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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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