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and Faculté de Médecine, Université Catholique de Louvain, B-1200 Brussels, Belgium

Received 2 August 1994/Accepted 21 November 1994

The Yersinia enterocolitica surface antigen Myf is a fibrillar structure that resembles CS3 fimbriae. GenemyfA
encodes the 21-kDa major subunit of the antigen, while genesmyfB andmyfC are required for the transport and
assembly of pilin subunits at the bacterial cell surface. Here we show that the expression of Myf is regulated
at the transcriptional level by temperature and pH. Gene myfA is transcribed only at 37&C and in acidic
medium. The transcription start is preceded by a putative 210 box for the vegetative RNA polymerase as well
as by sequences resembling the consensus sequence recognized by s28. Thus, myfA could be transcribed either
from a classical s70 promoter or from a s28 promoter. Transcription of myfA requires at least two genes, myfF
and myfE, situated immediately upstream from myfA. The myfF product does not show similarity to any known
regulatory protein. It is an 18.5-kDa protein with no typical helix-turn-helix motif and a unique hydrophobic
domain in the NH2-terminal part. T7 expression, osmotic shock, fractionation experiments, and TnphoA fusion
analyses carried out in Escherichia coli suggest that MyfF is associated with the inner membrane by means of
its hydrophobic domain whereas the hydrophilic part protrudes in the periplasm. These features strikingly
evoke ToxS, a protein involved in regulation of Tcp pilus production in Vibrio cholerae. MyfE resembles PsaE,
a protein involved in regulation of pH6 antigen in Yersinia pestis. Genes myfF and myfE are presumably part
of a whole regulatory network. MyfF could be an element of the signal transducing system.

Yersinia enterocolitica is an enteric human pathogen associ-
ated with a wide spectrum of clinical and immunological man-
ifestations. The symptoms more currently associated with Y.
enterocolitica infection in children under 5 years are diarrhea
and abdominal pain (13). A mesenteric adenitis characterized
by fever, abdominal pain, and leukocytosis is common in older
children and adolescents (61). The pathogenicity depends on
the presence of the pYV plasmid, which is responsible for
resistance to nonspecific host defenses (for reviews, see refer-
ences 10 and 12). In addition, Y. enterocolitica secretes a chro-
mosome-encoded heat-stable enterotoxin called Yst (16, 47).
The C-terminal domain of Yst displays a significant identity to
the heat-stable toxin STI of Escherichia coli (57) and to gua-
nylin, an intestinal paracrine peptide (14). At least in the young
rabbit infection model, Yst is responsible for diarrhea (15).
Other enterotoxinogenic bacteria such as enterotoxinogenic E.
coli and Vibrio cholerae need to adhere to the intestinal mucosa
to induce diarrhea, and this attachment is mediated by specific
appendages called fimbriae (26, 33, 55). Likewise, Y. enteroco-
litica produces a fibrillar structure called Myf which closely
resembles CS3 fimbriae of enterotoxinogenic E. coli (30, 36).
Transport and assembly of the 21-kDa MyfA subunits require
MyfB, a putative chaperone of the PapD family, and MyfC, a
membrane usher protein related to PapC (30; for a review, see
reference 24). The Myf fibrillae are the homologs of pH6
antigen of Yersinia pestis: MyfA is 44% identical to PsaA, the
major subunit of pH6 antigen (4, 37, 38). Like pH6 antigen,
Myf appears only when bacteria are incubated at 378C in acidic
conditions (30).
In the present work, we analyze the transcriptional organi-

zation of themyfABC genes and the conditions of expression of

the Myf antigen. We show that transcription of myfA is depen-
dent on temperature, pH, and the expression of at least two
new additional genes calledmyfE andmyfF. We describemyfF,
which encodes a 18-kDa protein presumably involved in trans-
duction of the signal triggering transcription of myfABC.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Y. enterocoliticaW1024 is
a serotype O:9 strain. W1024-41 is a myfB::Tn5-Tc1 mutant (30). Strains
W1024-33 and W1024-42 are a myfE::Tn5-Tc1 mutant and a myfF::Tn5-Tc1
mutant, respectively (as determined in this study).
E. coli LK111(F9 lacZDM15), received fromM. Zabeau (Ghent, Belgium), and

E. coli XL1-blue (Stratagene, La Jolla, Calif.) were used for standard genetic
manipulations. E. coli S17-1 (44) was used to deliver the mobilizable plasmids
into Y. enterocolitica. E. coli CC102F9 (carrying the TnphoA transposon in the
chromosome) and KS272 (DphoA) (received from C. Parsot, Institut Pasteur,
Paris, France) were used for TnphoA mutagenesis and alkaline phosphatase
assays, respectively, as described by Allaoui et al. (1). Plasmids are listed in Table
1.
Bacteria were routinely grown on Trypticase soy broth (Oxoid, Hampshire,

England) containing 0.3% (wt/vol) yeast extract and on Trypticase soy agar
(TSA) (Diagnostic Pasteur, Marnes la Coquette, France). To produce the Myf
antigen, TSA was supplemented with 1% (wt/vol) glucose (TSA-glucose). pYV2

variants were selected on TSA supplemented with 0.02 M sodium oxalate and
0.02 M MgCl2. For the analysis of the effect of pH on Myf production, Y.
enterocolitica was grown on brain heart infusion (Difco, Detroit, Mich.) supple-
mented with 0.5% yeast extract (Gibco, BRL, Paisley, England), 2.5 mM CaCl2,
and 0.2% xylose and adjusted to different pHs with HCl or NaOH as described
by Lindler et al. (37) (SBHI). For the labelling of MyfF, recombinant E. coli was
grown in M9 medium (MgSO4 [1 mM], CaCl2 [100 mM], NaCl [86 mM],
Na2HPO4 [420 mM], KH2PO4 [220 mM], NH4Cl [190 mM], glucose (4
mg z ml21). The antibiotics used for selection were nalidixic acid (35 mg z ml21),
tetracycline (10 mg z ml21), ampicillin (400 mg z ml21), and kanamycin (50
mg z ml21).
Mutagenesis with Tn5-Tc1 and analysis of the Myf antigen. Mutagenesis was

performed as described previously (30).
DNA, RNA, and primer extension analysis. DNA preparation, restriction

enzyme digestions, ligation, labelling, and hybridization were performed by using
standard methods.
RNA extractions and analysis were as described by Lambert de Rouvroit et al.

(35). The probe used to detect the myfA transcript was prepared as described
previously (30). Primer extension analysis ofmyfA was performed as described by
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Michiels and Cornelis (40). The primers used were MIPA 86 (CATCCCGC
CACTAGCCAA), complementary to nucleotides 66 to 49 of myfA, and MIPA
131a (CGGTTCTGCATGTACCATA), complementary to nucleotides 90 to 72
of myfA.
Sequence analysis. DNA and protein sequences were analyzed with the

FASTA program (48). The isoelectric point was calculated by using the Genetics
Computer Group sequence analysis software package (University of Wisconsin,
Madison) computer program. The mean alpha-helical hydrophobic moment and
the mean hydrophobicity were calculated for windows of 11 amino acids and
plotted against each other as described by Eisenberg et al. (19). The mean
hydrophobicity for windows of seven amino acids was plotted by using the Kyte
and Doolittle scale (34). The secondary structure of MyfF was calculated by using
the Alb program (20, 50).
Protein expression and topology analysis. The myfF gene product was iden-

tified with the bacteriophage T7 promoter/polymerase system of Tabor and
Richardson (56), using E. coli LK111 containing pGP1-2 and either pTZ18R or
pIM98. The periplasmic proteins were isolated by a modification of the method
of Yim and Villarejo (62). After expression of myfF by using the T7 system, cells
were pelleted at 4,000 3 g for 5 min, resuspended in ice-cold solution containing
33 mM Tris-HCl, 0.5 M sucrose, and 1 mM EDTA (pH 7.6), and put in ice for
10 min. The cells were spun down again, osmotically shocked by resuspension in
ice-cold 0.5 mMMgCl2, and incubated for 10 min on ice. The cells were pelleted,
and the periplasmic proteins in the supernatant were precipitated with acetone
at 2808C. The precipitated proteins were collected by centrifugation at 10,0003
g for 30 min at 48C and resuspended in sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) sample buffer.
Mutagenesis of myfF by TnphoA was done by using plasmid pIM98 as de-

scribed by Allaoui et al. (1). The junctions between TnphoA and myfF were
sequenced also as described by Allaoui et al. (1). Alkaline phosphatase activity
was analyzed by using p-nitrophenylphosphate as described by Manoil and Beck-
with (39).
Nucleotide sequence accession number. The sequence of myfF and part of

myfE has been submitted to the GenBank Nucleotide Sequence Data Libraries
under accession number U12766.

RESULTS

Expression of the Myf antigen is regulated at the transcrip-
tional level. To determine the role of temperature and pH on
transcription of myf, we extracted total RNA from Y. entero-
colitica W1024 grown at 22 and 378C at various pHs, and we
carried out a Northern (RNA) blot analysis using amyfA probe
consisting of the central 280 bp of the gene. This probe re-
vealed a very abundant transcript with an estimated molecular
size of 650 nucleotides. This size corresponds to that of the
myfA gene, suggesting that myfA constitutes a transcriptional
unit independent from the downstream myfB and myfC genes
as well as from the upstream region. The myfA transcript was
detected only in bacteria grown at 378C and at acidic pH (Fig.
1). This could result either from increased transcription or
from increased transcript stability in those conditions. The
most likely hypothesis is that expression ofmyfA is regulated at
the transcriptional level by temperature and pH. Since the
intestine is a largely anaerobic medium, we also analyzed by
SDS-PAGE and immunoblotting, the expression of Myf in
bacteria grown in anaerobic conditions. Myf was expressed in
anaerobiosis as well as in aerobiosis but also at 378C and at
acid pH (data not shown).
Mapping of the myfA promoter. To identify the promoter of

myfA, we mapped the 59 end of the myfA transcript by primer

extension on total RNA extracted from Y. enterocoliticaW1024
grown at low pH and at 37 or 228C. We used two different
oligonucleotide primers complementary to mRNA sequences
within the coding region of myfA. The extension products ob-
tained with both primers ended at the GC residues at positions
98 and 99 bp upstream from themyfA initiation codon (Fig. 2).
Two longer extension products were also observed (not
present in Fig. 2). Since their origin differed depending on the
primer used, these two additional extension products were
considered nonspecific and were not taken into account. No
primer extension products were detected in reaction mixtures
containing mRNA extracted from W1024 grown at 228C.
We identified 7 bp upstream from the transcription start a

putative -10 box for the vegetative RNA polymerase, but no
sequence similar to the -35 box could be identified upstream
from this -10 box. Upstream from the transcription start, we
also identified a TAAA(N15)GCCAGTAT sequence that
matches six of eight nucleotides of the -10 box and four of four
nucleotides of the -35 box from s28 promoters (25). The dis-
tance between the putative -10 and -35 boxes (15 bp) and the
separation between the -10 box and the transcription start
point (8 bp) fit the consensus sequence for s28 promoters
(TAAA[N15] GCCGATAT) (25). Thus, myfA could be tran-
scribed either from a classical s70 promoter or from a s28

promoter.
The intercistronic DNA region upstream from the promoter

of myfA contains a TTTATTAAATAT sequence which closely
resembles the possible consensus for the leucine-responsive
regulatory protein-binding sites, TTTATTCtNaAT (51). The
leucine-responsive regulatory protein (Lrp), which is known to
regulate genes involved in nitrogen assimilation, amino acid
biosynthesis and degradation, and oligopeptide transport (46),
has been also shown to regulate the expression of Pap (8, 9),

FIG. 1. (A) Influence of temperature on transcription of myfA. Total RNA
was extracted from bacteria grown on SBHI (pH 6) at 378C (lane 1) and 228C
(lane 2). (B) Influence of pH on myfA transcription. Total RNA was extracted
from bacteria grown at 378C on SBHI adjusted to various pHs, as indicated above
the lanes. Transcripts were detected with a PCR probe corresponding to the
central part of myfA amplified with primers MIPA 114 and MIPA 112. The bars
on the left indicate the positions of the three Y. enterocolitica rRNA bands (1,750,
1,550, and 1,150 nucleotides) (54). In each experiment, the same amount of RNA
was loaded in each lane. Note, however, that panels A and B represent different
experiments.

TABLE 1. Plasmids used in this study

Plasmid Characteristic Reference

pIM98 pTZ18R 1 1.8-kb PstI (right) junctional fragment of W1024-33::Tn5-Tc1; myfF is downstream from the T7 and lac
promoters

This work

pIM106 pTZ18R 1 1.8-kb PstI junctional fragment (right) of W1024-33::Tn5-Tc1; myfF is oriented opposite to the T7 and
lac promoters

This work

pIM68 pTZ18R 1 1.6-kb PstI (right) junctional fragment of W1024-42::Tn5-Tc1 30
pTM100 pACYC184 1 oriTRK2 cloned in the SstII site (coordinate 832) 41
pIM122 1.8-kb HindIII-XbaI fragment of pIM106 cloned into the corresponding sites of pTM100; contains coordinates

186–1143 of myf system
This work
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K99 (9), F1845 (5, 60), type 1 (6), K88 (28), and S (60) fimbriae
of E. coli.
Finally, we could not identify in the regulatory region any

sequences resembling the E. coli consensus binding sites for
integration host factor or H-NS, two global regulators often
involved in the regulation of fimbrial genes.
Isolation of genes involved in the regulation of transcription

of myfA. Regulation of myf transcription by pH presumably
involves specific regulators and signal transduction. Y. entero-
colitica W1024 was mutagenized with transposon Tn5-Tc1 in
order to identify genes involved in this regulatory pathway.
Myf-defective mutants affected in the previously characterized
myfA, myfB, or myfC gene were discarded. Two Myf-negative
mutants, W1024-42 and W1024-33, carried the transposon in-
serted in a region situated immediately upstream from myfA.
We took advantage of the presence of a PstI site in Tn5-Tc1
and in myfA to clone the mutated gene(s). We digested chro-
mosomal DNA of W1024-42 and W1024-33 with PstI, and we
cloned the fragments in the range of 2 kb into pTZ18R. The
clones were identified by hybridization with Tn5-Tc1 DNA.
Plasmid pIM68 contained the fragment fromW1024-42 cloned
in one orientation, and plasmids pIM98 and pIM106 contained
the fragment from W1024-33 cloned in both orientations. Us-
ing these two plasmids, we sequenced a continuous 700-bp
region downstream from the insertion point of the transposon
in mutant W1024-33. The sequence revealed two open reading
frames (ORFs) with the same transcription polarity as myfA,
myfB, and myfC. In mutant W1024-42, the insertion occurred
in ORF1, 648 bp upstream from the ATG start codon of myfA,
while in mutant W1024-33, the insertion occurred in ORF2,
834 bp upstream from myfA (Fig. 3).
Sequence analysis of myfF and myfE. The first ORF, imme-

diately upstream of myfA, was called myfF (Fig. 4). This ORF,
separated from myfA by a 48-bp palindromic sequence, en-
codes a putative protein of 163 amino acids with a predicted
molecular mass of 18.46 kDa and a calculated pI of 8.6. The
predicted amino acid sequence suggests the presence of a
signal peptide. This N-terminal sequence represents the only
hydrophobic domain of the protein. Comparison of the pre-
dicted amino acid sequence of MyfF with the PIR and Gen-
Bank sequence databases did not reveal sequence similarity
with any other known protein. We compared in detail the

FIG. 2. Determination of the 59 end of myfA transcript by primer extension
analysis. The primers used were MIPA 131a (lane 2) and MIPA 86 (lane 4). The
sequence corresponding to part of the myfA gene and upstream region was
extended with primer MIPA 131a. The extension product obtained with MIPA
131a is shown by an arrow at the right. The extension product obtained with
primer MIPA 86 is shown by an asterisk. The negative controls were extension
analysis with primer MIPA 131a and RNA extracted from wild-type cells grown
at 228C (lane 1) and extension analysis with primer MIPA 131a and RNA
extracted from mutant W1024-42 grown at 378C (lane 3).

FIG. 3. Schematic representation of the chromosomal locus containing some
of the genes involved in the synthesis of the Myf antigen. %, insertion point of
Tn5-Tc1. Numbers identify the different mutants. The arrows indicate the direc-
tion of transcription of the different genes. T, transcription terminator.

FIG. 4. Nucleotide sequence of the myfA upstream region containing the
deduced amino acid sequence of MyfF and part of MyfE. The Tn5 insertion sites
in mutants W1024-33 and W1024-42 are shown by an arrow. The sites of two
TnphoA insertions in myfF are also given (labelled 1 and 2). The terminator of
MyfF is underlined. A putative Lrp fixation site is printed in lowercase and
underlined. The transcription start point for myfA is shown by two asterisks.
Putative -10 and -35 boxes for a s28 promoter upstream from myfA are under-
lined once. The -10 box for the vegetative sigma factor is underlined twice. The
putative Shine-Dalgarno ribosome binding site for myfA is designated SD.
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nucleotide sequences of the myf locus with the psa locus re-
sponsible for the expression of the pH6 antigen in Y. pestis
(38). According to this analysis, the psa sequence contains a
putative ORF (nucleotides 1038 to 1526) which presents 54%
identity with MyfF (Fig. 5A).
Upstream from myfF lies ORF2, an incomplete 27-amino-

acid sequence ending at nucleotide 86 with a TGA stop codon
that overlaps the ATG codon of myfF. Comparison of this
incomplete putative protein with the PIR and GenBank data-
bases indicated a 77.8% identity to the carboxy-terminal end of
the PsaE protein described by Lindler and Tall (38) (Fig. 5B).
In agreement with this observation, ORF2 is situated within
the myf locus in a position similar to that of the psaE gene in
the psa locus of Y. pestis (38). On the basis of these similarities,
we designated ORF2 myfE9.
Roles of myfF and myfE in transcription of myfA. To dem-

onstrate that mutation in myfF was responsible for the Myf-
negative phenotype of mutant W1024-42, we attempted to
complement the mutation with a cloned myfF gene. We sub-
cloned a 1.8-kb HindIII-XbaI fragment from pIM106 into
pTM100, a moderate-copy-number vector derived from
pACYC184 (41). In this construct, called pIM122, myfF is
transcribed from the P1 promoter of pACYC184. We intro-
duced pIM122 by conjugation in Y. enterocolitica W1024-42,
and we monitored the production of the Myf antigen by SDS-
PAGE and immunoblotting. As shown in Fig. 6, mutant
W1024-42 carrying pIM122 synthesized the Myf antigen, indi-
cating that myfF acts in trans on the production of Myf.
Taking into account that myfE and myfF seem to form an

operon, the Myf-negative phenotype of mutant W1024-33
could be due either to the disruption of the myfE gene itself or
to a polar effect on myfF transcription. To define the role of
myfE, we tried to complement W1024-33 with pIM122, which
contains myfF. As can be seen in Fig. 6, pIM122 could not
complement the myfE mutation of W1024-33, although it did
complement W1024-42. Gene myfE itself is thus also required
for the expression of the Myf antigen.
We analyzed transcription of myfA in Y. enterocolitica

W1024 and in various mutants affected in myfF (W1024-42),
myfB (W1024-41), and myfE (W1024-33). As can be seen in
Fig. 7, the myfA transcript was detected in the myfB mutant as

well as in the wild type, but it was absent from the myfF and
myfE mutants. The myfA gene is thus positively regulated, and
myfF and myfE are both required for its transcription.
Detection of MyfF. We analyzed the myfF gene product by

exclusive 35S labelling using the T7 RNA polymerase system
and plasmid pIM98. We detected by SDS-PAGE a faint band
corresponding to a protein with an apparent molecular mass of
18 kDa that was absent in the extract of the control strain
containing the vector pTZ18R instead of pIM98. This molec-
ular mass is in agreement with that predicted from the DNA
sequence of myfF including the 30 NH2-terminal amino acids.
This result suggests that the hydrophobic domain is not cleaved
and may constitute a transmembrane domain rather than a
signal sequence (Fig. 8).
Localization of MyfF. As we already mentioned, MyfF has a

unique NH2-terminal hydrophobic domain. This domain,
which has the characteristics of a signal peptide, could direct
the protein toward the periplasm. To test this hypothesis, we
constructed and analyzed MyfF-PhoA hybrid proteins. We mu-
tagenized plasmid pIM98 carrying myfF with TnphoA and se-
lected the clones giving blue colonies on plates containing
X-phosphate. Two transposon insertion sites were determined
by sequencing the junctions. TnphoA was found to be inserted
after codon 50 and after codon 74. These two fusions give
alkaline phosphatase activities in E. coli KS272 of 98 6 19 and

FIG. 5. (A) Amino acid sequence comparison of MyfF from Y. enterocolitica
and the corresponding protein in the psa locus of Y. pestis (Y.p.). (B) Amino acid
sequence comparison of the partial myfE9 product and the carboxy-terminal end
of the PsaE protein of Y. pestis (38). Vertical bars indicate identical amino acids,
and colons indicate amino acid similarity.

FIG. 6. (A) Immunoblot analysis of Myf antigen production. Lanes: 1, mu-
tant W1024-42; 2, mutant W1024-42(pIM122); 3, mutant W1024-33; 4, mutant
W1024-33(pIM122). Bacteria were grown on TSA-glucose at 378C. The extrac-
tion of Myf and the Myf-specific antiserum were as described previously (30).

FIG. 7. Northern blot analysis of the influence of myfF and myfE on myfA
transcription. Total RNA was extracted from bacteria grown at 378C on SBHI
(pH 6). Lanes: 1, wild-type strain W1024; 2, mutant W1024-33 (myfE::Tn5-Tc1);
3, mutant W1024-41 (myfB::Tn5-Tc1); 4, mutant W1024-42 (myfF::Tn5-Tc1).
The transcript was detected with the same PCR fragment as in Fig. 1. The bars
on the left indicate the positions of the three typical Y. enterocolitica rRNA bands
(54).
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1086 17 U per optical density at 600 nm (OD600), respectively.
These values can be compared with values obtained in the
same conditions and in the same host but with different PhoA
fusions. For instance, fusions between YscU, an inner mem-
brane protein of the Yop secretion machinery, and PhoA give
values of 3506 77 U per unit of OD if PhoA is localized in the
periplasm and 49 6 17 U per unit of OD if PhoA is localized
in the cytoplasm (1). This finding suggests that at least the
hydrophilic domain of MyfF resides in the periplasm.
To determine whether MyfF is soluble in the periplasm or

anchored in the cytoplasmic membrane, we performed osmotic
shocks in E. coli LK111(pGP1-2)(pIM98) after T7 promoter
induction. In agreement with our observation that the signal
sequence is not cleaved, MyfF remained in the cell pellet while
b-lactamase was largely released (Fig. 8A). To confirm these
results, we sonicated E. coli LK111(pGP1-2)(pIM98) after T7
induction and separated the soluble fraction from the mem-
brane fraction by centrifugation; MyfF was detected in the
membrane fraction (Fig. 8B).

DISCUSSION

Myf forms fibrillae which closely resemble CS3 of human
enterotoxinogenic E. coli strains (30, 36). This similarity sug-
gests that Myf could favor the adhesion of Y. enterocolitica to
enterocytes and, in doing so, allow the action of the Yst en-
terotoxin. However, Myf also appears as the Y. enterocolitica
counterpart of Y. pestis pH6 antigen, whose function remains
elusive. Expression of pH6 is induced inside macrophages,
which may allow bacteria to interact with other uninfected
macrophages or with other host cells after they are released
from the infected cells (38).
To gain a better insight on the possible function of Myf, we

determined the conditions of its expression. In vitro, Myf pro-
duction turned out to be regulated by temperature and pH.
Like the Yops and YadA, Myf is produced only at 378C. In
contrast, when bacteria are grown in usual culture medium, the
enterotoxin Yst can be detected only at temperatures lower
than 308C (2, 7). This finding might argue against a coordinate

action of Myf and Yst in inducing diarrhea, but recently Mikul-
skis et al. (42) showed that yst transcription can be induced at
378C by increasing osmolarity of the culture medium up to
values observed in the intestinal lumen close to the mucosa.
Myf and Yst could thus be produced in vivo at the same stage
of the infection. Myf production also requires an acid pH. This
may fit with the fact that after entering the host, bacteria will
find an acidic pH in the stomach. The pH will then increase
after passage to the intestine (21), but nondividing bacteria
might keep their fimbriae. It is interesting that the Tcp pili of
V. cholerae, which are required for the onset of cholera, are
also produced at pHs below 7 (58). The general pattern of Myf
production seems thus to fit quite well with the hypothesis of
an adhesion factor. However, this pattern of expression, in
particular the acid dependence, is of course strikingly reminis-
cent of pH6, the Myf counterpart in Y. pestis. It is also remi-
niscent of invasin, which is also produced at 378C provided that
the pH is acidic (49).
Regulation of fimbrial expression has been extensively ana-

lyzed in other bacteria. It is a highly complex phenomenon
which involves several proteins, including Lrp, Dam, integra-
tion host factor, H-NS, and catabolite gene activator protein.
In addition to these global regulatory proteins, specific regu-
lators are also involved. Most fimbrial regulatory systems can
be classified in three groups. The system regulating the expres-
sion of Pap pili is the archetype of the first group. It involves
two divergent genes, papB and papI, coding for small (11- and
8.5-kDa) DNA-binding proteins (3). Homologs to these genes
have been shown to regulate expression of S, F1845, K99, and
K88 pili (5, 23, 52, 59).
The second family of fimbrial regulators includes transcrip-

tional activators of the AraC family with a molecular mass of
30 kDa and a helix-turn-helix motif in their carboxy-terminal
ends. This family includes Rns (CFAII pili [11]), CfaD (CFAI
pili [31, 53]), and FapR (987P [32]) in E. coli. These two groups
of fimbrial regulatory proteins are present not only in E. coli,
and they are not mutually exclusive. For instance, the operon
encoding fimbriae in Salmonella typhimurium includes proteins
PefB and PefI, which are homologous to PapB and PapI, as
well as ORF11, which belongs to the AraC family (22).
A third group of fimbrial regulators consists of two compo-

nent systems as identified in Pseudomonas aeruginosa (27),
Bordetella pertussis (43), and V. cholerae (17).
In a search for genes required in trans for myfA transcrip-

tion, we identified myfE and myfF. As is generally the case for
fimbrial regulators, they are situated immediately upstream
from the gene encoding the fimbrial subunit (myfA). However,
their products did not show similarity either to any of the
fimbrial regulators cited above or to any known bacterial reg-
ulatory protein. A putative ORF which presents significant
identity to MyfF is also present in the psa system, but its
function has not been established. MyfF is an 18.5-kDa protein
with no typical helix-turn-helix motif. T7 expression, osmotic
shock, and TnphoA fusion analyses carried out in E. coli sug-
gest that it is a membrane protein which resides predominantly
within the periplasm. These features strikingly resemble the
characteristics of ToxS, a protein involved in regulation of Tcp
pilus expression in V. cholerae (18). ToxS is a 19-kDa protein
with a unique hydrophobic domain in the NH2-terminal part.
The protein remains associated with the membrane by means
of this hydrophobic domain, and the hydrophilic part of the
protein protrudes in the periplasm (18). In the current model
for regulation of Tcp pilus expression, ToxS is part of a cascade
including ToxR, a 32-kDa transmembrane protein, and ToxT,
a DNA-binding protein that belongs to the AraC family. ToxS
would interact in the periplasm with ToxR dimers, resulting in

FIG. 8. Expression of the myfF gene with the T7 RNA polymerase system in
E. coli LK111. (A) Osmotic shock experiment. Lanes: 1, total cell proteins from
E. coli LK111(pGP1-2)(pTZ18R); 2, total cell proteins from E. coli LK111
(pGP1-2)(pIM98); 3, E. coli LK111(pGP1-2)(pIM98) cell pellet after osmotic
shock; 4, E. coli LK111(pGP1-2)(pIM98) periplasmic fraction after osmotic
shock. Positions of molecular markers are indicated in kilodaltons. (B) Fraction-
ation experiment. Lanes: 1, total cell proteins from E. coli LK111(pGP1-
2)(pIM98); 2, E. coli LK111(pGP1-2)(pIM98) membrane fraction after sonica-
tion; 3, E. coli LK111(pGP1-2)(pIM98) soluble fraction after sonication. The
arrows point to MyfF. Upper bands are bla gene products.
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an active form of ToxR. ToxR would in turn activate expres-
sion of toxT, and the toxT product would activate expression of
tcpA, the gene encoding the Tcp subunit (17, 18, 45).
We could identify only part of the myfE gene. Its product

presents significant identity to PsaE, a protein involved in
regulation of the pH6 antigen in Y. pestis. According to Lindler
et al. (37), pH6 expression is regulated normally in psaE mu-
tants, but the level of expression is greatly reduced. In contrast,
in our Y. enterocolitica myfE mutant, transcription of myfA was
completely abolished, and this effect was not due to a polar
effect on myfF. Our present data do not allow us to explain the
differences observed between the effects of the psaE and myfE
mutations.
ThemyfE stop codon overlaps the ATG start codon ofmyfF,

suggesting that these two genes form an operon or the distal
part of a longer operon. They are presumably only part of a
complex regulatory system, because other chromosomal muta-
tions, not yet analyzed, affect the expression of Myf (29).
By primer extension, we localized a putative promoter up-

stream from the transcription start of myfA. The -10 box is
similar to that recognized by the vegetative sigma factor, but
the -35 box is missing. Most surprisingly, the DNA sequence
immediately upstream from the transcription start of myfA
contains a nearly perfect s28 (RpoF) promoter (25). So far, no
virulence genes from an animal pathogen have been shown to
require this sigma factor for the initiation of their transcrip-
tion. Our data do not allow us to conclude that RpoF is indeed
involved. The answer to this question requires the cloning and
mutagenesis of rpoF.
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