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Upon incubation at 37°C in the absence of Ca?* ions, pathogenic yersiniae release large amounts of pYV
plasmid-encoded proteins called Yops that are involved in pathogenesis. Yersinia enterocolitica also expresses
an outer membrane protein that is considered an adhesin and called YadA (previously called P1 or YopA). The
production of Yops is coordinately regulated by a 20-kb region of the plasmid referred to as the Ca*
dependence region and containing at least four loci called virA, virB, virC, and virF. The virF gene encodes a
key transcriptional activator of yop genes. We have shown here that virF is also required for transcription of
yadA and that virB is necessary for full transcription of the yop and yadA genes. In contrast, mutations in genes
virA and virC had only a weak influence on the transcription of yop and yadA genes. These mutations did not
affect the production of YadA but they completely inhibited the translocation of Yops from the intracellular
compartment to the extracellular milieu. We inferred from these data that virA and virC are involved in the
specific transport of Yops. We analyzed the 8.5-kb virC region and showed that it is most probably a single
operon containing 13 open reading frames called yscA to yscM (for Yop secretion). Protein YscC has a putative
signal sequence and shares significant homology with outer membrane proteins involved in the secretion of
pullulanase by Klebsiella pneumoniae (PulD) or in the assembly of filamentous bacteriophages (gene IV
product). At least the putative products of yscD, yscJ, and yscL were shown to be required for the export of
Yops. YscJ turned out to be YIpB, a lipoprotein that we had detected previously. The yscM gene shares
homology with yopH, the adjacent gene on the pYV plasmid. Its product does not appear to be necessary for
the production of Yops. Transcription of the virC operon was subjected to the same regulation as the yop genes.

Human pathogenic yersiniae (Yersinia enterocolitica, Y.
pseudotuberculosis, and Y. pestis) harbor closely related
70-kb plasmids that are essential for virulence and called
pYV (Fig. 1) (for reviews, see references 12, 17, 50, and 54).
In response to cultivation at 37°C in the absence of Ca’*
ions, strains harboring the plasmid cease growing and syn-
thesize a series of plasmid-encoded proteins including 2
outer membrane proteins, YadA and YlpA, and 11 secreted
proteins called Yops. YadA (49), an adhesin forming a
fibrillar matrix on the cell surface (26), protects Y. entero-
colitica against the bactericidal action of human serum (1)
and promotes the colonization of the mouse intestine (26).
YlpA is a lipoprotein related to TraT (10). More spectacular
is the extracellular secretion of the Yops (5, 24, 25, 42) in
such large amounts that they form visible aggregates in the
culture (35). These proteins are essential for pathogenicity
(6, 21a, 28, 37, 51). Sequence analysis of yop genes (6, 21a,
33, 35) shows that Yops are highly conserved in the genus
Yersinia but that no homology exists between different Yops
in a single species. The functions of individual Yops are now
emerging. YopE from Y. pseudotuberculosis is cytotoxic to
cultured HeLa cells (45), and YopH from Y. pseudotuber-
culosis contributes to the ability of the bacteria to resist
phagocytosis by peritoneal macrophages (44). Recently,
YopH from Y. enterocolitica was found to have tyrosine
phosphatase activity (EC 3.1.3.48), which suggests that it
interacts with host cell regulation (23). YopM from Y. pestis
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shares similarities with GPIba and inhibits platelet aggrega-
tion (28, 29).

Coordinate regulation of yop gene expression is ensured
by a 20-kb region of the pYV plasmid, called the CaZ*
dependence region. Insertion mutagenesis in this region
defined a series of loci called virA, virB, virC, and virF in Y.
enterocolitica (14-16) and IlcrB and IlcrC (22), lerD and IcrE
(57, 64), and lcrF (63) in Y. pestis. Mutations in lcrE, which
encodes YopN, allow the cells to secrete the other Yops at
37°C, even in the presence of Ca?* jons, suggesting a role of
the exported YopN protein in Ca?* regulation (21, 45, 57,
64). Mutations in any of the other vir or Icr genes completely
abolish the extracellular Yop production and either make the
strains independent on Ca®* ions for growth at 37°C (CI
phenotype) or unable to grow at that temperature, even in
the presence of Ca2* ions (Gts phenotype). virF mutations
have the strongest inhibitory effect on yop gene transcrip-
tion, which led to the discovery that virF (corresponding to
lerF in Y. pestis) encodes a transcriptional activator related
to the well-characterized AraC regulator (14). Transcription
of virF is thermoregulated, which accounts for the thermo-
regulation of the yop regulon (14). The thermoregulation of
virF is in turn modulated by a chromosome-encoded histone-
like protein called YmoA (13).

Secretion of Yops by Yersinia species does not involve the
cleavage of a classical signal sequence (21a, 35). However,
the 48 N-terminal residues of YopH contain the information
required for export (34). Coupling the N terminus of YopH
to the a-peptide of B-galactosidase, to the alkaline phos-
phatase of Escherichia coli (34), or to the B subunit of
cholera toxin (52) results in efficient extracellular secretion
of the hybrid protein. The recognition of YopE and YopQ by



VoL. 173, 1991

pYVe 227
(pYVe 0:9)
71.5Kb

virC OPERON OF Y. ENTEROCOLITICA 4995

yopB,o
No growih
at 37°C

20

vira lcrv,
i 2

Ky
'Harep c BRg &

Virc operon
© Srowth ay 37°C

FIG. 1. Map of the pYV plasmid from Y. enterocolitica W22703 (serotype O:9) integrating the new data with the data of Balligand et al.
(1), Biot and Cornelis (2), Cornelis et al. (14-16), Mulder et al. (37), China et al. (10), and Vanooteghem and Cornelis (56) to give a complete
picture. The restriction map is presented for endonucleases BamHI and EcoRI. Shadowed areas are sequenced. Flags give the localization
and orientation of mini-MudI1734 and Tn2507 insertions as follows: P, strong transcription at 37°C; P , weak transcription at 37°C; P, no
transcription at 37°C. The genes encoding the Yops (yop genes) are indicated and oriented by arrows. We adopted the nomenclature uniform
for yop genes in Y. enterocolitica, Y. pseudotuberculosis, and Y. pestis: yopH = yop51; yopE = yop25; yopO = yop84; yopP = yop30; yopQ
= yop20; yopM = yop48; yopD = yop37; yopB = yop44; lcrV = yop41 (encoding the V antigen). yadA is the gene encoding the outer
membrane adhesin previously called P1 or YopA. ylpA encodes a lipoprotein related to TraT. The Ca** dependence region contains the vir
genes and operons involved in the coordinate regulation of Yop production as well as in the low calcium response. The details of the virC
operon (genes yscA to yscM) are from this study. incD is the partition and stabilization locus; repB, repA, and oriR identify the replicon of

the plasmid.

the export apparatus also involves the N-terminal region
(34). There is no similarity between the export domains of
these proteins with respect to amino acid sequence, hydro-
phobicity profile, distribution of charged residues, or predic-
tion of secondary structure, suggesting a conformational
recognition (34).

In this study, we aimed at identifying the genes involved in
the specific export of Yops.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Y. en-
terocolitica W22703 (nalidixic acid resistant) is a restriction
mutant isolated earlier from W227 (11). The pYV plasmid of
that strain (pYVe227) is undistinguishable by restriction
analysis from pYVe439-80, the pYV plasmid from Y. entero-
colitica 439-80, another serotype O:9 strain (2).

E. coli IM101 (62) was used for cloning experiments. E.

coli S17.1 (48) and SM10(\ pir) (36) were used as mating
donors to mobilize pTM200 and its derivatives into Y.
enterocolitica W22703.

Plasmids are listed in Table 1.

Growth conditions and induction of the yop regulon were
as described by Michiels et al. (35).

Mini-Mu d lac mutagenesis was performed as previously
described (15).

Analysis of the Yops, YadA, and lipoproteins. The Yops
were prepared and analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and West-
ern blots (immunoblots) as previously described (17, 52). Rat
monoclonal antibodies (MAb) 6G1 (anti-YopE), 13A4 (anti-
YopD), and 6H1 (anti-YopB and -YopN) were used for the
detection of proteins (4). For immunofluorescence analysis,
the bacteria were heat induced for 2 h in BHI-OX (37). Fifty
microliters of culture was applied to each well of a 12-well
slide and removed, in order to leave a thin film of culture.
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TABLE 1. Bacterial plasmids

Plasmid(s) Genetic structure f:t%:(;g
pAG1l pBC19R + EcoRI-Xbal fragment of pYVe439-80 (coordinates, 37.3—43.1 kb) This study
pAGS8 pBC18R +EcoRI-Xbal fragment of pY Ve439-80 (coordinates, 37.3—43.1 kb) This study
pBCS pBCI9R + EcoRI fragment 4 of pYVe439-80 (coordinates, 0-9.6 kb) ylpA™ 10
pBC18R and pBC19R pTZ18R and pTZ19R + oriT of RK2 10
pCL4 pBC18R + EcoRI-BamHI fragment of pY Ve439-80 (coordinates, 33.7-35.6 kb) This study
pGC216 pGB63 yscH-216::mini-Mu d1 lac 15; this study
pGC217 pGB63 yscC-217::mini-Mu d1 lac 15; this study
pGC274 pGB63 virA-274::mini-Mu d1 lac 15
pGC393 pGB63 yscD-393::mini-Mu d1 lac 15; this study
pGC403 pGB63 yscD-403::mini-Mu d1 lac 15; this study
pGC445 pGB63 yscC-445::mini-Mu d1 lac 15; this study
pGC633 pGB63 virB-633::mini-Mu d1 lac 15
pGC678 pGB63 virB-678::mini-Mu d1 lac 15
pGC830 pGB63 virB-830::mini-Mu d1 lac 15
pGC1152-9 pGC1152 virF-9::Tn813 16
pGCS334 pBM33 virF-4::pGCS904 27a
pGCS652 pTZ19R + coordinates 32.6-35.6 kb of pYVe439-80 14
pJCV1275 pGB63 yscL-1275::mini-Mu d1 lac This study
pJCV1279 pGB63 yscG-1279::mini-Mu d1 lac This study
pJCV1282 pGB63 yscH-1282::mini-Mu d1 lac This study
pJCV1289 pGB63 yscH-1289::mini-Mu d1 lac This study
pTM200 pACYC184-0riT + EcoRI fragment 3 of pYVe439-80 (coordinates, 37.3—46.8 kb) 14
pTM262 Filling in of BglII site of pTM200 This study
pTM268 Deletion of BssHII fragment of pTM200 This study
pTM269 Deletion of Mlul fragment of pTM200 This study
pTM270 pTZ18R + BamHI-EcoRI fragment of pYVe439-80 (coordinates, 35.6-37.3 kb) This study
pTM271 pTZ18R + Sau3A 460 bp from BamHI fragment 9 of pY Ve439-80 This study
pTM277 Deletion of BstEII-BglIl of pTM200 This study
pTM284 pTZ19R + BamHI-EcoRI fragment of pYVe439-80 (coordinates, 35.6-37.3 kb) This study
pTZ18R and pTZ19R ori pBR322 + ori f1 lacZ’ bla™ Pharmacia
pYVe227 pYV plasmid from W22703 (serotype O:9) 2
pYVe439-80 pYV plasmid from 439-80 (serotype O:9) 2

The slide was either dried at room temperature and fixed for
a few seconds at 50°C or immersed for 10 min in methanol.
It was then immersed for 30 min in phosphate-buffered saline
(50 mM phosphate, 150 mM NaCl, pH 7.4) (PBS) containing
the anti-YopE 6G1 MAb diluted 1/50 and subsequently
washed twice with PBS for 5 min each time. The slides were
then incubated in fluorescein isothiocyanate-conjugated rab-
bit anti-rat immunoglobulins (DAKO Immunoglobulins,
Glostrup, Denmark) diluted 1/50. The slides were then
washed in PBS for 5 min and mounted in PBS-glycerol (50%
[vol/vol]).

YadA was detected by Western blot analysis of whole-cell
extracts, using a rabbit polyclonal antiserum (53).

The lipoproteins were visualized by SDS-PAGE after
labelling with [*H]palmitic acid as described by China et al.
10).

DNA sequencing and sequence analysis. The nucleotide
sequence of virC was determined on pAGl, pAGS,
pGCS652, pCL4, pTM270, and pTM284. Subclones of these
plasmids were constructed by cloning or deleting specific
restriction fragments. Progressive deletion mutagenesis was
performed on some of the clones, either with T4 DNA
polymerase (18) by using the Cyclone system of Interna-
tional Biotechnologies, Inc. (New Haven, Conn.), or with
exonuclease III (Erase-a-Base; Promega, Madison, Wis.).

Sequences were determined by the dideoxy-chain termina-
tion method of Sanger et al. (46) and analyzed as previously
described (35). The continuity of the sequence across the
junctions of the pYVe439-80 EcoRI and BamHI fragments
was checked by directly sequencing the double-stranded
pYV plasmid with synthetic oligonucleotides. The sequence
of the mini-Mu d lac insertion sites was determined on the
pYV mutants with the synthetic oligonucleotide MIPA24 (5’
CAGATCCCGAATAATCC 3') derived from the sequence
of the right end of bacteriophage Mu (38).

Signal sequences were detected by using the Sigseq pro-
gram (41), which is based on the rules of von Heijne (58).

Hydrophobicity (27) was calculated by using the FAST
program with a window of 10.

RNA extraction, Northern (RNA) blot analyses, and primer
extensions. These experiments were performed as previously
described (35). Unless specified, RNA was extracted after 90
min of induction at 37°C.

RESULTS

Influence of the various vir loci on transcription and export
of the Yops. The genes required for export of the Yops are
most likely contained in the Ca?* dependence region of
pYV. Because the regulation of yop genes is multifactorial
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and because the Yops are not expressed when the pYV
plasmid is transferred to E. coli (16), we decided to identify
the secretion genes by mutational analysis in Y. enteroco-
litica rather than by cloning techniques.

We first analyzed Y. enterocolitica W22703 strains with
various mutations in the vir locus (virA, virB, virC, and virF)
with respect to the expression of the Yops and the adhesin
YadA. Since YadA is an outer membrane protein possessing
a typical signal sequence, this protein is expected to be
targeted to the outer membrane by an export pathway
different from that used by the Yops. Thus, mutations in the
Yop-specific secretion apparatus were expected to prevent
the extracellular appearance of the Yops but not the produc-
tion of YadA and its insertion in the outer membrane.

We monitored the transcription of yopE, yopH, and yadA
in the various vir mutants by Northern blotting (Fig. 2).
Transcription of the three genes was strong in the wild type
and in the virA and virC mutants, much weaker in the virB
mutants, and nearly undetectable (if present at all) in the virF
mutants. We also analyzed the mutants for production of
Yops. As expected from our previous work (15, 16), none of
the vir mutants secreted extracellular Yops as estimated by
SDS-PAGE (Table 2). The presence of intracellular Yops
was analyzed by immunoblotting, using rat MAb directed
against YopE, YopD, and YopB. The detection of YopE in
the various vir mutants paralleled the transcription pattern:
the YopE band was clearly visible in the extracts from virA
and virC mutants, fainter in preparations from virB mutants,
and not detectable in the virF mutants (Fig. 3). The presence
of YopB and YopD correlated with the presence of YopE
except in the virA mutant, in which they were present in
much smaller amounts than YopE was. The production of
YadA was monitored by SDS-PAGE and immunoblotting,
using a polyclonal monospecific rabbit antiserum. The
amount of YadA correlated well with the transcriptional
level of the gene. virA and virC mutants produced wild-type
levels of YadA, while virB mutants produced low levels of
YadA. YadA was not detected in virF mutants (Table 2). We
conclude from these experiments that (i) virB and virF are
involved in a transcriptional regulation pathway common to
the yop and yadA genes and (ii) virA and virC are involved in
a posttranscriptional process specific to the Yops. Both the
virC mutants and the virA mutants produced Yops but did
not secrete them, suggesting that these loci are involved in
the export of the Yops or in the specific control of the export
function. It is worth noting that in none of the mutants tested
did the amount of intracellular Yops reach the amounts
secreted by the wild-type strain, suggesting that some feed-
back inhibition of transcription or translation or both oc-
curred when export was prevented, as we previously sug-
gested (16).

In order to know whether virA and virC mutants accumu-
late Yops within the cells or at their surface, we examined
thermoinduced cultures of the various mutants, by immuno-
fluorescence, using the anti-YopE MAb. When we examined
cultures of the wild type, the Yops appeared as strongly
fluorescent film particles and the bacteria themselves were
poorly fluorescent (Fig. 4A). The cultures of virA and virC
mutants did not contain the fluorescent particles, and the
vast majority of the bacteria themselves were not fluores-
cent. Other preparations of the same cultures were treated
with methanol before immunofluorescence staining in order
to ensure permeability of the cells to the MADb. In these
preparations, the wild-type bacteria were still poorly fluo-
rescent, the virA and virC mutants were strongly fluorescent
(Fig. 4B and C, respectively), and the virF mutant remain-
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FIG. 2. Northern blot analysis of yopH, yopE, and yadA tran-
scription in various vir mutants. RNA was extracted after 1.5- to 2-h
induction of the cultures at 37°C in BHI-OX. mRNA from yopH was
detected with a 264-bp Sspl-Xbal fragment (coordinates 520 to 784
of the yopH sequence of Michiels and Cornelis [33]) 32P labelled by
nick translation. The yopE transcript was hybridized with the
32p_end-labelled oligonucleotide MIPA9 complementary to bases
316 to 330 of the yopE sequence of Michiels et al. (35). The yadA
mRNA was identified with 32P-labelled oligonucleotide MIPA12
complementary to nucleotides 1178 to 1202 of the yadA sequence of
Y. enterocolitica O:3 determined by M. Skurnik and Wolf-Watz (49).
Lanes: 1, Y. enterocolitica W22703 (not carrying a pYV plasmid); 2,
W22703(pY Ve227) (wild type); 3, W22703(pGC274) (virA); 4, W22703
(pGC633) (virB); S, W22703(pGC830) (virB); 6, W22703(pGC216)
irC); 7, W22703(pGC445) (virC); 8, W22703(pGC1275) (virC); 9,
W22703(pGCS334) (virF).

ed undetectable (Fig. 4D). This result confirmed that
YopE indeed accumulated intracellularly in virA and virC
mutants (Table 2).

Further genetic mapping of the virC region. Five mini-
Mu dI1734 insertions defined the virC locus as a region of =4
kb with thermodependent unidirectional transcription (15).
Insertions in this region abolished the release of Yops and
rendered the strains growth thermosensitive (Gts phenotype)
(1, 15). In this work, we characterized four additional
mini-Mu d lac insertion mutants of pYVe227 exhibiting the
same properties: pJCV1275, pJCV1279, pJCV1282, and
pJCV1289. Plasmid pJCV1275 had a mini-Mud/ac insertion
2.0 kb downstream of the insertion point of pGC216, the
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FIG. 3. Western blot analysis of YopE, YopB, YopD, and YadA
in various vir mutants. Total cell proteins were extracted from
bacteria induced at 37°C for 4 h in the absence of Ca®*. Immuno-
blots were revealed with a polyclonal anti-YadA serum (A) or with
a mixture of MAbs directed against YopE, YopB, and YopD (B)
(see Materials and Methods). Lanes: 1, W22703(pJCV1275) (virC);
2, W22703(pGC445) (virC); 3, W22703(pGC403) (virC); 4, W22703
(pGC216) (virC); 5, W22703(pGC830) (virB); 6, W22703(pGCa78)
(virB); 7, W22703(pGC633) (virB); 8, W22703(pGC274) (virA); 9,
W22703(pGC1152-9) (virF); 10, W22703(pGC1152) (yopH); 11,
W22703(pY VE227) (wild type).

J. BACTERIOL.

most distal previously described virC mutant (15). This
indicated that the virC region region is at least 6 kb long and
could extend from virF to yopH (Table 2).

Nucleic acid sequence of virC. We sequenced the 8.5-kb
region between virF and yopH (coordinates of 34.0 to 42.5 kb
on the map presented in Fig. 1). The sequence presented in
Fig. 5 contains 12 open reading frames (ORFs) encoding
proteins of at least 60 amino acids and oriented as expected
from the previous genetic data (15). An additional 32-codon
OREF located in the 5’ region was also retained as a potential
gene. These putative genes were called yscA to yscM (ysc for
Yop secretion). If one takes into account that yscD and yscJ
probably start with a GTG initiation codon, ORFs yscB to
yscK are all contiguous, which strongly suggests that they
are part of a single large multicistronic operon.

The insertion point of mini-Mu d /ac in nine different virC
mutants was sequenced directly on the double-stranded pYV
derivative, using an oligonucleotide complementary to the
right end of bacteriophage Mu. Mutants pJCV1279 and
pJCV1282 turned out to be identical. The seven other
mutations were all different from each other and occurred in
five different ORFs.

Relevant features of the Ysc proteins. All the ORFs of the
virC region are preceded by potential ribosome binding
sequences with good homology to the consensus, which
suggests that they all correspond to translated genes. In view
of the involvement of the virC region in the Yop export
process, predicted protein sequences were checked for the
presence of a signal sequence and hydrophobic domains that
could correspond to membrane anchoring domains. They
were also used to screen the GenPept library using the
FASTA procedure (39) by electronic mail. The relevant
features of the various putative ysc gene products are
described here below and summarized in Table 3.

(i) YscA. The small 32-residue-long hypothetical YscA
protein has a hydrophobic C-terminal domain. The presence
of a putative ribosome binding sequence and the fact that
this region is transcribed (see below) offer support for the
hypothesis that this ORF is translated.

(ii) YscB. The 137-residue-long YscB protein has neither a
putative signal sequence nor any hydrophobic domain.

(iii) YscC. Translation of yscC yields a 607-residue-long
protein with a probable signal sequence of 26 residues.

TABLE 2. Phenotypic characteristics of the vir mutants®

. . yopH yopE yadA Extracellul Intracellul Intracellular Production

Plasmid Mutation  Phenotype transcription  transcription  transcription Yops YopE YopB and YopD of YadA
None CI - L - - - - - -
pYVe227 CD + + + + + + +
pGC274 virA CI® + + + - + + +
pGC633 virB CI + + NT - + + +
pGC678 virB CI NT NT NT - + + +
pGC830 virB CI + + + - + + +
pGC216 virC Gts + + + - + + +
pGC403 virC Gts NT NT NT - + + +
pGC445 virC Gts + + NT - + + +
pJCV1275 virC Gts + + + - + +¢ +
pGC1152-9 virF CI NT NT NT - - - -
pGC334 virF CI - - - - NT NT -

a Phénotypic characteristics are indicated as follows: +, wild-type level; —, not present; *, low level; NT, not tested.

® As mentioned in Results, this mutant has a reduced growth rate at 37°C in the absence of Ca?*.

€ Only YopD (no YopB, probably because of a point mutation of yopB).
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FIG. 4. Immunofluorescence analysis, with anti-YopE MAb 6G1, of various cultures induced at 37°C in absence of Ca®>* and methanol
fixed. (A) W22703(pYVe227) (wild type); (B) W22703(pGC274) (virA); (C) W22703(pGC216) (virC); (D) W22703(pGCS334) (virF).

According to the hydrophobicity analysis, this protein has
no obvious transmembrane or membrane anchoring seg-
ment. However, YscC shares significant similarity with two
described outer membrane proteins: PulD and pIV (Fig. 6).
PulD is a factor required for the export of pullulanase by
strains of Klebsiella pneumoniae (20). Protein plV, the
product of gene IV of the filamentous bacteriophages, is an
integral membrane protein required for virus assembly. This
protein could be part of the structure through which the
assembling phage is extruded (8). Interestingly, the same
domain is conserved between the three proteins, suggesting
a common function (Fig. 6).

(iv) YseD. In view of the adjacency of most ysc genes, we
assumed that yscD initiates at a GTG codon located 49
codons upstream of the first ATG initiation codon, thus
encoding a 418-residue-long protein. This protein has no
putative signal sequence but contains a highly hydrophobic
domain (residues 120 to 130) with a value of 2.9 on the scale
of Kyte and Doolitle (27), which suggests an inner membrane
localization. Residues 100 to 115 which are contained be-
tween two hydrophobic segments are strongly polar and
contain five positively charged residues which denote a
potential cytoplasmic domain.

(v) YscE. The 66-residue-long hypothetical YscE protein
has no putative signal sequence. It contains a hydrophobic
domain at its C terminus (hydrophobicity value, +1.8).

(vi) YscF. yscF encodes a 87-amino-acid hypothetical
protein that has neither a putative signal sequence nor any
strongly hydrophobic or hydrophilic domain.

(vii) YscG. The 115-residue-long hypothetical YscG pro-
tein has an N-terminal hydrophobic domain preceded by two
lysyl residues. However, this region is not predicted to be a
cleavable signal sequence, suggesting that this protein could
be anchored in the inner membrane by its N terminus.

(viii) YscH. The 165-residue-long YscH protein contains
two internal domains of average hydrophobicity.

(ix) Yscl. Yscl has no hypothetical signal sequence and no
hydrophobic domain.

(x) YscJ. As in the case of yscD, we assumed that yscJ
begins at a GTG codon localized 34 residues upstream of the
first ATG and thus encodes a 244-residue-long polypeptide.
With this hypothesis, the yscJ gene product contains a
nearly perfect lipoprotein-specific signal sequence. Cleavage
by signal peptidase II would occur at the level of the
Leu-Thr-Gly ® Cys sequence instead of the consensus Leu-
Ala/Ser/Val-Gly/Ala® Cys sequence (61). YscJ contains a
hydrophobic C-terminal domain followed by three positively
charged residues. This feature is characteristic of a ‘‘stop
transfer’’ domain anchoring proteins in the membrane (7).
The presence of lysyl residues at the C-terminal end of this
lipoprotein also brings to mind the lipoproteins which are
covalently bound to peptidoglycan via their C-terminal lysyl
residue (55). The region centered at position 130 is extremely
hydrophilic and is contained between hydrophobic regions.
The similarity search on the GenPept library did not reveal
any striking sequence similarity. However, YscJ appeared to
have 14.8% identity with Lon protease (9) on a 183-amino-
acid stretch starting at the signal cleavage site.

According to its predicted molecular mass, YscJ is a good
candidate for being YlpB, the pY V-encoded 27-kDa lipopro-
tein that we detected previously (10). To verify this hypoth-
esis, we labelled the cultures of two virC mini-Mu d lac
mutants with [*H]palmitic acid and analyzed the proteins by
SDS-PAGE and fluorography. As shown in Fig. 7, YlpB was
present in W22703(pJCV1275) (insertion in yscL) and miss-
ing in W22703(pGC216) (insertion in yscH). In view of the
polarity of mini-Mu d lac insertions, these data show that
YIpB is encoded by yscH, -1, -J, or -K. The product of yscJ
is the only one having the expected size and a potential
lipoprotein signal sequence. Hence YscJ is indeed YipB. For
the sake of clarity, we propose to use the YscJ designation.

(xi) YscK. The 209-residue-long YscK protein does not
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1160 of virF seq (J.Bacteriol. 171: 259, 1989) MetSerGlnlleThrThrLysHisIleThrvallLeuPhe
TTTAAAAACACTTTTGGACTATAAAGTAAAATACGGGGTTAGATTTTGAAGATTCAATGGGATGAGCCAAATTACAACGAAACATATAACAGTATTATT
1 Dral -35 . ~10 . * rbs . YSCA . . . 100

ArgArgTrpMetAlallelleCysCysLeul lelleLysIleAlaTyrLeuAlaTyr***
TCGCCGCTGGATGGCAATAATATGTTGTTTAATAATCAAGATAGCTTATCTGGCTTATTAAGTGCGGTGGCGCAAGAAACGAGCGCCATCAAATAGAGC
100 . . . . . .

AAGTCTCATTAGTTCGATTAACGTAATATCATCTATTGCTATATAGGTGGTTGATAATTATCACGAACATTTTTTTGAATATCTGGAAGTTTGAGCTGA

. . . . . . . . -

MetGlnAsnLeu
ACCGCGAAACCTTATGTCACGATGACATGAAGTAGGTTATTTATTTGGCGCAGGATTACTTAGTTTACATATAACCATCTGAGAAATAATGCAAAATTT
300 . . . . . . . rbs yscB.

LeuLysAsnLeuAlaThrSerLeuGlyArgLysProPheValAlaAsplLysGlnGlyValTyrArgLeuThrlleAsplysHisLeuvalMetLeuThr
ACTAAAAAACTTGGCTACCAGTTTAGGAAGAAAACCGT TTGTTGCCGATAAACAAGGTGTTTACCGTTTAACTATAGATAAGCATCTTGTCATGCTGAC
400 . . . . . . . . .
ProHisGlySerGluLeuvalleuArgThrProl leAspAlaProMetLeuArgGluGlyAsnAsnValAsnVal ThrieulLeuArgSerLeuMetGln
TCCGCATGGTTCAGAACTGGTTTTACGCACTCCTATTGACGCACCAATGTTACGTGAAGGAAATAACGTTAACGTCACATTGCTTCGCTCCCTAATGCA
500 . . . . . . . . .
GlnAlaLeuAlaTrpAlalysArgTyrProGlnThrieuvalleuAspAspCysGlyGlnLeuvalleuGluAlaArgleuArgleuGlnGluLeuAsp
ACAAGCGTTGGCATGGGCTAAACGTTATCCTCAAACTTTAGTATTGGATGATTGTGGTCAATTGGTGCTGGAGGCGCGTTTACGTCTACAAGAGCTTGA
600 . . . . . . . . .
ThrHisGlyLeuGinGluvallleAsnLysGlnLeuAlaLeuLeuGluHisLeul leProGlnLeuThrProPheServalAlaSerArgvalGlyTrp
TACTCACGGATTGCAAGAAGTAATAAATAAACAACTGGCTCTGCTAGAACATTTAATTCCTCAGTTAACGCCATTTTCTGTAGCGTCTCGCGTGGGGTG

. . . . . . . . .

Asn¥a* MetAlaPheProLeuHisSerPhePheLysArgValLeuThrGlyThrLeuleuLeuleuSerSerTyrSerTrpAlaGlnGluLeu
GAATTAAGTAATATGGCTTTTCCGCTACATTCTTTTTTCAAGCGCGTACTCACCGGGACGTTACTGTTACTTTCTAGCTATAGCTGGGCGCAAGAACTT
rbs 800 yscC . . . signal sequence . . . .

AspTrplLeuProl leProTyrValTyrValAlalysGlyGluSerLeuArgAspleuLeuThrAspPheGlyAlaAsnTyrAspAlaThrvalvalval
GATTGGTTGCCTATACCTTATGTTTATGTGGCGAAGGGGGAAAGTTTACGCGATTTATTAACTGATTTCGGCGCTAATTATGATGCTACAGTGGTAGTA
) 900 . . . . . . . . .
SerAsplLysl leAsnAsplysValSerGlyGlnPheGluHisAspAsnProGlnAspPheLeuGlnHisIleAlaSerLeuTyrAsnLeuvalTrpTyr
AGCGATAAGATTAATGACAAAGTTTCCGGCCAGTTTGAGCATGATAACCCTCAGGATTTCCTACAGCATATTGCCTCTCTTTACAATTTGGTTTGGTAC

1000 . . . . . . . . .
TyrAspGlyAsnValLeuTyrl lePhelysAsnSerGluvalAlaSerArgLeul leArgLeuGlnGluSerGluAlaAlaGluLeulLysGlnAlaleu
TATGATGGCAATGTGCTCTACATTITTAAAAATAGTGAGGTAGCGTCTCGTCTCATTCGT TTACAGGAAAGTGAGGCCGCAGAGTTAAAGCAGGCATTA
. 1100 . Dral . . . .

GlnArgSerGlyIleTrpGluProArgPheGlyTrpArgProAspAlaSerAsnArgLeuval TyrvalSerGlyProProArgTyrLeuGluLeuval
CAACGTTCTGGTATATGGGAGCCTCGTTTTGGCTGGCGCCCTGATGCTAGCAACCGCCTGGTTTACGTCTCTGGTCCTCCTCGTTATCTTGAATTGGTT
. 1200 . . A pGC4ass . . . . .
GluGLlnThrAlaAlaAlaLeuGluGtnGLnThrGinIleArgSerGluLysThrGlyAlaLeuAlalleGlul lLePheProLeulysTyrAlaSerAla
GAACAGACCGCAGCCGCATTGGAACAACAGACGCAAAT TCGCAGTGAAAAAACAGGGGCATTAGCGATTGAGATTTTCCCTCTCAAATATGCATCAGCG
. 1300 . . . . . . . .
SerAspArgThrileHisTyrArgAspAspGluvalAlaAlaProGlyValAlaThrlleLeuGlnArgValleuSerAspAlaThrlleGlnGLnval
AGCGATCGAACTATTCATTACCGTGATGACGAAGTGGCTGCTCCTGGGGTTGCAACGATACTTCAACGCGTGTTAAGCGATGCCACTATCCAACAAGTG
. 1400 . . . . . . . .
ThrvalAspAsnGlnArgl leProGlnAlaAlaThrArgAlaserAlaGlnAlaArgvalGluAlaAspProSerLeuAsnAlal lellevalArgAsp
ACAGTGGATAATCAGAGAATACCGCAGGCCGCAACCCGGGCTTCAGCTCAAGCCAGAGT TGAAGCGGATCCATCGCTCAATGCGATAATAGTGCGCGAT
. 1500 . .Smal N . B6 .BamHl B9 . .
SerProGluArgMetProMetTyrGlnArgLeul leHisAlalLeuAspLysProSerAlaArglleGluvalAlaLeuSer]levalAsplleAsnAla
TCTCCTGAGCGTATGCCAATGTATCAACGGTTAATTCATGCGCTTGATAAGCCTAGCGCTCGTATTGAAGTGGCGTTATCCATTGTCGATATAAATGCC
. 1600 . . . . . . . .
AspGlnLeuThrGluLeuGlyValAspTrpArgValGlylleArgThrGlyAsnAsnHisGlnValVallleLysThrThrGlyAspGlnSerAsnlle
GACCAACTTACTGAATTAGGTGTGGACTGGCGAGTTGGCATTCGTACTGGCAACAATCATCAGGTGGTAATAAAAACAACCGGGGATCAAAGTAACATC
. 1700 . . . . . . . .
AlaserAsnGlyAlalLeuGlySerLeuvalAspAlaArgGlyleuAspTyrieuLeuAlaArgValAsnLeuleuGluAsnGLuGlySerAlaGlnval
GCTTCAAACGGTGCATTGGGTAGTTTGGTTGATGCTCGCGGGCTTGACTACCTATTAGCAAGAGTCAATTTACTTGAAAATGAAGGTTCGGCTCAAGTT
. 1800 . . . . . . . .
ValSerArgProThrLeuleuThrGLnGluAsnAlaGlnAlavallleAspHisSerGluThrTyrTyrVallysValThrGlyLysGluvalAlaGlu
GTTTCACGTCCGACCCTGTTAACACAAGAAAATGCCCAAGCGGTGATTGATCACAGTGAAACCTATTACGTCAAAGTGACAGGTAAAGAAGTGGCTGAA
. 1900 . . . . . . . .
LeulysGlylleThrTyrGlyThrMetLeuArgMetThrProArgValLeuThrGLnGlyAspLysSerGlul leSerLeuAsnLeuis] leGluAsp
CTGAAAGGGATCACCTACGGCACTATGCTGCGTATGACGCCAAGGGTGCTGACTCAAGGAGATAAGTCAGAAATCAGTCTCAATCTACACATTGAGGAT
. 2000 . & peC217 . . . . .
GlyAsnGlnLysProAsnSerSerGlyIleGluGlylleProThrileSerArgThrvalValAspThrvalAlaArgvalGlyHisGlyGlnSerLeu
GGGAACCAAAAACCGAATAGTTCAGGGATTGAAGGAATCCCCACTATCAGTCGTACGGTCGTTGATACTGTCGCTCGCGTGGGACATGGCCAGAGTTTG
. . 2100 . . . .

FIG. 5
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IlelleGlyGlyIleTyrArgAspGluLeuSerValAlaLeuSerLysValProlLeulLeuGlyAsplleProTyrlleGlyAlaLeuPheArgArglys
ATTATTGGTGGTATTTATCGTGACGAATTGAGTGTTGCTCTTAGTAAGGTGCCTTTGCTTGGTGATATTCCTTATATTGGCGCACTTTTCCGCCGTAAA
. . 2200 . . . . . . .
SerGluLeuThrArgArgThrValArgLeuPhel lelleGluProArgl lelleAspGluGlylleAlaHisHisLeuAlaleuGlyAsnGlyGlnAsp
AGTGAGTTAACTCGCCGTACGGTACGGCTATTTATCATCGAACCACGGATTATTGACGAAGGTATTGCGCATCATTTAGCGTTAGGTAATGGTCAGGAT
. . 2300 . . . . . . .
LeuArgThrGlylleLeuThrValAspGlul LeSerAsnGlnSerThrThrLeuAsnLysLeuleuGlyGlySerGlnCysGlnProLeuAsnLysAla
CTACGTACTGGTATCTTAACTGTTGATGAAATATCTAATCAAAGCACTACCTTGAATAAGTTATTAGGTGGCTCCCAGTGTCAGCCT TTAAACAAAGCG
. . 2400 . . . . . . Dral .

GlnGluValGlnLysTrpLeuSerGlnAsnAsnLysSerSerTereuThrGlnCysLysMetAspLysSerLeuGlyTrpArgVaiValGluGlyAla
CAAGAAGTGCAGAAATGGCTGAGTCAAAATAATAAATCATCCTATCTTACTCAGTGCAAGATGGACAAAAGT TTGGGATGGCGCQTGGT FGAAGGTGCT
. . 2500 . . . .

CysThrProAlaGlnSerTrpCysValSerAlaProLysArgGlyValLeu***
MetSerTrpValCysArgPheTyrGlnGlyLysHisArgGlyvalGluval
TGTACTCCCGCGCAATCATGGTGTGTTTCAGCACCTAAGCGTGGCGTATTGTGAGTTGGGTCTGTCGTTTTTATCAAGGGAAGCACCGTGGTGTTGAAG
. . 2600 . rbs . yscD . . . . .

GluLeuProlisGlyArgCysValPheGlySerAspProLeuGlnSerAspl levalLeuSerAspSerGlul leAlaProvValHisLeuvalleuMet
TTGAGCTTCCTCATGGGCGCTGTGTTTTTGGCTCAGACCCGTTGCAATCAGATATTGTTCTTTCTGACAGCGAAATAGCACCCGTGCATTTAGTGCTGA

. . 2700 . . . . . . .

ValAspGluGluGlylIleArgLeuThrAspSerAlaGluProLeuleuGlnGluGlyleuProvalProLeuGlyThrieuLeuArgAlaGlyThrCys
TGGTCGATGAAGAAGGTATTCGCCTAACTGATTCTGCAGAACCTCTACTACAAGAAGGGCTTCCCGTGCCGTTGGGGACTCTTCTTCGCGCGGGCACTT

. . 2800 Pstl . . . . . .

LeuGluvalGlyPheLeuLeuTrpThrPheValAlaValGlyGlnProlLeuProGluThrLeuGlnValProThrGlnArgLysGluProThrAspArg
GTCTGGAAGTAGGGTTTTTACTGTGGACATTTGTCGCCGTAGGGCAACCT TTGCCAGAGACGTTACAGGT TCCCACGCAGAGAAAAGAGCCAACCGACA

. . 2900 . . .

LeuProArgSerArglLeuGlyvalGlylLeuGlyvalleuSerLeuLeuteuteuLeuThrPheleuGlyMetLeuGlyHisGlyLeuTrpArgGluTyr
GGTTACCTCGTTCACGACTTGGGGTTGGGCTTGGAGTTCTTTCTTTATTGTTGCTTTTGACTTTTTTGGGGATGCTAGGGCACGGATTGTGGCGCGAGT
BStEIl . . 3000 . . . A pGC393 . . .

AsnGlnAspGlyGlnLeuvalGluGlnGluvalArgArgLeuLeuAlaThrAlaAlaTyrLysAspValValLeuThrSerProlysGluGlyGluPro
ATAACCAGGATGGACAACTTGTTGAGCAAGAAGTACGGCGCTTGCTGGCAACTGCTGCCTACAAGGATGTCGTTTTAACATCGCCCAAAGAGGGTGAAC
. . . 3100 . . . . . .

TrpleuLeuThrGlyTyrlleGlnAspAsnHisAlaArgLeuSerLeuGlnAsnPheleuGluSerHisGlyl leProPheArgLeuGluLeuArgSer
CTTGGTTATTAACTGGTTATATCCAGGATAATCATGCCCGCTTGTCACTGCAAAATTTTCTTGAGAGCCATGGCATTCCATTCCGGCTTGAACTGCGCA

. . . 3200 . . . . . .

MetGluGluLeuArgGlnGlyAlaGluPhel leLeuGlnArgLeuGlyTyrHisGlylleGluvalSerLeuAlaProGlnAlaGlyTrpLeuGlnLeu
GCATGGAAGAACTGCGTCAGGGGGCAGAATTCATTCTGCAACGGTTGGGATACCATGGAATTGAGGTTTCTTTAGCACCGCAAGCGGGATGGCTACAAT

. . E7 . EcoRI E3 3310 . . . . .

AsnGlyGluvalSerGluGlulleGlnLysGlnLys]IleAspSerLeuLeuGlnAlaGluvalProGlylLeuLeuGlyvalGluAsnLysValArglle
TGAATGGGGAAGTGTCAGAGGAAATACAAAAGCAAAAAATTGATAGCCTGCTGCAAGCTGAAGTGCCAGGGCTGCTTGGTGTAGAAAATAAAGTGCGGA

. . . 3400 . . . . . .

AlaGlyAsnGlnArgLysArgLeuAspAlaleuleuGluGlnPheGlylLeuAspSerAspPheThrvalAsnVallysGlyGluLeul leGluLeuArg

TTGCCGGTAATCAACGCAAGCGGCTTGATGCATTACTTGAACAATTTGGTCTGGATTCAGATTTCACGGTAAATGTTAAAGGTGAGCTGATTGAATTAC
. . . 3500 . .

GlyGlnValAsnAspGlulysLeuSerSerPheAsnGlnLeuGLnGLNThrPheArgGinGluPheGlyAsnArgProlysLeuGluleuvalAsnval
GCGGGCAAGTCAATGATGAAAAATTGAGTTCATTTAATCAACTACAACAAACTTTTCGCCAAGAGTTTGGCAATCGACCTAAATTAGAACTGGTCAATG
. . . 3600 . . . . . .
GlyGlyGlnProGlnHisAspGluLeuAsnPheGluvalGlnAlal leSerLeuGlyLysValProTyrValVallLeuAspAsnHisGLnArgTyrPro
TCGGGGGGCAACCCCAGCATGATGAATTGAATTTTGAGGTGCAAGCTATCTCGTTAGGGAAAGTGCCCTATGTGGTACTCGACAATCATCAACGCTATC
. . . 3700 . . . . A pGC403 .

GluGlyAlalleLeuAsnAsnGlyValArglleLeuAlalleArgArgAspAlavalllevalSerLysGlylysArgGluPhevallleGlnLeuAsn
CAGAAGGCGCCATACTTAACAATGGCGTTCGTATTCTGGCTATTCGACGCGATGCGGTGATTGTGAGTAAAGGAAAACGGGAATTTGTGATCCAGCTCA
. . . 3800 . . . . . .
MetThrGlnLeuGluGluGlnLeuHisAsnvalGluThrValArgSerlleThrMetGlnLeuGluMetAlaLeuAlalysLeu
GlyGlyLysProArg***
ATGGAGGTAAACCTCGATGACACAATTAGAGGAGCAACTGCATAACGTGGAGACAGTGCGCTCTATCACTATGCAACTAGAAATGGCGCTAGCGAAGCT
rbs . yscE . 3900 . . . . . .
LysLysAspMetMetArgGlyGlyAspAlalysGlnTyrGlnVal TrpGlnSerGluSerLysAlal leGluSerAlalleAlallel leHisTyrval
CAAAAAAGATATGATGCGCGGTGGTGATGCCAAGCAGTATCAGGTTTGGCAGAGTGAATCTAAAGCTATTGAGTCAGCTATAGCCATTATTCATTATGT
. . . 4000 . . . . . .
AlaGlyGlylLeuLys***MetSerAsnPheSerGlyPheThrLysGlyAsnAspl leAlaAspLeuAspAlavalAlaGinThrLeuLysLysProAla
AGCAGGAGGTCTAAAATAAATGAGTAATTTCTCTGGGT TTACAAAAGGGAACGATATCGCTGACTTAGATGCGGTGGCTCAAACGCTCAAGAAGCCAGC
. rbs . yscF . 4100 . EcorRV . . . .

AspAspAlaAsnLysAlaValAsnAspSer]leAlaAlaLeulysAspThrProAspAsnProAlaleuleuAlaAspleuGlnHisSerileAsnLys
AGACGACGCAAACAAGGCGGTTAATGACTCGATAGCAGCATTGAAAGATACGCCTGACAACCCGGCGTTACTTGCTGACTTACAACATTCAATTAATAA
. . . . 4200 . . . . .

FIG. 5—Continued
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TrpServallleTyrAsnl leSerSerThrilevalArgSerMetLysAspleuMetGLnGlyI leLeuGLnLysPhePro*** MetLysTyrLyslLeu
ATGGTCGGTAATTTACAATATAAGCTCAACCATAGTTCGTAGCATGAAAGACTTAATGCAAGGCATCCTACAGAAGTTCCCATAATATGAAATATAAAC
. . . . 4300 . . rbs . yseG .

AsnValleuleuAlaGlul leAlaLeul leGlyThrGlyAsnHisCysHisGluGluAlaAsnCyslleAlaGluTrpleuHisLeulysGlyGluGlu
TCAACGTACTGTTAGCAGAGATTGCTCTGATTGGAACCGGCAACCACTGCCACGAAGAAGCGAATTGCATTGCTGAATGGTTACATTTGAAAGGTGAAG
. . A picvi27y 4400 . . . . .

GluAlavalGlnLeul leGlnLeuSerSerLeuMetAsnArgGlyAspTyrAlaSerAlaleuGLnGLnGLlyAsnLysSerThrTyrProAspLeuGlu
AAGAGGCGGTTCAATTGATTCAGCTTTCCTCTTTGATGAACCGTGGGGACTACGCAAGCGCCTTGCAACAAGGAAATAAATCAACTTATCCTGATTTGG
. . .. . 4500 . . . . .

ProTrplLeuAlaleuCysGluTyrArgLeuGlylLeuGlyAsnAlaleuGluSerArgLeuAsnArgleuAlaThrSerGlnAspProArgl leGLnThr
AACCTTGGTTAGCCTTATGTGAATATCGCCTCGGGTTGGGGAACGCCTTAGAGTCACGTTTAAATCGTCTCGCAACGAGTCAGGATCCTAGAATACAGA
. . . . 4600 . Dral . . B9 BamHl B1 .

MetThrvalThrLeuAsnArgGlySerlleThrSerLeuMetSerSerSerGinAlavalSerThr
PhevalAsnGlyMetLysGluGLnLeuLysThr***
CATTTGTGAATGGAATGAAGGAGCAACTAAAAACATGACGGTTACCCTTAATAGAGGTTCCATTACATCGTTGATGTCTTCGTCTCAGGCAGTCTCTAC
. . rbs . yscH BstEIl 4710 . . . .
LeuGLlnProAlaAlaSerGluLeulysThrGlnLeuGluHisLysLeulysSerGluSerAlaGluLysThrArgGluvallLeuTrpGLnGLnTyrTyr
GCTACAACCGGCAGCATCTGAGCTGAAAACACAACTGGAGCATAAGCTAAAAAGTGAATCCGCTGAAAAGACACGGGAAGTTCTGTGGCAGCAATATTA

AlaSerAsnProProAspHisAlavalLeuGluvalleuAlaThrProvalArgGluAlaleuleuAlaArgPheGlyGlnHisGLnGlyProvalval
TGCCAGTMCCCTCCTGACCATGCCGTTCTTGAGGTTTTGGCGACGCCCGTACGTGAGGCGTTACTGGCGCGTIE‘:GTCMCATCMGGGCCTGTTGT
. . . . 4900 . . pGC216 . .

ProAlalleAspleuProGluLeuArgSerValleuGinGlnPheAspSerPheGlyLysArgArgGluAlalleLeuleuGlnValLeuGluGlylle
ACCGGCTATAGATTTACCTGAATTGCGTAGTGTATTGCAGCAGTTTGACTCGTTTGGTAAGCGGCGGGAAGCAATATTGCTCCAAGTATTAGAGGGTAT
. . . . 5000 . . . . .
LysProAsnGluSerGlnvalGlyLeuProTyrLeuSerGluLeul leAsnLysGluLeuMet] leLeuLeuProTyrAsnSerl levalAspSerteu
AAAACCCAATGAGAGCCAGGTTGGATTACCTTATTTATCAGAGT TAATAAATAAAGAATTAATGATCTTATTACCGTATAACTCGATTGTAGATAGCCT
. . . . . 5100 . . A _pJcvizse

LeuHisAsnSerHisGLnIleAspMetGluThr***MetProAsn]leGlul leAlaGlnAlaAspGluValllelleThrThrLeuGluGluLeuGly
ACTTCATAACAGCCATCAAATTGATATGGAGACATAAATGCCGAACATAGAAATAGCTCAGGCCGATGAGGTGATCATAACCACGCTGGAGGAATTAGG
. . . rbs . yscl. 5200 . . . .

ProvalGluProThrThrGluGlnl LeMetArgPheAspAlaAlaMetSerGluAspThrGlnGlyLeuGlyHisSerLeuLeulysGluvalSerAsp
GCCGGTAGAGCCAACAACTGAGCAAATAATGCGCTTTGATGCGGCAATGTCAGAAGATACGCAGGGACTGGGCCATTCACTCCTCAAGGAGGTTAGTGA
. . . . . 5300 . . . .

IleGlnLysThrPheLysThrAlaLysSerAspLeudisThriysLeuAlavalSerValAspAsnProAsnAsplLeuMetLeuMetGlnTrpSerLeu
TATTCAGAAGACTTTTAAGACGGCTAAAAGTGACTTGCACACTAAGCTGGCTGTTTCAGTTGATAATCCCAACGACCTGATGCTAATGCAATGGTCACT

. . . . . 5400 . . . .
IleArglleThrileGlnGluGluLeul leAlalysThrAlaGlyArgMetSerGlnAsnValGluThrLeuSerLysGlyGly*** MetlLys
TATCCGTATAACAATCCAAGAAGAACTTATCGCCAAGACAGCCGGGCGAATGAGCCAAAATGT TGAAACCT TGTCGAAGGGGGGGTGAGAACTAGTGAA
. . . . . 5500 . . rbs yscd

VallysThrSerLeuSerThrLeul leLeul leLeuPhelLeuThrGlyCysLysValAsplLeuTyrThrGlylleSerGlnLysGluGlyAsnGluMet
AGTTAAGACTTCACTGTCAACATTGATATTAATCTTGYTTTTAACTGGTTGCAAAGTTGATCTTTATACCGGAAT TAGTCAGAAGGAAGGGAACGAAAT
. . signal . sequence . 5600 . . . .

LeuAlaleuleuArgGInGluGlyLeuSerAlaAsplysGluProAspLysAspGlyLyslletLysLeuLeuval GluGluSerAspValAlaGlnAla
GCTCGCGCTGTTGCGCCAAGAAGGCCTTTCCGCAGACAAAGAGCCAGACAAAGATGGGAAGATTAAGCTCTTGGT TGAGGAGTCAGATGTCGCTCAGGC
. . . . . 5700 . . . .

IleAsplleLeulysArgLysGlyTyrProHisGluSerPheSerThrieuGlnAspValPheProLysAspGlyLeul leSerSerProl leGluGlu
TATTGATATTCTCAAACGGAAGGGCTATCCACACGAGAGTTTCTCCACGTTACAGGATGTGTTCCCCAAAGATGGGTTGATATCTTCACCTATAGAAGA
. . . . . 5800 . .EcoRV . .

LeuAlaArglLeuAsnTyrAlalysAlaGinGlul leSerArgThrLeuSerGlul leAspGlyValLeuvalAlaArgvalHisValvalleuProGlu
GTTGGCGAGGCTTAATTATGCCAAGGCGCAAGAGATCTCCCGCACTTTATCTGAAATTGACGGGGTATTAGTGGCTCGAGTGCATGTCGTATTGCCTGA
. . . BglIl . . 5900 . Xhol . .
GluGlnAsnAsnLysGlyLysLysGlyValAlaAlaSerAlaSerValPhel leLysHisAlaAlaAspl leGlnPheAspThrTyrlleProGlnIle
AGAGCAAAATAACAAAGGTAAGAAGGGCGTAGCAGCATCCGCTTCGGTTTTTATCAAGCACGCAGCAGATATTCAGTTTGACACCTACATACCTCAGAT
. . . . . 6000 . . . .
LysGlnLeuValAsnAsnSer]leGluGlylLeuAlaTyrAspArgl leSerVallleLeuvalProServalAspValArgGlnSerSerHisLeuPro
TAAACAATTAGTGAATAATAGTATTGAGGGGCTGGCCTATGATCGCATCAGTGTCATTTTGGTGCCATCGGTAGATGTTCGTCAAAGCTCTCATTTACC
. . . . . . 6100 . . .

ArgAsnThrSerlleLeuSerIleGlnvalSerGluGluSerLysGlyArgLeul leGlyLeuLeuSerLeuleul leLeuleuLeuProValThrAsn
TCGTAACACGAGCATACTGTCAATTCAAGTGAGTGAAGAGTCAAAAGGGCGTCTTATTGGCTTGTTGTCGTTGCTTATTTTGCTTTTGCCAGTGACCAA
. . . . . . 6200 . . .

MetMetGluAsnTyrIleThrSerPheGlnLeuArgPheCysProAlaAlaTyrLeulisLeu
LeuAlaGLnTyrPheTrpLeuGlnArgLysLys***

TCTTGCTCAATATTTTTGGTTACAACGCAAGAAGTGATGATGGAAAATTATATTACCTCTTTTCAATTGCGCTTCTGCCCCGCGGCTTATTTGCACTTG
. . . rbs. yscK . . 6300 . .

FIG. 5—Continued
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GluGlnLeuProSerLeuTrpArgSer]leLeuProTyrLeuProGLnTrpArgAspSerAlaHisLeuAsnAlaAlaleuleuAspGluPheSerLeu
GAACAGTTACCATCATTATGGCGTTCAATATTGCCCTACTTACCTCAGTGGCGCGATAGTGCTCATCTCAATGCTGCTTTATTGGATGAATTTTCTCTT
. . . . . . 6400 . . .

AspThrAspTyrGluGluProHisGlyLeuGlyAlalLeuProLeuGlnProGinSerGlnLeuGluLeuleuleuCysArgleuGlyleuvalLeuHis
GATACCGACTATGAAGAGCCCCATGGGTTGGGGGCGCTGCCTTTGCAGCCCCAATCACAGCTCGAACTGTTACTTTGTCGCCTTGGATTAGTTCTGCAT
. . . . . . 6500 . . .

GlyGluAlalleArgArgCysVallLeuAlaSerProlLeuGlnGlnLeuLeuThrLeuvalAsnGInGluThrLeuArgGlnllellevalGlnHisGlu
GGGGAGGCGATTCGCCGTTGTGTACTGGCCTCCCCATTACAACAATTATTGACATTGGTTAATCAAGAAACATTAAGGCAAATTATTGTACAGCATGAG

LeuLeulleGlyProTrpProThrAsnTrpGlnArgProLeuProThrGlul leGluSerArgThrMetlleGlnSerGlyLeuAlaPheTrpleuAla
CTGCTAATCGGGCCTTGGCCCACTAACTGGCAGCGCCCGCTGCCGACAGAAATAGAGAGCCGTACCATGATCCAGTCGGGGCTGGCTTTTTGGTTAGCA
. . . . . . 6700 . . .

AlaMetGluProGlnProGlnAlaTrpCysLysArgLeuSerLeuArgLeuProLeuAlaThrProSerGluProTrpLeuvalAlaGluSerGlnArg
GCAATGGAACCCCAACCTCAGGCATGGTGTAAACGGCTCAGTTTACGCCTCCCATTAGCTACGCCGTCAGAACCTTGGTTAGTGGCCGAGTCACAACGC
. . . . . . 6800 . . .

ProlLeuAlaGlnThrLeuCysHisLysLeuvallLysGlnValMetProThrCysSerHisLeuPheLys***
MetSerGLnThrCysGLnThrGlyTyrAlaTyrMetGlnProPhevValGlnilelleProSerAsnLeuSerLeuAlaCysGly
CCACTGGCCCAAACTTTATGTCACAAACTTGTCAAACAGGTTATGCCTACATGCAGCCATTTGTTCAAATAATACCAAGTAATCTCTCGCTCGCTTGCG
. yscL . . . yscLt . 6900 2_picvizrs . .

LeuArglleLeuArgAlaGluAspTyrGlnSerSerLeuThrThrGluGluteul leSerAlaAlalysGlnAspAlaGluLyslleleuAlaAspAla
GTCTGCGTATTTTGCGCGCCGAAGATTACCAATCCAGTTTAACTACCGAAGAGTTGATTAGTGCCGCAAAACAGGATGCTGAAAAGATCCTGGCTGACG
. . . . . . 7000 . . .

GUnGluvalTyrGluGLnGLnLysGlnLeuGlyTrpGlnAlaGlyMetAspGluAlaArgThrLeuGlnAlaThrLeul LeHisGluThrGinLeuGln
CCCAGGAGGTTTATGAGCAACAAAAGCAGTTAGGATGGCAGGCGGGCATGGATGAGGCGCGTACCTTACAGGCGACTTTGATTCATGAAACACAGTTAC
. . . . . yscL*? . 7100 . .

CysGInGlnPheTyrArgHisValGluGlnGlnMetSerGluvalVallLeuLeuAlaValArgLysl leLeuAsnAspTyrAspGlnvalAspMetThr
AATGTCAGCAATTTTATCGCCACGTCGAACAACAGATGAGTGAAGTTGTACTTTTGGCGGTACGTAAAATCCTCAATGACTATGATCAAGTGGATATGA
. . . . . . . 7200 . .
LeuGlnvalvalArgGluAlaLeuAlaLeuValSerAsnGlnLysGlnValvalValArgvalAsnProAspGlnAlaGlyThrileArgGluGlnlle
CACTGCAAGTTGTGCGGGAGGCTTTAGCCTTGGTGAGTAATCAGAAGCAAGTCGTGGTCAGGGTCAACCCTGATCAGGCCGGAACTATTCGTGAACAAA
. . . . . . . 7300 . .

AlalLysValHisLysAspPheProGlul leSerTyrLeuGluvalThrAlaAspAlaArgLeuAspGLnGlyGlyCysI leLeuGluThrGluvalGly
TAGCTAAAGTACATAAAGACTTCCCGGAAATAAGCTATTTAGAGGTGACTGCCGATGCGCGTTTGGATCAAGGGGGCTGTATATTAGAGACTGAGGTAG
. . . . . . . 7400 . .

IlelleAspAlaSer]leAspGlyGlnIleGluAlaLeuSerArgAlalleSerThrThrieuGlyGlnMetLysValThrGLUGLUGLU***
GTATTATTGACGCGAGTATTGATGGGCAAATTGAAGCACTTTCTCGGGCAATATCTACCACTTTAGGACAAATGAAAGT TACAGAAGAGGAATAACTAT
. . . . . . . 7500 . .

CGATATATTTTTAGTGTTATCTATTATAAGATTGAGTTATCTACATAAATTGGATGTTTCATCCTCGTTTTATGAGAACGATTCCCCAGAATAATTTTT
Clal . . .

TATTGTGATTTTTCGTTTAAAAGCCGATTAAAAAAATAAATCGTCTACGACAGTGGTTTAGCAAAAATAAATAACTTAGAATATCGTAGAGATAATTAT
. Dral . . . . . 7700 . .

MetLysI leAsnThrLeuGlnSerLeul LleAsnGLnGLnI leThrGlnValGlyHisGlyGlyGlnAlaGlyArgLeuThrGlu
AGCGACAGGAGACTCGATGAAAATCAATACTCTTCAATCGTTAATAAATCAACAAATTACCCAAGTGGGACACGGGGGGCAGGCCGGTCGTCTCACGGA
rbs yscM . . . . . 7800 . .

ThrAsnProLeuThrGluAsnSerHisGlnIleSerThrAlaGluLysAlaPheAlaSerGluvalLeuGluHisVallysAsnThrAlaleuSerArg
AACTAACCCACTCACAGAGAATAGCCATCAGATATCTACCGCCGAAAAAGCCTTTGCCAGTGAGGTACTGGAACATGTGAAAAATACGGCTCTCAGTCG
. . . EcoRV . . . . 7900 . .

HisAsplleAlaCysLeuleuProArgValSerAsnLeuGluLeulysGlnGlylysAlaGlyGluvalllevalThrGlyLeuArgThrGluGlnLeu
TCACGATATTGCCTGCTTATTACCACGCGTTTCTAATTTGGAACTAAAGCAGGGCAAGGCAGGGGAAGTGATAGTGACCGGCTTGCGTACTGAACAACT

. . . . . . . 8000 . .

SerLeuSerAspAlalysLeulLeuleuGluAlaAlaMetArgGlnAspThrAlaAlaAspGly***
CTCGCTTAGCGATGCTAAGTTATTGCTGGAAGCCGCCATGCGCCAGGATACGGCGGCTGACGGCTGACGATAATATATATCTACTGTATATTGAGGCGA
. . . . . . . . 8100 .

TAATACTCCCAGGTTGATTTACGTAACTATTTTTCAAGAAGTCATGTATCAATTCTTTCCCTTGAGCCAATTTAGAATAATAATACGCCTCCTTCGGTG
. . . . . . . . 8200 .

ATCCCCTGAAGTGGGGGTATTTATCAGTAGAGTCTGCTCCTCATATAAATTGAAGGAATTAGGATGAAAGATCACATTGTAGCGACTACCGGGTTATGG
. . . . . . - . 8300 .

TTATTTTGATGTCATCCCAGGCAATATTCGTTGCTATCACTGGTATTCCTGCATTACCAGTGGGCTGGCTGACATTATTGCCAAAAAATAGGGGGGGGA

TGGATACTTTATATTTTTACGCCATGCCGGCAGGGCATTGGAATTAAAAATATATTTATCTAAATGATGATGAGTTTAAA 8495
. . . 1 of yopH seq (Microb. Pathogen 5: 452, 1988) Dral

FIG. 5—Continued
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possess a putative signal sequence. It has one domain with a
hydrophobicity value of 1.9.

(xii) YscL. The longest ORF corresponding to yscL is 223
codons long and encodes a 25-kDa protein unlikely to
possess a signal sequence. Initiation at the second and third
ATG in the same reading frame yields proteins 11 and 76
amino acids smaller and tentatively called YscL’ and YscL".
Only the initiation codon leading to YscL" is preceded by a
potential ribosome binding site.

(xiii) YscM. Surprisingly, YscM was found to share signif-
icant similarity with YopH, encoded by the neighboring gene
on the pYV plasmid. The domain of similarity spans residues
52 to 130 of YopH. This domain is located between the
secretion recognition domain (residues 1 to 48) (34) and the
tyrosine-phosphatase domain (residues 206 to 468) (23, 33).
Since yscM and yopH are adjacent and in the same orienta-
tion on the pYV plasmid, one could speculate that yscM
arose by tandem duplication of yopH.

Transcription analysis of virC. To find out whether all 13
genes were part of one or more operon, we analyzed the
RNA produced by the wild-type strain and by several virC
mutants by Northern blotting, using different virC fragments
as probes. As outlined in Fig. 8, all the probes hybridized
with large-molecular-size RNA species (>2.5 kb) extracted
from the wild-type strain. Detection of the yscM transcript
was extremely weak, suggesting either that transcription was
attenuated before reaching that gene or that degradation of
the mRNA proceeds from the 3’ end. The probes never
hybridized to RNAs extracted from mutants in which mini-
Mu d lac inserted upstream of the probe, confirming that the
mutations were polar. Transcripts of the genes yscC to yscL
were not detected in the RNA extracted from W22703
(pGC445) (insertion in yscC), suggesting that genes yscC to
yscL are part of a single operon. Besides this, primer
extension experiments indicated that yscA and yscB are
transcribed from the same promoter (Fig. 9). Since, in turn,
genes yscB and yscC are exactly contiguous and hence
presumably transcribed together, we conclude that genes
yscA to yscL (and probably also yscM) are all contained in
the same operon.

Complementation experiments. Since mini-Mu insertions
caused polar mutations in the virC operon and since all the
virC mutants exhibited the same phenotype, we performed
complementation experiments to define the individual role of
several of the virC-encoded factors. We monitored the
secretion of Yops in the mutants containing the complement-
ing plasmid pTM200, a mobilizable derivative of pACYC184
carrying the EcoRI fragment 3 of pYVe439-80. Despite the
fact that pTM200 does not contain the virC promoter, this
plasmid was found to complement pGC1279 (yscG), pGC216
(yscH), and pGC1275 (yscL). We thus assumed that tran-
scription occurred from one of the vector’s promoters,
although this could also occur as the result of the presence of
a weak internal virC promoter.

J. BACTERIOL.

TABLE 3. Putative proteins encoded by the virC operon

No. of Molecular Signal
Protein amino mass 1gna Relevant features
acids (kDa) sequence

YscA 32 3,810 -

YscB 137 15,451 -

YscC 607 67,133 + (SPD)¢ Similarity to PulD
and pIV

581 + 26”  (64,248)¢
YscD 418 46,757 - GTG start codon
N-terminal hydro-

phobic domain

YscE 66 7,440 -

YscF 87 9,438 -

YscG 115 12,915 - N-terminal hydro-
phobic domain

YscH 165 18,392 -

Yscl 115 12,683 -

YsclJ 244 27,030 + (SPID“ GTG start codon

226 + 18®  (25,072)¢ Previously de-
scribed as YipB
C-terminal hydro-

phobic domain

YscK 209 23,970 -

YscL 223 24,949 -

YscM 115 12,371 - Resembles YopH

“ SPI, signal peptidase I; SPII, signal peptidase II.
b Probable signal sequence with the indicated number of amino acids.
© Molecular mass of the protein after cleavage of the signal sequence.

Several derivatives of pTM200 containing mutations un-
likely to affect downstream genes were constructed in dif-
ferent ysc genes either by deletion of restriction fragments or
by filling in restriction sites and thus causing frameshift
mutations. The plasmids constructed were used in comple-
mentation studies with various virC mutants. From the data
summarized in Fig. 10, it appeared that at least three genes
were required for the secretion of Yops: yscD, yscJ, and
yscL. According to our complementation analysis, yscM was
not required for the production of Yops. However, we
repeatedly attempted to mutate yscM via the integration of a
suicide vector containing an internal fragment of the gene.
All these attempts failed, suggesting that yscM could play an
important role.

Regulation of virC expression. The transcription of the virC
operon was compared with that of yopH with respect to the
kinetics of induction at 37°C, the influence of Ca%* ions in

FIG. 5. Nucleotide sequence of the virC region from pYVe439-80. The sequence presented (coordinates 34.0 to 42.5 kb of the pYVe
plasmid) joins the previously sequenced virF (14) and yopH (33) genes. The translation of hypothetical proteins YscA to YscM is presented.
The putative initiation codons of YscD and YscJ are GTG codons. Three possible initiation codons (ATG) for YscL are marked YscL, YscL’,
and YscL”. Predicted signal sequences of YscC and YscJ and the putative ribosome binding sites (rbs) of all the ysc genes are underlined.
Arrows indicate the insertion site of mini-Mu d lac for the various virC mutants. The number refers to the corresponding pGC or pJCV
plasmid carrying the mutation. The transcriptional start determined by primer extension is indicated by an asterisk. The putative promoter
is underlined twice. Some restriction sites are indicated. The region of plasmid pIB1 from Y. pseudotuberculosis that corresponds to
nucleotides 4637 to 8495 of the sequence presented here is called lcrK (45) and has recently been sequenced by M. Rimpildinen and H.
Wolf-Watz (43a). There is a perfect conservation of the ORFs and an overall homology of nearly 90% at the nucleotide level between the
corresponding sequences in Y. enterocolitica and Y. pseudotuberculosis.
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YscC 188-197 PLKYASASDR Y¥scC 351-370 LENEGSAQVVSRPTLLTQEN
PulD 273-282 YhhkkKkk*], PulD 431-450 *SSSTKNDILAT*S*V*LD*

PIV phage Pf3 252-271 M***kxNRG*********LLDR
PIV phage Ike 272-291 VK*DSNSK*I*T*RI***SG
PIV phage I2-2 263-282 VQSDSNSK*I*T*RI***SG
Y¥scC 450-510 ARVGHGQSLIIGGIYRDELSVALSKVPLLGDIPYIGALFRRKSELTRRTVRLFIIEPRIID
PulD 535-595 VL**S*ETVVV**LLDKSVADTAD* %%k %k ** 4V* % ** 4 *ST*KKVSKRNLMLF*R*TV*R
Pf3 348-408 I**Px**TVVL**V*STINQQGS*R*SGISR**G**R* *KK*EHV*EQYEL*IFLT***LG
Ike 375-435 VQIKD**T*LL**LIDSNTTDGNRS**WFESV*V#**W***SH*DSHNERTMFVLLTAHV*K
I2-2 366-426 VQIKD**T*LL**LISSNQFDSDRS**FMSK#**L#**W***SH*DSKDDRTMFVLLTAHV*R

FIG. 6. Alignment of YscC, PulD (20), and gene IV (PIV) proteins (30, 40, 47) of bacteriophages Pf3, IKe, and 12-2. Residues identical to

YscC are indicated by asterisks.

the culture medium, and the influence of the various vir
mutations.

Transcription of virC and yopH was detected after 30-min
induction at 37°C and reached a maximum after 1.5 h.
However, after 2-h induction at 37°C, the amounts and the
sizes of the virC messengers decreased while the yopH
transcripts were still very abundant (Fig. 11). Hence, either
transcription of virC stops before transcription of yopH or
the yopH messengers are much more stable than those of
virC. The presence of Ca’* ions in the culture medium
reduced the transcription of virC and yopH, although tran-
scription was still readily detectable (data not shown). In
conclusion, the transcription of virC is subject to the same
basic regulation as that of yop genes. Very little difference
was detected in the kinetics of transcription (or degradation)
of the messengers.

Transcription of virC was also monitored in virA and virB
mutants. It decreased in a virB mutant but not in a virA
mutant (data not shown).

LPS —

FIG. 7. Identification of YscJ as lipoprotein YlpB. SDS-PAGE
and fluorography of [*H]palmitic acid-labelled membranes extracted
from Y. enterocolitica W22703 carrying various pYV plasmid mu-
tants. Lanes: 1, wild-type plasmid pYVe227; 2, ylpA and virC
double mutant plasmid pGC216 (insertion in yscH); 3, ylpA and virC
double mutant pJCV1275 (insertion in yscL); 4, ylpA mutant pYL4;
S, wild-type plasmid pYVe227 and plasmid pBCS overexpressing
ylpA (10). Numbers to the right are molecular mass markers (in
kilodaltons). Note that YlpA is present in lanes 1 and 5 and that
YIpB is present in lanes 1, 3, 4, and S. LPS, lipopolysaccharide.

DISCUSSION

It has long been known that the appearance of the adhesin
YadA occurs only at 37°C and requires neither low Ca**
conditions nor an intact Ca2™* region (1, 15). According to the
Northern and immunoblot analyses presented here, there is
a good correlation between the transcription of yadA and the
appearance of the adhesin in the outer membrane. We
conclude that translation and export of YadA do not require

A D
24 AB C D EFGHI J K LM
- - -
1. b > 3
pGC445 pJCV1279 pJCV1275
pGC216
WT 216 445 1275 1279 E
B as Northern blot analysis of virC
24 L ?ﬁg
Probes
14
12043 14 15 plasmid
+ + + + (+)| pYyve227
WT 216 445 1275 1279
A NT + + pJCV1275
C
44 - & + - - - pGC216
o - NT - pJCV1279
14 = s = pGC445

FIG. 8. Northern blot analysis of the virC operon. (A, B, and C)
Examples of the Northern blots. RNA was extracted after 1.5- to 2-h
induction of the cultures at 37°C in BHI-OX from a plasmidless
W22703 strain (—) and W22703 strains carrying plasmids pYVe227
(WT), pGC216 (216), pGC445 (445), pJCV1275 (1275), and pJCV
1279 (1279). The probes are identified (circles) in panel D. For panels
A, B, and C, the probes were probes 1, 2, and 4, respectively. Note
that the large mRNAs are degraded. One should thus focus on the
presence or absence of specific mRNAs rather than on their size.
Size markers are on the left, in kilobases. (D) Localization of the
probes (circles labelled 1 to 5) and of the polar mutations in the virC
operon. (E) Summary of the results. Note that the results with
probes 3 and 5 are not shown. NT, not tested.
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FIG. 9. Determination of the transcriptional start of virC by
primer extension. (A) Extension from MIPA39 (coordinates 96 to
113 bp of Fig. 5); (B) extension from MIPA40 (coordinates 409 to 426
bp of Fig. 5).

pYV-encoded functions. YadA is thus presumably ad-
dressed via the classical export pathway on the basis of the
cleavage of a signal sequence. It was not yet clear from
previous data whether transcription of yadA requires VirF.
Our data show that transcription of yadA requires virF and,
to a lesser extent, virB. This is perfectly consistent with the
data of Martinez (32), who showed that in E. coli, a cloned
yadA gene is expressed and subjected to transcriptional
control by some locus of the vir region. However, we
observed previously that a cloned yadA gene can be ex-
pressed in a pYV™ Y. enterocolitica (1). We inferred from
this observation that the expression of yadA was indepen-
dent of the vir genes (17). We should now revise that
interpretation and conclude that although cloning of yadA
downstream of a vector promoter is sufficient to promote the
appearance of the protein in the outer membrane, the
transcription of yadA is normally dependent on VirF. Our
data also indicate some influence of virB on the transcription
of yadA. On the other hand, mutations in virA and virC have
no effect on transcription of yadA.

We showed previously that mutations in loci virA, virB,
and virC completely block the appearance of extracellular
Yops (15). Mutations in virA and virC provoke a mere 5- to
10-fold decrease of the transcription of a cloned yopH-cat
gene fusion while mutations in virB or virF have a much
more pronounced effect (14). In our present experiments, the
intracellular Yops were abundant in virA and virC mutants,
detectable in virB mutants, and absent in a virF mutant. We
conclude from this that virA and virC are involved in the
translocation of Yops across the bacterial membranes or in
the specific control of this function. The conclusion that virA
and virC are involved in the same general pathway is
somewhat surprising, since we described the virA mutant
W22703(pGC274) as having the CI phenotype and the virC
mutants as having the Gts phenotype (15). In view of this, we
repeatedly checked the growth rate of W22703(pGC274) at
37°C and we observed that it was reduced, indicating that the
phenotype of the virA mutant was somehow intermediate
between CI and Gts.

For virB, we favor a regulatory role. The observation that
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FIG. 10. Complementation of virC mutants. (A) Map of virC
showing the positions of the insertion mutations and the structures
of the plasmids used to complement the mutations. Rectangles
indicate deletions. (B) Secretion of the Yops by W22703 carrying the
four virC mutants and pTM200 or its derivatives. NT, not tested.

virB mutants also accumulate Yops can be explained by the
fact that transcription of virC is also reduced in virB mutants.

The present study focused on virC. This locus was found
to be most likely a large single operon containing 13 genes
that we called ysc for Yersinia secretion. Three of the
hypothetical proteins encoded by this operon, namely,
YscD, YscJ, and YscL, were shown to be required for the
export process. As one would expect for translocation
factors, YscD and YscJ turned out to have characteristics of
membrane proteins. The hydrophobicity analysis of YscL
failed to reveal any obvious membrane spanning domain, but
this does not necessarily rule out the possibility that YscL is
membrane associated. A fourth virC-encoded protein, YscC,
is very likely involved in the export process in view of its
homology with PulD. We do not know, so far, whether the
other virC components are necessary for export. Some of
these components have hydrophobic segments, which sup-
ports their participation in the Yop export machinery. The
others are presumably cytoplasmic proteins. They could be
involved in the early stages of export or in the coupling of the
export and transcription-translation activities. The last gene
of the virC operon, yscM, is intriguing for two reasons. First,
it encodes a protein that is very similar to the central domain
of YopH. This suggests that yscM could simply be the
vestige of a yopH ancestral tandem duplication and play no
role in the production of Yops. Second, our attempts to
disrupt this gene failed, whereas the polar insertion mutants
were perfectly viable. One possible interpretation is that
yscM plays a key role but that it is required only in very
small amounts to function and that either mini-Mu mutations
do not completely inhibit the transcription of downstream
genes or some weak promoter allows the independent tran-
scription of yscM.

Data to be presented elsewhere (27a) show that transcrip-
tion of the virC operon is dependent on VirF, like transcrip-
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FIG. 11. Transcription regulation of virC, in W22703(pYV ™). Kinetics of transcription of virC and yopH taken as a control (Northern
blots). The time (in hours) after the temperature shift is given on top. The arrows point to the transcripts. The sizes of the two yopH transcripts
are 1.55 and 0.48 kb (33). The clear space in the middle of the virC transcripts presumably corresponds to nonspecific occlusion by rRNA.
The probes were the virC DNA extracted from pTM271 and yopH DNA (the 180-bp Sau3A-Sspl fragment).

tion of the yop genes. This point is in good agreement with
the suggested role of virC in export of Yops.

The virC mutants (1, 15) as well as the corresponding lcrC
mutant of Y. pestis (22) and IcrK mutants of Y. pseudotuber-
culosis (45) are growth thermosensitive. The fact that all the
Mini-Mu d lac mutants with mutations in the virC operon
exhibit the same phenotype indicates that at least one of the
distal genes, yscL or yscM, is involved in this phenotype. As
suggested by Forsberg et al. (21), this phenotype can be
explained by the lack of secretion of YopN, which is
involved in Ca?* signal transduction. The same mechanism
could account for the reduced growth rate of the virA mutant
at 37°C.

Secretion of Yop proteins by yersiniae does not fit any of
the previously described export mechanisms. As is true for
hemolysins (Hly) and related proteins, Yops do not contain
a classical signal sequence (21a, 35). However, the Yop
export system must be different from the Hly system be-
cause it involves the N-terminal domain of the protein rather
than the C-terminal one (34, 35). Furthermore, none of the
putative secretion factors encoded by virC presented simi-
larity with HlyA, HlyB, and TolC or with the factors of
related secretion mechanisms (3, 31, 59, 60). The presence of
a lipoprotein in the secretion apparatus and the homology of
YscC with PulD suggests some similarity between the export
pathways of Yops and pullulanase (19, 43). However, apart
from YscC, none of the virC products was found to share
significant homology with any of the described pullulanase
export factors. Moreover, the absence of signal sequence in
Yops implies that the specific secretion apparatus accounts
for the translocation of both inner and outer membranes of
the bacteria. All these observations lead to the conclusion
that Yops are secreted by a new specific mechanism that is
clearly distinct from those previously described, even
though YscC resembles PulD.

Interestingly, the domain conserved between YscC and
PulD is also conserved in the gene IV-encoded protein (pIV)
of filamentous bacteriophages. The fact that these three
proteins have signal sequences and similar sizes reinforces
the probability that these proteins are indeed related. The
suggestion that pIV is part of an exit port involved in the
translocation of the phage across the bacterial membrane (8)
and the role of PulD in the pullulanase export strongly
reinforce our claim that YscC and other Ysc proteins are
part of the export machinery of Yops. The possibility that

Yops, pullulanase, and phage proteins export machineries
are related raises exciting evolutionary questions.
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