 

ORF5 MI~+ IMOLVA AAMA VSLLS VGPARA~QFVV 

o~F7 MK+YCLLCr~GG~CQrN 

ORF 9 MTKKAFLTLACLLFAAIGARAI[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 o f  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 
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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 translat ion 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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