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The 7-kb region 5 on the large 230-kb plasmid pMYSH6000 in ShigeUa flexneri 2a YSH6000 is one of the
virulence-associated DNA segments required for the invasion of epithelial cells (C. Sasakawa, K. Kamata, T.
Sakai, S. Makino, M. Yamada, N. Okada, and M. Yoshikawa, J. Bacteriol. 170:2480-2484, 1988). To
elucidate the functional organization of region 5 and to determine the virulence-associated genes encoded by
region 5, we performed insertion and deletion mutagenesis, DNA subcloning, and complete nucleotide
sequencing of region 5 and found that region 5 contained 11 open reading frames (ORFs) named ORF-1
through ORF-11 which could be translated into proteins with molecular masses of 15.1, 47.5, 13.2, 33.0, 33.4,
24.2, 9.4, 28.5,39.9, 9.1, and 10.4 kDa, respectively. Complementation tests of the 14 Tn5-induced noninvasive
mutants of region 5 with the above plasmid constructs have indicated that region 5 consists of an operon and
that ORF-2 through ORF-9, but not ORF-1, ORF-10, and ORF-11, are essential for invasion, and 7 of 8 ORFs
(ORF-2 and ORF-4 through ORF-9) and presumably the remaining ORF (ORF-3) are required for secretion
of the Ipa proteins. The transcriptional organization, as determined by a promoter-proving vector, S1 nuclease
protection, and primer extension RNA sequencing analysis revealed that region 5 is transcribed from a
promoter located 47 bp upstream of the 5' end ofORF-2 for the 47.5-kDa protein and that the promoter activity
identified was regulated by the virB gene, the transcriptional activator on the 230-kb plasmid.

The ability of shigellae to invade epithelial cells is a
prerequisite for the pathogenesis of bacillary dysentery (19).
The large 230-kb plasmid of S. flexneri has been shown to
encode various classes of virulence determinants such as
those required for epithelial cell invasion (3-6, 8, 9, 11, 31,
36, 37), spreading into adjacent cells (2, 10, 20, 23), and
regulation of the virulence genes (1, 28, 35).
Among the virulence proteins encoded by the large plas-

mid of S. flexneri, IpaB, IpaC, and IpaD, three immunogenic
proteins encoded by the ipaBCD genes in the ipa operon (8,
11, 31, 36), have been shown to play the most direct role in
the invasion of epithelial cells (30). High et al. (16) have
recently shown that the IpaB protein is required for contact-
mediated hemolysis and lysis of phagocytic vacuoles by
bacteria. Several studies have shown that the IpaB and IpaC
proteins are secreted onto the bacterial surface and/or into
the external medium (3-6, 17, 22, 37). The ability to secrete
Ipa proteins has been shown to be crucial for the invasive-
ness of S. flexneri, since mutants incapable of secreting these
proteins become noninvasive, even with full production of
the IpaB, IpaC, and IpaD proteins within the bacterium (3-6,
17, 22, 37). These studies have indicated that the secretion of
Ipa proteins requires the expression of other genes encoded
by a 21-kb DNA sequence consisting of regions 3, 4, and 5,
which is located upstream of the ipa operon on the large
plasmid (33). These genes include mxiA on pSf2al4O of S.
flexneri 2a 2457T (5, 6, 17), mxiHIJMED (2, 3), and spa on
pWR100 of S. flexneri 5 (37). These genes have been shown
to correspond to a part of region 3 (mxiHIJMED), region 4
(mxiAr), and a part of region 5 (spa) on pMYSH6000,
respectively, by comparing the restriction maps (33). Al-
though the exact roles of the proteins involved in Ipa protein
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secretion are still obscure, some intriguing characteristics
have emerged from analysis of their amino acid sequences.
For example, the MxiA protein showed significant homology
to transmembrane proteins, such as InvA of Salmonella
typhimurium (12, 13), LcrD of Yersinia pestis (26) and
Yersinia enterocolitica (12), and FlbF of Caulobacter cres-
centus (27). MxiJ and MxiH showed homology to YscJ and
YscF proteins, respectively (3), secretion factors of the
Yersinia Yop proteins (21). The Spa47 protein (37), one of
the five proteins encoded by the spa locus, showed signifi-
cant homology to the subunits of the bacterial proton-
translocating FoF, ATPase (15) and to a flagellum export
protein, Fliu, of S. typhimurium (38).

It has been shown that the two contiguous 1.25- and
4.25-kb HindIII segments containing the spa locus on
pWR100 possess five genes named spalS, spa47, spa32,
spa33, and spa24 (37). A spa47::TnS insertion mutant
(pHS1059) that was noninvasive (Inv-) and did not exhibit
binding to Congo red (Pcr-) failed to present the IpaB and
IpaC proteins on the bacterial surface (Spa-) (37). However,
because of the polar nature of TnS insertions, which of the
spa genes on pWR100 are actually involved in the Spa
phenotype remains to be elucidated. In addition, the 7-kb
region 5 DNA sequence on pMYSH6000 bracketed by TnS
insertions of S76 and S9 contains an unknown 2.6-kb region
downstream of the spa locus (33, 37). We thus undertook
analysis of the functional organization of the whole DNA
sequence of region 5 and sought the virulence determinants
required for the secretion of IpaB, IpaC, and IpaD proteins.
The results presented here indicate that region 5 consists

of a single operon transcribed from just downstream of
region 4 (mxiA) and that region 5 promoter activity depends
upon the virB gene, the transcriptional activator on the large
plasmid (1, 35). Our results provide evidence that region 5
contains eight virulence-associated genes and that the seven
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genes tested are involved in the Spa function, the surface
presentation of IpaB, IpaC, and IpaD proteins.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and
plasmids used in this study are shown in Table 1.

Determination of TnS insertions. The sites of Tn5 inser-
tions into region 5 were previously assigned to each Sall or

EcoRI fragment of pMYSH6000 (33). To determine the
precise site of each TnS insertion in the nucleotide sequence

of region 5, the Sall or SalI-EcoRI segment of each TnS
insertion mutant of pMYSH6000 was shotgun cloned into
pBR322, transformed into Escherichia coli MC1061, and
selected for Kmr clones. The resulting plasmids were made
up of part of TnS (ISSOL and Kmr gene), ISSOL-flanking
DNA, and pBR322. The nucleotide sequences of the ISSOL-
flanking DNA region were obtained with a primer hybridized
to the nucleotides from positions 41 to 62 from the outside
end of ISSOL (7).
DNA sequencing. The sequence of region 5 was deter-

mined by the chain termination method of Sanger et al. (29),
using a Sequence 7-deaza-dGTP kit (United States Biochem-
ical Corp.), following cloning into pUC118 and pUC119.
CAT assay. Bacteria grown in LN broth (32) at 370C were

harvested, suspended in 0.5 ml of 0.2 M Tris-HCl (pH 7.5),
and sonicated (model W-225R; Branson Sonic Power Co.)
for 1 min in short bursts (of about 10 s each). The superna-

tants were collected by centrifugation at 10,000 x g for 5 min
at 40C. The extracts were incubated with [14C]chlorampheni-
col (Amersham Corp., Arlington Heights, Ill.) to determine
chloramphenicol acetyltransferase (CAT) activity as previ-
ously described by Gorman et al. (14).
Gene product analysis. Protein products specific for the

cloned fragment were analyzed by the T7 RNA polymerase-
dependent promoter system with strain K38/pGP1-2 (34)
harboring various cloned parts of region 5 on pT7-5 or pT7-6.
Primer extension analysis. For primer extension analysis,

a 32P-end-labeled synthetic oligonucleotide, 5'-TCGAAAC
ATCGCTAAGAC-3', was mixed with RNA prepared from
strain YSH6200 carrying pKK232-8-1.25-kb HindIII clone
with or without pCHR405 (50 ng of primer to 50 ,ug of RNA),
and 50 U of Moloney murine leukemia virus reverse tran-
scriptase was added to a 250-,ul reaction mixture containing
50 mM Tris-HCl (pH 8.6), 40 mM KCl, 1 mM MnCl, 1 mM
dithiothreitol, 1.0 mM dATP, 1.0 mM dGTP, 1.0 mM dT'P,
1.0 mM dCTP, 1 U of RNasin per ,ul, and 50 ,ug of
actinomycin D per ml. The reaction was allowed to continue
for 2 h at 37°C and terminated by adding 1 ,ul of 0.5 M EDTA
and 5 mg of RNase per ml, and the reaction mixture was

incubated for 30 min. A portion of the reaction mixture was
analyzed on a 6% polyacrylamide-7 M urea sequencing gel,
along with the product of a Sanger sequencing reaction
generated with the same primer and the 1.25-kb HindIII
fragment single-stranded template.

Invasion assay. Invasion assays were carried out by per-

forming the contact hemolysis activity assay (30) and the
focus plaque-forming assay (33).

Colony immunoblots. Colony immunoblots were carried
out by the methods described by Venkatesan et al. (37).
Antiserum specific for IpaB, IpaC, or IpaD protein was

generated by immunizing rabbits with synthetic IpaB, IpaC,
or IpaD peptide conjugated to keyhole limpet hemocyanin.
Immunoblots were developed with alkaline phosphatase-
labelled protein A as described previously (23).

Nucleotide sequence accession number. The nucleotide

sequence of region 5 has been deposited in the DDBJ
database under accession number D13663.

RESULTS

Complementation analysis of TnS insertion mutants of
region 5. To identify the virulence-associated determinants
in region 5 and examine whether region 5 consists of an
operon, various restriction fragments containing part or all
of region 5 were cloned from pMYSH6000 into restriction
sites in the tetracycline resistance gene on pCHR404, and
the resulting plasmids were then tested for the ability to
restore the Inv' phenotype to the 14 TnS insertion mutants
of region 5 (Fig. 1 and Table 2). The 15.8-kb Sall fragment
clone (pCHR503-2) and the 13.0-kb HpaI-SmaI segment
clone (pCHR512-2), both containing the entire region 5 DNA
sequence, restored the Inv' phenotype to all of the TnS
insertion mutants. The same was true for the 7.8-kb subclone
(pCHR576-1) bracketed by the leftmost TnS insertion (S76)
and the SmaI site. In contrast, when the DNA sequence on
the 7.8-kb subclone in pCHR576-1 was deleted from the
SmaI site to the StuI site, the resulting deletion derivative
pCHR576-4 did not restore the Inv' phenotype to any of the
TnS insertion mutants (Fig. 1 and Table 2). Similarly, none of
the other subclones lacking some DNA region of the 3'
portion of region 5, such as pCHR507-1, pCHR508-1, and
pCHR517-1, restored the Inv+ phenotype. In contrast, the
other class of subclones containing at least some of the 3'
portion of region 5, e.g., pCHR552-1, pCHR553-1, and
pCHR510-1, restored the Inv+ phenotype to the TnS inser-
tion mutants as far as the DNA segment used for the
complementation tests covered the open reading frame
(ORF) inserted by TnS. For example, pCHR510-1 containing
the 2.6-kb HindIII fragment, restored the Inv+ phenotype to
M339, M306, and S104 but not to the others (Fig. 1 and Table
2). These results suggested that region 5 consisted of an
operon, which is perhaps transcribed from the left to the
right in the restriction map shown in Fig. 1.
To estimate the number of virulence-associated determi-

nants in region 5, a series of fill-in and linker-insertion
mutations of region 5 were generated at the restriction sites
on pCHR512-2, pCHR509-1, and pCHR510-1 (Fig. 1), and
the resulting mutants were tested for the ability to restore
the Inv+ phenotype to each of the Tn5 insertion mutants.
The resulting mutant derivatives (pCHR512-3 and -4,
pCHR509-3, -4, -5, and -6, and pCHR510-3), summarized in
Table 1, restored the Inv+ phenotype to those mutants
whose TnS insertion sites were located to the 3' side of the
linker (or fill-in) mutation in the introduced plasmid. On the
basis of the profiles of TnS insertion mutants positively
complemented by the various plasmids constructed above
(Fig. 1 and Table 2), at least seven virulence-associated loci
were predicted to exist in region 5.

Nucleotide sequence of region 5. The 7,874-bp DNA se-
quence encompassing the three contiguous 1.25-, 4.25-, and
2.6-kb HindIII fragments of pMYSH6000 was determined
(Fig. 2). Analysis of this 7,874-bp DNA sequence allowed
the placement of a total of 11 ORFs in the same orientation
(Fig. 2). These ORFs were designated ORF-1 through
ORF-11 from the 5' to the 3' end of region 5 DNA (Fig. 1
and 2). The nucleotide sequences of the 1.25- and 4.25-kb
HindIII fragments of region 5 determined were the same as
that of the spa locus on pWR100 (37). Thus, ORF-2, ORF-4,
ORF-5, and ORF-6, the four ORFs found in the two contig-
uous 4.25- and 2.6-kb HindIII fragments in region 5 corre-
sponded to spa47, spa32, spa33, and spa24 on pWR100,
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TABLE 1. Bacterial strains and plasmids

Bacterial strain Relevant characteristic(s) Reference
or plasmid or source

Bacterial strains
S. flexneri 2a
YSH6000
YSH6200

M223
S76
S279
S343
M39
M253
N1460

N1685
N873
N410
Si
S87
M329
M300

S282
S188
M339
M306
N1345
S104
S9

S343-1
S343-2
N873-1
N873-2
S87-1
S87-2
M300-1

M300-2
S188-1
S188-2
M339-1
M339-2
S104-1
S104-2

E. coli K-12 MC1061
Plasmids
pCHR404
pCHR405
pKK232-8
pCHR503-2
pCHR512-2
pCHR512-3
pCHR512-4

pCHR576-1

pCHR576-3
pCHR576-4
pCHR507-1
pCHR517-1
pCHR508-1

pCHR509-1
pCHR509-3
pCHR509-4
pCHR509-5
pCHR509-6

Virulent strain
A virulent strain of YSH6000 cured of the 230-kb plasmid pMYSH6000

YSH6000 carrying pMYSH6000, Inv- (virB::TnS)
YSH6000 carrying pMYSH6000, Inv' (region 5::TnS)
YSH6000 carrying pMYSH6000, Inv- (region 5::TnS)
YSH6000 carrying pMYSH6000, Inv- (region 5::TnS)
YSH6000 carrying pMYSH6000, Inv- (region 5::TnS)
YSH6000 carrying pMYSH6000, Inv- (region 5::TnS)
YSH6000 carrying pMYSH6000, Inv- (region 5::TnS)

YSH6000 carrying pMYSH6000, Inv- (region 5::TnS)
YSH6000 carrying pMYSH6000, Inv- (region 5::TnS)
YSH6000 carrying pMYSH6000, Inv- (region 5::TnS)
YSH6000 carrying pMYSH6000, Inv- (region 5::TnS)
YSH6000 carrying pMYSH6000, Inv- (region 5::Tn5)
YSH6000 carrying pMYSH6000, Inv- (region 5::TnS)
YSH6000 carrying pMYSH6000, Inv- (region 5::TnS)

YSH6000 carrying pMYSH6000, Inv- (region 5::TnS)
YSH6000 carrying pMYSH6000, Inv- (region 5::TnS)
YSH6000 carrying pMYSH6000, Inv- (region 5::TnS)
YSH6000 carrying pMYSH6000, Inv- (region 5::TnS)
YSH6000 carrying pMYSH6000, Inv- (region 5::TnS)
YSH6000 carrying pMYSH6000, Inv- (region 5::TnS)
YSH6000 carrying pMYSH6000, Inv' (region 5::Tn5)

S343 carrying pCHR576-1, Inv'
S343 carrying pCHR509-1, Inv-
S873 carrying pCHR509-1, Inv'
S873 carrying pCHR509-4, Inv-
S87 carrying pCHR509-1, Inv'
S87 carrying pCHR509-5, Inv-
M300 carrying pCHR509-1, Inv'

M300 carrying pCHR509-6, Inv-
S188 carrying pCHR509-6, Inv'
S188 carrying pCHR510-1, Inv-
M339 carrying pCHR509-6, Inv'
M339 carrying pCHR510-3, Inv-
S104 carrying pCHR509-6, Inv'
S104 carrying pCHR510-4, Inv-
araD139 A(ara-leu) AlacX74 galUgalK hsdR rpsL

pBR322 derivative with a part of Apr region replaced by the 1.2-kb TpT fragment
pACYC184 carrying Pac-virB operon fusion
A promoter-proving vector
pCHR404-cloned 15.8-kb Sal segment containing a part of region 4 and region 5
pCHR404-cloned 13.0-kb HpaI-SmaI segment containing a part of region 3 and regions 4 and 5
Fill-in derivative at the second left HindIII site of pCHR512-2
Fill-in derivative at the second right HindIII site of pCHR512-2

pCHR404-cloned 10.4-kb SmaI segment bracketed by the SmaI sites in Tn5 of S76 and
downstream of region 5 (region 5 portion is 7.8 kb)

Fill-in derivative at the left EcoRI site of pCHR576-1
Deletion derivative between the StuI and SmaI sites of pCHR576-1
pCHR404-cloned 7.0-kb BglII segment containing a part of regions 3 and 5 and region 4
pCHR404-cloned 11.5-kb EcoRI fragment containing region 4 and a part of regions 3 and 5
pCHR404-cloned 4.25-kb HindIII fragment of region 5

pCHR404-cloned 4.25- and 2.6-kb HindIII fragments of region 5
Fill-in derivative at the left EcoRI site of pCHR509-1
Linker-insertion derivative at the leftmost EcoRV site of pCHR509-1
Fill-in derivative at the right EcoRI site of pCHR509-1
Fill-in derivative at the BglII site of pCHR509-1

33
28

33
33
33
33
33
33
33

33
33
33
33
33
33
33

33
33
33
33
33
33
33

This study
This study
This study
This study
This study
This study
This study

This study
This study
This study
This study
This study
This study
This study
31

35
This study
Pharmacia
This study
This study
This study
This study

This study

This study
This study
This study
This study
This study

This study
This study
This study
This study
This study

Continued on following page
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TABLE 1-Continued

Bacterial strain Relevant characteristic(s) Reference
or plasmid or source

pCHR552-1 pCHR404-cloned 4.5-kb EcoRI-XhoI fragment of region 5 This study
pCHR553-1 pCHR404-cloned 3.7-kb BglII-XhoI fragment of region 5 This study

pCHR510-1 pCHR404-cloned 2.6-kb HindIII fragment of region 5 This study
pCHR510-3 Fill-in derivative at the right PstI site of pCHR510-1 This study
pCHR510-4 Fill-in derivative at the left AflII site of pCHR510-1 This study
pCHR510-5 Fill-in derivative at the EcoT14 site of pCHR510-1 This study
pCHR510-6 Deletion derivative between the BMlI sites of pCHR510-1 This study
pCHR510-7 Fill-in derivative at the right AflII site of pCHR510-1 This study

respectively (37), although an additional ORF, designated
ORF-3, located at bp 2402 to 2740, between ORF-2 and
ORF-4, was found in this study. The sites of 17 TnS
insertions from S76 to S9 were also determined and assigned
to the nucleotide sequence of region 5 (Fig. 1 and 2).
Accordingly, ORF-1, whose 5' end started 12 bp down-
stream of the 3' end of mxiA (region 4), contained S76, and
ORF-10 contained S9 (Inv'), while ORF-11 was outside
region 5, implying that these three ORFs were irrelevant to

the Inv' phenotype. Consequently, these results together
with the complementation tests of TnS insertion mutants
with the fill-in and linker-insertion mutations in region 5
(Table 2) led us to conclude that eight ORFs, ORF-2 through
ORF-9, were the virulence-associated genes.
The molecular mass of each gene product deduced from

the nucleotide sequence of ORF-2 through ORF-9 showed
that those ORFs encoded 47.5-, 13.2-, 33.0-, 33.4-, 24.2-,
9.4-, 28.5-, and 39.9-kDa proteins, respectively. The amino

H S l 5 t n E ApfHtBcBf.HHrc
reglon-5

mxiA li1i 2.-II 4 5

II 1 III I I I I1 I III I

e;e

.............

........ ....

........ V

V

10 pCHR509-1

10 VpCHR509-3
0 V pCHR509-4

00 VpCHR509-5
00 VpCHR509-6

pCHR552-1
pCHR553-1
pCHR510-1

PI VpCHR510-3
10 VpCHR510-4
10 VpCHR510-5
0 E pCHR510-6

1 kb > V pCHR510-7
FIG. 1. Physical and genetic map of region 5. The top line represents the restriction sites on the 8.7-kb DNA segment of pMYSH6000

containing region 5. The numbered open boxes indicate the ORFs, assigned on the basis of the nucleotide sequence (see Fig. 2). The vertical
bars indicate the sites of TnS insertions, and the + and - signs shown over the bars indicate the Inv' and Inv- phenotypes, respectively. The
bars at the bottom of the figure represent pMYSH6000 fragments cloned into pCHR404. Symbols: *, orientation of the promoter readthrough
from pCHR404; V, linker-insertion or fill-in mutation; _, TnS portion; =J, deletion region. Restriction site abbreviations: Bc, Bcll; Bg, BglII;
E, EcoRI; Et, EcoT14; Ev, EcoRV; H, HindIII; Af, AflII; Kp, IpnI; P, PstI; Pv, PvuII; Sc, Scal; Sm, SmaI; St, StuI; X, XhoI.

] 8 1 9 1 E] ORF

Inv

Tn5 insertions

pCHR512-2
pCHR512-3
pCHR512-4
pCHR576-1
pCHR576-3
pCHR576-4
pCHR507-1
pCHR517-1
pCHR508-1
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TABLE 2. Complementation analysis of region 5

Phenotypea conferred by Tn5-inserted avirulent mutant at the following ORF:

Plasmid ORF-2 ORF-4 ORF-5 ORF-6 ORF-7 ORF-8 ORF-9

S279 S343 M253 N1460 N873 Si S87 M329 M300 S282 S188 M339 M306 S104

pCHR503-2 + + + + + + + + + + + + + +

pCHR512-2 + + + + + + + + + + + + + +
pCHRS12-3 - - - + + + + + + + + + + +
pCHR512-4 - - - - - _ - _ _ - _ + + +

pCHR576-1 + + + + + + + + + + + + + +
pCHR576-3 - - - + + + + + + + + + + +
pCHR576-4 - - - - - - - - - - - - - -

pCHR517-1 - - - - - - - - - - _ _ _ _
pCHR507-1 - - - - - - - - - - _ _ _ _
pCHR508-1 - - - - - - - - - - _ _ _ _

pCHR509-1 - - - + + + + + + + + + + +
pCHR509-3 - - - - - - + + + + + + + +
pCHR509-4 - - - - - - + + + + + + + +
pCHR509-5 - - - - - - - - + + + + + +
pCHR509-6 - - - - - - - - - - + + + +

pCHR552-1 - - - - - - - - + + + + + +
pCHR553-1 - - - - - - - - - - + + + +

pCHR510-1 - - - - - - - - - - - + + +
pCHR510-3 - - - - - - - - - - - - + +
pCHRS10-4 - - - - - - - - - - - _ _ _
pCHR510-5 - - - - - - - - - - - - _ _
pCHR510-6 - - - - - - - - - - - + + +
pCHR510-7 - - - - - - - - - - - + + +

a The + and - signs indicate invasion-positive and -negative phenotypes, respectively.

acid sequence of the 47.5-kDa protein encoded by ORF-2 tional activator virB gene (35), each insert was introduced
showed striking homology to the proton-translocating FoF, into strain MC1061 with or without the Ptac-virB fusion
ATPase of bacteria (15), mitochondria (24), and chloroplasts plasmid (pCHR405), and the MIC of chloramphenicol was
(15), as reported by Venkatesan et al. (37), while the amino determined in the presence or absence of 1 mM isopropyl-
acid sequences of the other proteins encoded by ORF-3 to P3-D-thiogalactoside (IPTG) at 37°C. The results showed that
ORF-9 showed no significant homology with the other the 1.9-kb HindIII fragment containing regions 2 (ipaBCD)
known proteins in the SWISS-PROT R22.0 data base. Anal- and 3 and the 1.25-kb HindIII fragment containing regions 4
ysis of the hydropathy profiles of the 24.2-, 9.4-, 28.5-, and and 5 in the correct orientation resulted in MICs of 350 and
39.9-kDa proteins by the method of Kyte and Doolittle (18) 250 ,ug/ml, respectively, in the presence of IPTG. In the
revealed a hydrophobic nature. Although none of these absence of IPTG, both MICs decreased >50%. To quantify
proteins possessed potential signal sequences required for the activities of the putative promoters, each HindIII insert
the transport of proteins at their N-terminus amino acid in pKK232-8 in the correct orientation was assayed for CAT
sequences, the amino acid sequences of the four proteins did activity. Although some CAT activity was observed in the
contain putative membrane-spanning domains (data not 2.3-, 2.7-, 1.6-, and 2.6-kb HindIII fragments, the levels of
shown). CAT production of the 1.9- and 1.25-kb HindIII fragments

Identification of the promoter region for the expression of were 50 and 20 times higher than those of the other frag-
region 5. To determine the transcriptional organization of ments. The levels of CAT activity of only the 1.9- and
region 5, the functional promoter region was sought. Nine 1.25-kb HindIII fragments responded to the activation of the
contiguous HindIII fragments containing regions 3, 4, and 5 virB transcription (Table 3), supporting our premise that
(Fig. 3) were cloned into a promoter-probing vector, regions 2, 3.4, and 5 consist of individual operons (35) (Fig.
pKK232-8, in both orientations and assayed for the level of 3).
CAT production. Since the expression of region 5 and of the To further localize the functional promoter for region 5,
ipa and region 3.4 operons are regulated by the transcrip- the RNA extracted from strains YSH6000 (wild type) and

FIG. 2. Complete nucleotide sequence of region 5. The sequence of the sense strand is shown, as well as the amino acid sequences for
the 11 ORFs. The sequence is numbered from the leftmost HindIII site to the rightmost HindIII site (Fig. 1). The first 198 amino acid residues
in front of ORF-1 represent the 3' portion of MixA protein (6, 12, 37). The arrowheads over the sequence represent the sites of TnS insertions
The -10 and -35 regions of the possible promoter sequence are placed by the determination of transcription initiation site (asterisk) (see Fig.
4). The lines beneath the nucleotides indicate the putative transcriptional terminator sequence (see Discussion).
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HindlII
1 MAG1 TATTAAACAACATAAATGAGATTTTTGGTATACAAGAAACAAAAAATATGTTAGATCAGTTTGAAAATCGGTAT

A L L N N I N E I F G I Q E T K N M L D Q F E N R Y

81 CCTGATCTATTAAAGGAAGTCTTCCGACATGTGACTATACAGAGAATTTCTGAGGTATTACAAAGATTGCTTGGAGAA
P D L L K E V F R H V T I Q R I S E V L Q R L L G E

159 AATATTTCTGTTCGCAATTTAAAACTTATTATGGAGTCTTTGGCGCTTTGGGCTCCCAGAGAAAAAGATGTCATAACA
N I S V R N L K L I M E S L A L W A P R E K D V I T

237 TTAGTTGAACATGTCCGTGCATCACTTTCTAGGTATATTTGTAGTAAAATAGCTGTTTCTGGTGAGATTAAAGTTGTG
L V E H V R A S L S R Y I C S K I A V S G E I K V V

315 ATGCTTTCCGGATATATTGAGGATGCAATAAGAAAAGGGATAAGGCAAACCTCTGGTGGCTCTTTCTTGAATATGGAT
M L S G Y I E D A I R K G I R Q T S G G S F L N M D

393 ATAGAGGTTTCGGATGAGGTAATGGAAACTTTAGCACATGCTTTGAGAGAATTGAGAAATGCAAAAAAAAATTTCGTT
I E V S D E V M E T L A H A L R E L R N A K K N F V

471 CTTTTGGTATCAGTAGATATACGTAGGTTTGTTAAAAGACTTATAGATAACAGATTTAAGAGTATACTCGTTATATCG
L L V S V D I R R F V K R L I D N R F K S I L V I S

549 TATGCTGAGATTGATGAAGCATATACCATTAATGTATTAAAGACTATTTAGTGAGGTTTAAATATGAGTAACATTAAT
Y A E I D E A Y T I N V L K T I M S N I N

ORF-1
627 TTAGTTCAATTAGTTAGAGATAGTCTTTTCACGATTGGTTGTCCTCCATCAATTATTACAGATTTAGACAGCCATTCA

L V Q L V R D S L F T I G C P P S I I T D L D S H S
yS76

705 GCGATTACCATTTCTTTGGATAGTATGCCTGCTATTAATATAGCTCTTGTCAATGAGCAGGTTATGTTATGGGCTAAT
A I T I S L D S M P A I N I A L V N E Q V M L W A N

783 TTTGATGCACCAAGTGATGTAAAACTTCAGTCATCTGCTTATAACATATTAAATTTAATGTTAATGAACTTTAGTTAT
F D A P S D V K L Q S S A Y N I L N L M L M N F S Y

861 AGCATTAATGAGCTGGTAGAGCTTCATCGTTCTGATGAGTACTTACAGTTAAGAGTTGTTATTAAAGATGACTACGfl
S I N E L V E L H R S D E Y L Q L R V V I K D D Y V

-35 -10 *
939 CACATGGGATTGTTTTTGCAGAGATTCTGCATGAGTTTTATCAGAGGATGGAAATCTTAAATGGGGTCTTATAATCA

H D G I V F A E I L H E F Y Q R M E I L N G V- L

1017 ATGAGCTATACAAAATTGCTCACTCAATTATCTTTTCCTAATAGAATCTCGGGGCCAATCTTGGAAACAAGTCTTAGC
M S Y T K L L T Q L S F P N R I S G P I L E T S L S
ORF-2 y S279

1095 GATGTTTCGATTGGTGAGATTTGTAACATTCAGGCTGGAATTGAAAGTAATGAAATTGTTGCAAGAGCTCAGGTTGTA
D V S I G E I C N I Q A G I E S N E I V A R A Q V V

HindIII
1173 GGATTTCATGATGAAAAAACAATATTAAGCTTGATTGGAAATTCTCGTGGACTTTCACGGCAAACGTTGATTAAGCCC

G F H D E K T I L S L I G N S R G L S R Q. T L I K P
y S343

1251 ACTGCCCAGTTTCTTCATACGCAAGTCGGCCGTGGATTATTGGGAGCAGTAGTCAATCCTTTAGGGGAGGTTACTGAT
T A Q F L H T Q V G R G L L G A V V N P L G E V T D

1329 AAGTTTGCTGTTACAGATAACAGTGAAATTCTTTATCGACCTGTAGATAATGCTCCTCCGCTATATAGTGAAAGGGCT
K F A V T D N S E I L Y R P V D N A P P L Y S E R A

1407 GCAATTGAGAAGCCTTTTTTAACAGGTATTAAGGTTATTGATTCTTTACTCACGTGTGGTGAAGGACAGCGAATGGGG
A I E K P F L T G I K V I D S L L T C G E G Q R M G

1485 ATTTTTGCGTCAGCTGGTTGTGGCAAAACTTTTCTCATGAATATGCTCATTGAACATAGTGGTGCTGATATATATGTT
I F A S A G C G K T F L M N M L I E H S G A D I Y V

1563 ATTGGGTTAATTGGTGAGCGAGGTCGAGAOGTTACTGAAACGGTTGATTATTTGAAAAACTCTGAGAAAAAAAGCAGG
I G L I G E R G R E V T E T V D Y L K N S E K K S R

y M39
1641 TGTGTTTTAGTATATOCAACTTCGGATTACTCTTCOGTTGATCGTTGTAATGCTGCATATATAGCCACTGCTATAGCC

C V L V Y A T S D Y S S V D R C N A A Y I A T A I A

1719 GAATTTTTTAGGACTGAAGGACATAAAGTAGCGCTTTTTATTGATTCATTAACAAGGTATGCCAGAGCATTACGTGAT
E F F R T E G H K V A L F I D S L T R Y A R A L R D

y M253
1797 GTOGCCTTAGCCGCTGGAGAATCACCTGCCAGAAGAGGCTATCCGGTTTCGCTTTTTGATAGCTTACCCAGACTTCTT

V A L A A G E S P A R R G Y P V S V F D S L P R L L

1875 OAAAGGCCAGGAAAGTTAAAGGCAGGTGGCTCTATTACTGCATTTTACACTGTTCTTTTGGAGGATGATGATTTTOCT
E R P G K L K A G G S I T A F Y T V L L E D D D F A

1953 GATCCATTAGCTGAAGAGGTAAGATCCATTTTAGATGGACATATATATTTGAGCAGAAATCTAGCCCAAAAAGGACAA
D P L A E E V R S I L D G H I Y L S R N L A Q K G Q

2031 TTTCCTGCAATTGATTCCTTAAAAAGTATAAGCAGGGTATTTACACAGGTTGTTGATGAAAAACATCGTATTATGOCC
F P A I D S L K S I S R V F T Q V V D E K H R I M A

2109 GCTGCATTTCGGGAGCTACTTTCTGAAATAGAAGAGCTAAGGACAATTATTOACTTTGGTGAATACAAACCGGGGGAG
A A F R E L L S E I E E L R T I I D F G E Y K P G E

2187 AATGCCTCTCAGGATAAAATCTACAACAAAATATCTGTTGTTGAGAGTTTTCTGAACCAAGATTATCGACTCGGTTTT
N A S Q D K I Y N K I S V V E S F L K Q D Y R L G F

2265 ACTTATGAGCAGACAATGGAGCTTATTGGTGAAACAATTAGATAAGGTTTTAAAAATCAAAGATAAATATCAACGGTCTO
T Y E Q T M E L I G E T I R

2345 TTAAATTAATTGAAGCACACATATTAACACTAAAAAAAAAACTCTTTGTATCGAGATGTGGAOGCATTAGATAAAAGGAT
V E A L D K R I
ORF-3

2425 TATATACTTCCTGCAACTGGAGAATOACTTAOAACCTGTAGGCGCTCAGAGTGTTAGTCAGCTTTTCAATACAAGACGTA
I Y F L Q L E N D L E P V G A Q S V S Q L F N T R R

EcoRI
2505 AGATCGCTATAGTAAAAAAGCATATTATCCAATATCAGTCTGAACOAATTCTTCTAAAGGOAAGAATTGAAGAAATTCAA

K I A I V K K H I I Q Y Q S E R I L L K G R I E E I Q

2585 AAAGATATTGATGAGGCAAATGCTTCTAAAAGAAAACTGCTTCATAAAGAGAGTAAAATATGTAAACGGATTGGCTTGAT
K D I D K A N AS K R K L L H KETS K I C K R I G L I
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2685 TAAAAGAAATAACTTTGCCAAACAGTTGATACTTGATGAGTTATCACAAGAGGATATGAAGTATGGCATTAGATAATATA
K R N N F A K Q L I L D E L S Q E D M K YM GA IL RD N I

ORF-4
2745 AACCTAAATTTTAGTAGTGACAAACAGATAGAAAAATGTGAGAAACTATCTTCAATAGATAATATTGATAGTCTCGTT

N L N F S S D K Q I E K C E K L S S I D N I D S L V
y N1460

2823 TTGAAGAAGAAGAGGAAGGTTGAAATTCCTGAGTACTCTTTAATTGCATCTAACTATTTTACTATTGATAAGCACTTT
L K K K R K V E I P E Y S L I A S N Y F T I D K H F

2901 GAACATAAGCATGATAAAGGAGAAATTTATAGTGGCATTAAAAATGCGTTCGAACTTAGAAACGAACGAGCGACATAT
E H K H D K G E I Y S G I K N A F E L R N E R A T Y

EcoRVy N1685
2979 TCTGATATTCCAGAATCAATGGCCATTAAAGAAAATATTTTGATACCAGATCAAGATATACAAAGCAAGGGAAAAAATA

S D I P E S M A I K E N I L I P D Q D I K A R E K I
N873

3057 AATATCGGCGATATGAGGGGGATCTTTTCATATAATAAGAGTGGAAATGCAGACAAGAACTTCGAAAGAAGTCATACT
N I G D M R G I F S Y N K S G N A D K N F E R S H T

3135 TCTTCTGTAAACCCTGATAATCTGCTAGAATCTGATAATAGAAATGGTCAAATTGGTTTAAAAAATCATAGCTTGTCT
S S V N P D N L L E S D N R N G Q I G L K N H S L S

3213 ATTGATAAGAATATTGCTGACATCATTTCTTTACTAAATGGAAGTGTTGCTAAATCATTTGAGCTGCCTGTAATGAAT
I D K N I A D I I S L L N G S V A K S F E L P V M N

PstI
3291 AAAAATACTGCAGACATAACCCCATCCATGTCATTGCAAGAAAAATCAATAGTTGAAAATGATAAAAATGTTTTTCAA

K N T A D I T P S M S L Q E K S I V E N D K N V F Q
yN410

3369 AAAAATAGTGAAATGACTTACCACTTTAAACAGTGGGGGGCTGGACATTCTGTTAGTATTTCAGTGGAGTCTGGTTCT
K N S E M T Y H F K Q W G A G H S V S I S V E S G S

3447 TTTGTTCTAAAACCGTCAGATCAATTTGTAGGAAATAAACTTGACTTAATTTTGAAACAAGATGCTGAGGGTAATTAC
F V L K P S D Q F V G N K L D L I L K Q D A E G N Y

y S1
3525 AGATTTGATAGCAGTCAACATAATAAGGGGAATAAAAATAATAGTACAGGATATAATGAACAGAGTGAAGAAGAATGC

R F D S S Q H N K G N K N N S T G Y N E Q S E E E MC
ORF-5

3503 TAAGAATTAAACATTTTGACGCTAACGAAAAACTACAGATTTTATATGCAAAGCAACTCTGCGAGCGTTTTTCGATTCAG
L R I K H F D A N E K L Q I L Y A K Q L C E R F S I Q

3683 ACATTCAAAAATAAATTTACAGGCAGTGAAAGTTTAGTCACTCTTACTTCCGTGTGTGGGGATTGGGTAATTCGTATTGA
T F K N K F T G S E S L V T L T S V C G D W V I R I D

3763 TACATTATCTTTTTTGAAAAAAAAATACGAGGTATTTTCAGGATTTTCTACACAAGAATCTTTACTGCATTTATCAAAAT
T L S F L K K K Y E V F S G F S T Q E S L L H L S K

3843 GTGTCTTTATAGAGTCGTCATCTGTATTTTCGATTCCAGAACTGTCTGATAAGATTACTTTCCGGATCACGAATGAAATC
C V F I E S S S V F S I P E L S D K I T F R I T N E I

3923 CAGTATGCAACTACTGGGAGTCATTTATGCTGTTTTTCCTCTTCTTTAGGTATTATTTATTTTGACAAGATGCCGGTATT
Q Y A T T G S H L C C F S S S L G I I Y F D K M P V L

S87
4003 ACGTAATCAAGTTTCTCTTGACTCATTGCATCATCTTTTAGAGTTTTGCTTAGGTTCATCTAATGTAAGGCTGGCTACTT

R N Q V S L D S L H H L L E F C L G S S N V R L A T
EcoRI

4083 TAAAAAGAATTCGCACTGGTGATATAATCATAGTTCAGAAACTTTATAATTTATTATTGTGTAATCAAGTTATTATTGGG
L K R I R T G D I I I V Q K L Y N L L L C N Q V I I G

y M329
4163 GATTATATTGTGAATGATAATAATGAGGCAAAAATTAATCTGTCAGAAAGTAATGGTGAGTCAGAACACACAGAAGTTTC

D Y I V N D N N E A K I N L S E S N G E S E H T E V S
EcoRV

4243 TTTGGCATTATTCAATTATGATGATATCAATGTAAAAGTGGACTTTATTCTTTTAGAAAAAAATATGACAATCAATGAAC
L A L F N Y D D I N V K V D F I L L E K N M T I N E

4323 TAAAAATGTATGTAGAAAACGAATTATTCAAGTTTCCCGATGACATAGTTAAACATGTAAATATTAAAGTAAATGGTTCT
L K M Y V E N E L F K F P D D I V K H V N I K V N G S

4403 TTGGTTGGGCATGGGGAACTTGTTTCTATTGAGGATGGTTATGGTATCGAGATTAGTTCTTGGATGGTAAAGGAGTAATC
L V G H G E L V S I E D G Y G I E I SSW M V K E

4483 TCATGCTGAGTGACATGTCCCTCATCGCTACACTTTCTTTTTTTACGCTATTACCATTTTTAGTTGCTGCTGGTACCTGT
M L S D M S L I A T L S F F T L L P F L V A A G T C
ORF-6

4563 TATATAAAGTTTTCTATTGTTTTTGTAATGGTACGAAATGCACTTGGTTTGCAGCAGGTTCCATCAAATATGACTCTC
Y I K F S I V F V M V R N A L G L Q Q V P S N H T L

4641 AATGGTATTGCATTGATTATGGCTTTGTTCGTGATGAAACCCATTATTGAAGCTGGTTATGAAAATTATCTAAATGGC
N G I A L I M A L F V M K P I I E A 0 Y E N Y L N G

4719 CCTCAAAAATTTGATACAATATCTOATATTGTCCGTTTTTCTGATTCTGGCTTGATGGAATATAAGCAATACTTGAAA
P Q K F D T I S D I V R F S D S G L M E Y K Q Y L K

BglII yM300
4797 AAGCATACACATCTTGAGTTAGCACGTTTTTTCCAAAGGTCTGAAGAAGAAAATGCTGATTTAAAGAGTGCAGAGAAT

K H T D L E L A R F F Q R S E E E N A D L K S A E N

4875 AATGATTATTCATTGTTTTCCCTCTTGCCTGCATATGCGCTAAGTGAAATCAAAGATGCGTTCAAAATAGGTTTTTAT
N D Y S L F S L L P A Y A L S E I K D A F K I G F Y

4953 TTATATTTGCCATTTGTTGTTGTTGATCTTGTTATTTCAAGCATTTTACTTGCACTTGGTATGATGATGATGAGTCCA
L Y L P F V V V D L V I S S I L L A L O M M M M S P

r S2825031 ATCACAATATCAGTACCAATAAAACTTGTATTATTTGTTGCGCTTGATGGGTGGGGTATCCTGTCTAAGGCCTTGATT
I T I S V P I K L V L F V A L D G W G I L S K A L I

5109 GAACAATATATCAATATTCCTGCTTAGATGATGGAGGTAATGTGTCTGATATAGTTTATATGGGTAATAAGGCTCTTTAT
E Q Y I N I P A V S D I V Y M G N K A L Y

ORF-7 S188
5189 TTAATCCTTATCTTTTCCTTATGGCCAGTAGGTATAGCTACGGTTATTGGATTATCTATTGGTTTGTTACAGACAGTG

L I L I F S L W P V G I A T V I G L S I G L L Q T V
HindIII

5267 ACTCAACTCCAAGAGCAGACACTTCCTTTTGGTATAAAGCTTATAGGTGTCTCAATATCTTTGCTACTTCTTTCTGGA
T Q L Q E Q T L P F G I K L I G V S I S L L L L S G

FIG. 2-Continued.
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5345 TGGTATGGTGAGGTTTTATTGTCTTTTTGTCATGAAATAATGTTTTTAATTAAGAGTGGGGTTTGATGGACATTTCAAGC
W Y 0E V L L S F C H ElIH F L I K S Y H D I S s

ORF-8
5425 TGGTTCGAAAGTATTCATGTGTTTTTAATACTCCTGAACGGCGTTTTTTTTAGATTGGCTCCATTATTTTTCTTTCTT

W F E S I H V F L I L L N G V F F R L A P L F F F L

5503 CCATTTTTAAATAACGGTATAATTTCTCCATCTATTAGAATACCTGTGATTTTTCTTGTTGCATCAGGATTAATTACT
P F L N N G I I S P S I R I P V I F L V A S G L I T

5581 TCTGGTAAGGTAGACATAGGTTCTTCTGTTTTTGAACATGTTTATTTCCTTATGTTCAAGGAAATAATTGTTGGCCTC
S G K V D I G S s V F E H V Y F L M F K E I I V G L

5859 CTTCTCTCTTTTTGCTTGTCTCTTCCCTTTTGGATATTTCATGCTGTTGGTAGCATTATTGACAACCAGCGTGGGGCA
L L S F C L S L P F W I F H A V G S I I D N Q R G A

y M339 PstI
5737 ACGCTTAGTAGTTCAATTGATCCTGCCAATGGTGTTGATACGTCTGAGTTGGCAAAATTTTTCAATCTTTTTT2QCTG

T L S S S I D P A N G V D T S E L A K F F N L F S A

5815 QTTGTATTTCTATAQAGTGGTGGTATGGTCTTTATTTTAGAATCCATACAATTGTCTTATAATATATGCCCGTTATTT
V V F L Y S G G M V F I L E S I Q L S Y N I C P L F

5893 TCTCAATGTTCTTTCCGTGTCTCAAATATCTTAACATTTCTGACTTTATTGGCAAGTCAGGCTGTTATTTTAGCCAGT
S Q C S F R V S N I L T F L T L L A S Q A V I L A S

5971 CCTGTTATGATAGTATTGTTACTATCAGAAGTATTACTTGGTGTATTATCGAGATTTGCTCCGCAGATGAATGCTTTT
P V M I V L L L S E V L L G V L S R F A P Q M N A F

8049 TCCGTATCATTAACTATTAAAAGTTTACTTGCAATATTTATTATTTTCATCTGTTCTTCTACTATTTACTTTTCTAAA
S V S L T I X S L L A I F I I F I C S S T I Y F S K

6127 GTTCAATTTTTCCTCGGTGAACATAAATTTTTCACAAATCTATTTGTTAGATAAAATATTATGGCAAATAAAACAGAA
V Q F F L 0 E H K F F T N L F V R M A N K T E

ORF-9
8205 AAGCCGACACCTAAAAAACTAAAGGATGCCGCAAAAAAAGGACAGTCATTTAAATTTAAGGATTTAACGACTGTTGTT

K P T P K K L K D A A KK G Q S F K F K D L T T V V

8283 ATTATTCTGGTAGGGACATTTACTATAATATCATTCTTTTCCTTAAGTGATGTAATGCTCTTATACAGATATGTAATA
I I L V G T F T I I S F F S L S D V M L L Y R Y V I

8381 ATTAATGACTTCGAAATTAATGAGGGTAAATACTTTTTTGCAGTGGTTATTGTCTTTTTTAAGATAATTGGCTTCCCA
I N D F E I N E G K Y F F A V V I V F F K I I G F P

6439 CTTTTTTTCTGTGTTCTTTCGGCTGTGTTGCCAACATTGGTTCAAACAAAGTTTGTTCTTGCGACTAAAGCTATCAAG
L F F C V L S A V L P T L V Q T K F V L A T K A I K

6517 ATTGATTTTTCAGTATTAAACCCTGTTAAAGGGTTAAAAAAAATATTTAGTATAAAGACAATAAAAGAATTTTTCAAA
I D F S V L N P V K G L K K I F S I K T I K E F F K

6595 AGCATTCTGCTTCTTATTATTCTAGCATTAACAACCTATTTCTTTTGGATTAATGACCGAAAAATAATTTTTTCTCAG
S I L L L I I L A L T T Y F F W I N D R K I I F S Q

y M306
8673 GTGTTTTCTAGTGTTGATGGCTTATATCTTATTTGGGGGAGGCTGTTTAAGGATATAATATTATTTTTCTTGGCATTT

V F S S V D G L Y L I W G R L F K D I I L F F L A F
y N1345

6751 TCTATTCTTGTTATTATTCTTGACTTTGTGATTGAGTTCATTTTATACATGAAAGATATGATGATGGATAAACAGGAG
S I L V I I L D F V I E F I L Y M K D M H M D K Q E

8829 ATAAAAAGAGAATATATAGAGCAAGAGGGACACTTTGAGACAAAGTCGAGAAGGCGTGAGTTGCATATCGAGATTCTT
I K R E Y I E Q E G H F E T K S R R R E L H I E I L

S104
6907 TCAGAGCAGACTAAATCTGATATACGTAATTCAAAATTAGTGGTAATGAACCCGACTCATATTGCAATTGGTATTTAT

S E Q T K S D I R N S K L V V M N P T H I A I G I Y

8985 TTTAATCCAGAAATAGCGCCTGCACCTTTTATTTCTCTCATTGAAACTAACCAGTGTGCCTTGGCTGTCAGAAAATAT
F N P E I A PA P F I S L I E T N Q C A L A V R K Y

7063 GCAAATGAAGTTGGTATACCGACTGTGCGTGATGTGAAATTAGCTAGAAAACTATATAAAACACATACAAAATATAOT
A N E V 0 I P T V R D V K L A R K L Y K T H T K Y S

7141 TTTGTTGATTTTGAACACTTGGATGAAGTCCTACGTCTTATTGTTTGGCTTGAGCAGGTTGAAAACACTCATTAATAAG
F V D F E H L D E V L R L I V W L E Q V E N T H

7220 TAAAGGAGATGTGTTATATGGGAGTTAATTTCTGTAATAAAATAGGTATTGATCAGTCTGAATTTGAAATAGAATCT
M C Y M G V N F C N K I G I D Q S E F E I E S
ORF-10

7297 TCCATCATTAACTCCATTGCTAATGAGGTATTGAACCCAATATCTTTCCTTAGCAATAAGGATATAATAAATGTTTTA
S I I N S I A N E V L N P I S F L S N K D I I N V L

y S9
7375 CTCAGAAAGATTTCATCTGAATGTGACCTGGTTAGAAAAGACATTTATCGTTGTGCTCTGGAGTTGGTCGTTGAAAAA

L R K I S S E C D L V R K D I Y R C A L E L V V E K

7453 ACACCTGATGATTTATAATCATTCATAATAACTCTTTTGCTOATATAAATATTTTTGTTGAAGATATTTATGTAGTCAC
T P D D L

7532 AGGATCAATTGTAGAAAATTGTTATOTTTTTGTTAGGAACTGCACTAAATAATATATGATAAOACAGCAAAAACGA
N I R Q Q K R
ORF-11

7608 CTGACCATAATCCTTCTTTTATTAGGAGTTGATAAOAGAGACTATTCATCCTGTAATGTTAAAACTCTGTTATATAGT
L T I I L L L L G V D K R D Y S S C N V K T L L Y S

7688 ATTCGCGATTATGCAAAGTCTGTAAATGATCATGAGATACTAACCOAGAGTAATCGTTTATTATCTCATTGCATTTCA
I R D Y A K S V N D N EI L T E S N R L L SNH C I S

7784 GATAGTAACGGAGCTTTCTTTAAAAOTAGTAAATACOTTCCCCTTAAGTACTTACGTAAAAOOAGAATAGCACOAAAG
D S N O A F F K S S K Y V P L K Y L R K R R I A R K

7842 ATACCAAATGATTAGCACTTTGCTAGTAAGCTT
I P N D

FIG. 2-Continued.
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FIG. 3. Transcriptional organization of regions 3, 4, and 5 on pMYSH6000 and placement of the virulence determinants in region 5. The
transcriptional organization proposed was deduced from two of our previous studies (31, 35) and this study. The arrows indicate the
transcripts. The thick bar represents the HindIII restriction fragments of regions 3, 4, and 5 of pMYSH6000. The values beneath the bar
indicate the sizes (in kilobases) of each HindlIl fragment used for the CAT assay. The placement of the virulence-associated genes ipaADCB
(8, 11, 31, 36), mxiHIJMEDA (2, 3, 5, 6, 17), and spa (37), over ipa, region 3.4 and 5 operons, respectively, are not to scale. P1, P4, and P6
represent the promoters identified by previous studies (31, 35) and this study. The bottom arrows represent the eight virulence determinants
in region 5 and mriA (6). As spa47, spa32, spa33, and spa24 were shown as the components of spa locus on pWR100 (37), we propose calling
ORF-2 through ORF-9 in region 5 spa47, spa13, spa32, spa33, spa24, spa9, spa29, and spa4O, respectively.

M223 (virB::Tn5) were hybridized to the 994-bp HaeII-
HindIII fragment of the 1.25-kb HindIII fragment and di-
gested with S1 nuclease, and the protected DNAs were
electrophoresed. A band corresponding to about 250 nucle-
otides was detected with the restriction fragment in
YSH6000 but not M223 (data not shown). The precise
transcriptional start site for region 5 was determined by
performing primer extension RNA sequencing on total
RNA prepared from YSH6200 harboring pKK232-8-1.25-kb
HindIII and pCHR405. For this purpose, a primer containing
the 18 bases from positions 1087 to 1104 that hybridized to
mRNA sequences within ORF-2 was used. Although at least
two extension products were detected, one of the extension
products which ended at the A residue at position 965, 47 bp
upstream of the 5' end of ORF-2, was determined to be the
5' end of transcription (Fig. 4).

Identification of protein products. The protein products
expressed from ORF-7, -8, and -9 were determined, since the
other protein products expressed from the contiguous 1.2-
and 4.25-kb HindIII segments in region 5 had been previ-

TABLE 3. CAT assay for the functional promoter region in
regions 3, 4, and 5

Size (kb) of CAT activity"
HindIll fragment" With IPTG Without IPTG

1.9 2,136.3 539.1 4.0
0.9 7.2 6.6 1.1
2.3 25.4 28.6 0.9
4.0 17.3 19.8 0.9
2.7 42.5 51.5 0.8
1.6 25.5 28.8 0.8
1.25 1,048.2 540.0 1.9
4.25 7.4 8.9 0.8
2.6 35.8 40.0 0.9

a See Fig. 3.
b Shown as the dilution rate which gave rise to 10% of the acetylated

products of [14C]chloramphenicol in the presence of virB, either activated or
not with IPTG. The radioactivity of acetylated products was directly quanti-
fied by the AMBIS radioanalytic imaging system following thin-layer chroma-
tography (see Materials and Methods).

c Ratio of CAT activity in the presence and absence of 1 mM IPTG, which
activates the virB gene.

ously reported as the Spa proteins of pWR100 (37). The
3.7-kb BglII-XhoI segment of region 5, the 2.6-kb HindIII
segment and its fill-in mutations at the PstI site in ORF-8,
and the Afl11 site in ORF-9 were prepared from pCHRS53-1
and pCHRS10-1, respectively, and placed downstream of the
T7 RNA polymerase-dependent promoter, +10 (34). The
polypeptides expressed from those constructs were then
subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (Fig. 5). At least nine polypeptides, which mi-
grated at apparent molecular masses of 38, 31, 27, 25, 18, 16,
12, 10, 8, and 6 kDa were expressed from the 3.7-kb
BglII-XhoI segment (Fig. 5, lane 1). The fill-in mutation at
the PstI site in ORF-8 lacked the 27-kDa protein (lane 3),
while that at AflII in ORF-9 lacked the 38- and 31-kDa
proteins (lane 4). The 10-kDa protein was expressed only
from the 3.7-kb BglII-XhoI segment (lane 1), indicating that
it is a product of ORF-7. The 12-kDa protein disappeared
only when the BclI segment containing ORF-10 and ORF-11
in the 2.6-kb HindlIl segment was deleted (data not shown),
suggesting that the 12-kDa protein is expressed from either
one or both of the ORFs. Both the 31- and 38-kDa proteins
disappeared when the Afl1I site was filled in (Fig. 3, lane 4)
(Fig. 1). Since theAflII site was located just 7 bp upstream of
the second largest ORF coding for the 31-kDa protein, the
disappearance of the protein may be due to a change in the
putative ribosome-binding sequence required for the trans-
lation of the 31-kDa protein. The other smaller 25-, 18-, 16-,
8-, and 6-kDa polypeptides seen would be the breakdown
products of the 38-kDa protein or internally translated prod-
ucts of ORF-9, since ORF-9 contains 12 initiation codons.
These results indicated that the 10-, 27-, and 38-kDa proteins
expressed were encoded by ORF-7, -8, and -9, respectively.

Involvement of the virulence genes in region 5 in the
secretion of IpaB, IpaC, and IpaD proteins. As described in
the introduction, TnS insertion mutation of the 4.4-kb spa
locus on pWR100 or in region 5 blocked surface presentation
of the IpaB and IpaC proteins, although the levels of these
proteins in the mutants, as determined by whole-cell ex-
tracts, were the same as those in the wild type (37; our
unpublished data). Hence, we undertook to investigate
whether the virulence-associated genes identified in region 5

were involved in surface presentation of Ipa proteins (Spa
phenotype) (37). To test this hypothesis, pCHRS09-1, -4, -5,

*
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FIG. 4. Determination of the transcription initiation site of re-

gion 5 mRNA by primer extension. A 32P end-labelled oligonucle-
otide corresponding to positions 1087 to 1104 in Fig. 2 was used for
reverse transcription. The product was run on a 6% polyacrylamide
gel together with a sequencing ladder (ACGT) produced with the
same primer. Template from YSH6200 carrying pKK232-8-1.25-kb
HindIII clone without (lane 1) or with (lane 2) pCHR405 was used.
The arrowhead indicates the 5' end for region 5 mRNA.

and -6 and pCHR510-1, -3, and -4 were introduced into S343
(ORF-2::TnS), N873 (ORF-4::TnS), S87 (ORF-5::TnS), M300
(ORF-6::TnS), S188 (ORF-7::TnS), M339 (ORF-8::TnS), and
S104 (ORF-9::TnS), respectively, and the resulting merodip-
loids were designated S343-2, N873-2, S87-2, M300-2,
S188-2, M339-2, and S104-2, respectively (Table 1). Conse-
quently, each construct was able to produce all of the gene
products except that disrupted by the TnS insertion, since
the blockage of expression of the genes downstream from
the TnS insertion was supplemented in trans by the plasmids
introduced. By exploiting the set of mutants constructed, we
performed colony immunoblots of the whole cells with
antibodies specific for IpaB, IpaC, or IpaD proteins and
examined the Spa phenotype. As shown in Fig. 6, all of the
merodiploid strains, except for N873-2, ceased to secrete the
IpaB, IpaC, and IpaD proteins. For N873-2, the surface
levels of IpaB and IpaD, but not IpaC, were much lower than
those of the wild type. As expected, the seven TnS insertion
mutants, S343, N873, S87, M300, S188, M339, and S104, but
not the Inv' derivatives, S343-1, N873-1, S87-1, M300-1,
S188-1, M339-1, and S104-1, blocked secretion of the IpaB,
IpaC, and IpaD proteins (Fig. 6). These results indicated that
the virulence-associated proteins encoded by ORF-2 and
ORF-5 through ORF-9 were required for secretion of the
three Ipa proteins and that ORF-4 was required only for
secretion of IpaB and IpaD.

1 2 3 4 5

-97
-66

-42

-30

-20

-14

FIG. 5. Protein products expressed from ORF-7, ORF-8, and
ORF-9 with the T7 RNA polymerase-dependent promoter system.
Lane 1, the 3.5-kb BglII-XhoI segment encoding ORF-7, -8, -9, -10,
and -11; lane 2, the 2.4-kb HindIII segment encoding ORF-8 and
ORF-9; lane 3, same as lane 2 but with a fill-in mutation at the PstI
site in ORF-8; lane 4, same as lane 2 but with a fill-in mutation at the
AflII site in ORF-9 (Fig. 1 and Table 1). The three arrowheads
indicate the positions of the 38-, 27-, and 12-kDa proteins. The
values to the right show the positions of molecular mass markers (in
kilodaltons).

DISCUSSION

Random insertion mutagenesis of the large plasmid
pMYSH6000 of S. fleuxneri 2a YSH6000 has identified five
contiguous virulence regions that are required for invasion of
epithelial cells (33). These regions, which contain a 31-kb
DNA segment on the large plasmid, include virB (region 1)
(1), ipaBCDA and icsB (region 2) (2, 8, 9, 11, 31, 37),
mxiHIJMED (region 3) (3, 4), mxiA (region 4) (5, 6), and spa
(region 5) (37), are highly conserved among shigellae and
enteroinvasive E. coli (9, 33). The virulence-associated loci
so far identified in regions 3, 4, and 5 are involved in the
secretion of Ipa proteins and thus account for the Inv-
phenotype of TnS insertion mutants of the three virulence
regions (33). Restriction enzyme analysis indicated that a
portion of region 5 on pMYSH6000 contained the spa locus,
which was recently found on pWR100, and is essential for
secretion of IpaB and IpaC proteins (37), and that the
remaining 3' portion downstream of spa also contains addi-
tional virulence loci involved in the Inv' phenotype (33). In
this study, we have analyzed the genetic and transcriptional
organization of region 5 and found additional virulence
determinants included in the spa locus of pWR100.
Complementation tests of the 14 TnS insertion mutants of

region 5 with various portions of region 5 or the fill-in and
linker-insertion derivatives, as well as the complete nucle-
otide sequence, indicated that ORF-2 through ORF-9 were
the essential determinants for the Inv' phenotype of S.
flexneri. Although we found no differences in the nucleotide
sequences of the spa locus (37) and region 5 (Fig. 2), some
differences have been noted in this study. For example, an
additional ORF, named ORF-3, was found between ORF-2
and ORF-4; the 5' end of ORF-3 initiated 93 bp downstream
from the 3' end of ORF-2 (spa47) with a GTG (valine)
initiation codon and terminated 14 bp downstream from the
5' end of ORF-4 (spa32) (Fig. 2). Since the fill-in mutation at
the EcoRI site in ORF-3 (pCHR576-3) did not restore the
Inv' phenotype to the upstream TnS insertion mutants, such
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FIG. 6. Involvement of the protein products encoded by ORF-2 and ORF-4 through ORF-9 in the surface expression of IpaB, IpaC, and

IpaD proteins. Whole-cell colonies of YSH6000, TnS insertion mutants, and the various merodiploid derivatives were developed by streaking
colonies onto nitrocellulose filters placed over LN agar plates and the resulting colonies at 370C (in triplicate) were immunologically stained
with anti-oligopeptide antibodies to IpaB, IpaC, or IpaD as described in Materials and Methods.

as S279, S343, and M253 (ORF-2::TnS), we concluded that
ORF-3 should be one of the determinants required for the
Inv' phenotype of S. flexneri. Furthermore, a TnS insertion
mutant in the spa47 gene on pWR100 (pHS1059) was shown
to be complemented by the spa clone pWR266, consisting of
the 1.25- and 4.25-kb HindIII fragments of pWR100, but not
by the derivative lacking some 3' portion of the spa locus,
suggesting that spa forms an operon (37). In contrast, in our
complementation tests, subclones lacking the 3' portion of
region 5, such as pCHRS76-4, could not restore the Inv'
phenotype to Tn5 insertion mutants in ORF-2 (spa47), such
as S279, S343, or M253 (Table 2). Although the reason for
the different results in the two independent complementation
tests done by two groups is not clear, it may be due to
different transcriptional organizations between the two large
plasmids, pMYSH6000 and pWR100.
The results of the complementation tests of region 5 TnS

insertion mutants (Table 2) and the placement of the pro-
moter sequence (Fig. 3) indicated that the 7-kb region 5

consists of a single operon whose expression was controlled
by the positive regulator, virB (1). This result was further
confirmed by making use of the polar nature of TnS inser-
tions in region 5; we compared the level of region 5 mRNA
production upstream and downstream of TnS insertions by
Northern (RNA) dot blots with various DNA probes pre-
pared from region 5. For example, the RNA dot blots of
M300 (ORF-6::Tn5) with four different DNA probes, the
1-kb segment from the leftmost PvuII site to the leftmost
EcoRI site, the 0.7-kb segment from the second left EcoRI
site to the BglII site, the 0.4-kb segment from the second
right HindIII site to the rightmost PstI site, and the 0.4-kb
BclI segment (Fig. 1) revealed that the mRNA levels de-
tected by the last two DNA probes were much lower than
with the first two DNA probes (data not shown). Interest-
ingly, when the level of mRNA in M300 was assayed with

the 0.2-kb segment from the rightmost HindIII site to the
XAhoI site, the mRNA level was the same as in the wild type,
suggesting that transcription of region 5 terminates just
before the rightmost HindIII site. In agreement with this, we
noted a thermodynamically stable (AG = -21.9 kcal/mol)
palindromic sequence, starting at position 7717 and ending at
position 7754, which is possibly the transcriptional termina-
tor for the region 5 operon (Fig. 2).
By constructing a series of merodiploid derivatives of the

TnS insertion mutants of region 5, we tested whether each of
the ORFs identified as being virulence associated was in-
volved in the Spa phenotype. The results of colony immu-
noblots with three antibodies specific for each of the IpaB,
IpaC, and IpaD proteins indicated that all of the ORFs,
except for ORF-4, were essential for secretion of the three
Ipa proteins. ORF-4 was involved in IpaB and IpaD but not
IpaC secretion (Fig. 5). The only notable feature of the
amino acid sequence of the ORF-4 product deduced from its
nucleotide sequence was its hydrophilic nature, since the
other protein products such as those encoded by ORF-2 or
ORF-5 to ORF-9 revealed a significant hydrophobic nature,
including some hydrophobic amino acids domains predict-
able as membrane-spanning proteins (data not shown). Al-
ternatively, the Ipa secretion shown by ORF-4::TnS may be
due to the different mechanisms of IpaC versus IpaB and
IpaD secretion. To explain the different behavior of the
32-kDa protein encoded by ORF-4 from those of the other
ORFs in the Ipa secretion, we must await further character-
ization of all of the proteins involved in Ipa protein secre-
tion. In any case, ORF-2 through ORF-9 have been deter-
mined to be virulence-associated genes in region 5, and
ORF-2 and ORF-4 to ORF-6 corresponded to spa47, spa32,
spa33, and spa24, the components of the spa locus on
pWR100 (37), we thus propose calling ORF-2 to ORF-9
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spa47, spa13, spa32, spa33, spa24, spa9, spa29, and spa4O,
respectively (Fig. 3).

In certain cases, such as hemolysin or the Ipa proteins,
extracellular secretion occurs without a signal sequence. In
other cases, proteins translocate first to the periplasm using
the signal sequence-dependent pathway and are subse-
quently translocated to the outer membrane or external
medium with the help of accessory proteins (25). In this
regard, extracellular secretion of Ipa proteins by shigellae
would share, in part, the common mechanisms with Yop
protein secretion by yersiniae, since the secretion of Ipa and
Yop proteins takes place without signal sequences but is
dependent upon other factors encoded by various genes on
the virulence plasmid (21). Indeed, as Allaoui et al. (3, 4)
have recently pointed out, significant homology exists be-
tween MxiD, MxiH, and MxiJ and YscC, YscF, and YscJ.
We have recently undertaken quantitative immunoblots of

the subcellular fractions of YSH6000 grown to exponential
phase with specific antiserum specific to IpaB, IpaC, or IpaD
protein to determine the distribution of the Ipa proteins (12).
The results indicated that the Ipa proteins are distributed
mostly in the periplasm and cytoplasm, with some in the
inner membrane, but not in the outer membrane or in the
culture supernatant. Nevertheless, the potential abilities of
the IpaB, IpaC, and IpaD proteins to be secreted onto the
bacterial surface when grown on solidified medium (37; this
study), into the external medium when grown in liquid
medium to stationary phase (12) or into a hypotonic medium
in which bacteria have been suspended (5, 17), have been
shown. The subcellular distribution of the Ipa proteins in
S334 (ORF-2::Tn5) was similar to that in the wild type (data
not shown), whereas the Tn5 insertion mutant failed to
secrete the IpaB, IpaC, and IpaD proteins onto the bacterial
surface (Fig. 6) and into the culture medium (data not
shown). We therefore presume that the proteins encoded by
region 5 are involved in functions associated with transport
of the Ipa proteins from the periplasm to the bacterial
surface. To further confirm this hypothesis, we have to
elucidate the roles played by each of the gene products
encoded by regions 3, 4, and 5 in Ipa excretion. Thus, the
functional organization established in this study, together
with other reports on the virulence genes in regions 3, 4, and
5 (3-6, 17, 37), will contribute to the elucidation of the
mechanisms of Ipa protein secretion, a process crucial for
the invasion of epithelial cells by S. flexneri.
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