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Virulent Yersinia species harbor a common plasmid that encodes essential virulence determinants (Yersinia
outer proteins [Yops]), which are regulated by the extracellular stimuli Ca’* and temperature. The
V-antigen-encoding operon has been shown to be involved in the Ca®>*-regulated negative pathway. The genetic
organization of the V-antigen operon and the sequence of the lcrGVH genes were recently presented. The
V-antigen operon was shown to be a polycistronic operon having the gene order lcrGVH-yopBD (T. Bergman,
S. Hakansson, A. Forsberg, L. Norlander, A. Macellaro, A. Bickman, I. Bolin, and H. Wolf-Watz, J.
Bacteriol. 173:1607-1616, 1991; S. B. Price, K. Y. Leung, S. S. Barve, and S. C. Straley, J. Bacteriol.
171:5646-5653, 1989). We present here the sequence of the distal part of the V-antigen operons of Yersinia
pseudotuberculosis and Yersinia enterocolitica. The sequence information encompasses the yopB and yopD genes
and a downstream region in both species. We conclude that the V-antigen operon ends with the yopD gene. This
conclusion is strengthened by the observation of an insertion-like element downstream of the yopD gene. The
translational start codons of YopB and YopD have been identified by N-terminal amino acid sequencing. By
computer analysis, the yopB and yopD gene products were found to be possible transmembrane proteins, and
YopD was shown to contain an amphipathic a-helix in its carboxy terminus. These findings contrast with the
general globular pattern observed for other Yops. Homology between Yersinia LcrH and Shigella flexneri Ippl
and between Yersinia YopB and S. flexneri IpaB was found, suggesting conservation of this locus between these
two genera. YopB was also found to have a moderate level of homology, especially within the hydrophobic
regions, to members of the RTX protein family of alpha-hemolysins and leukotoxins, indicating that YopB

might exhibit a similar function.

The genus Yersinia consists of 10 species, of which 3
(Yersinia pestis, Y. pseudotuberculosis, and Y. enterocoli-
tica) are virulent. Common to all three virulent species is a
plasmid of approximately 70 kb that is essential for virulence
(23-25, 46, 69). This virulence plasmid encodes a number of
secreted proteins called Yersinia outer proteins (Yops) (7,
14, 61). The yop genes are scattered around the virulence
plasmid and have been shown to be contained in different
operons (8, 15, 21, 34, 40, 42, 61). A number of these Yops
have been shown to be virulence determinants, since specific
yop mutants generally are avirulent (8, 21, 42, 61). The
YopH and YopE proteins are involved in resistance of
yersiniae to phagocytosis by macrophages. Therefore, these
two proteins are implicated in the obstruction of the primary
host defense (51, 52). The YopE protein has been shown to
be a cytotoxic effector and to be involved in resistance to
phagocytosis (52). YopH was found to exhibit a protein
tyrosine phosphatase activity, suggesting that YopH inter-
feres with regulatory or signal-transducing pathways of
target cells (5, 26). The YopM protein exhibits homology to
the a-chain of human platelet glycoprotein Ib, GPIba, and
was shown to inhibit human platelet aggregation (34, 35).

The virulence plasmid has also been shown to be associ-
ated with the unique low-Ca®* response of pathogenic
yersiniae (8, 14, 15, 20-22, 25, 30, 45, 46, 61). This low-Ca*
response is manifested by the requirement of at least 2.5 mM
Ca** for prolonged growth at 37°C. Upon incubation at 37°C
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in Ca®*-depleted conditions, the cells are restricted for
growth after approximately two generations (68). Concomi-
tantly with the low-calcium response, the virulence plasmid-
encoded Yop proteins are expressed and secreted in large
amounts into the culture supernatant. If the pathogen is
grown at 26°C or in the presence of 2.5 mM Ca®*, synthesis
of Yop proteins is repressed.

The expression of the yop genes is under the control of the
extracellular stimuli temperature and Ca?* (8, 13, 14, 20, 21,
61). This regulation of expression is controlled by two
different regulatory loops, one positive and one negative (3,
8, 13, 21, 48). The positive loop involves one activator, VirF
(LcrF), which exhibits sequence homology to AraC of
Escherichia coli (13, 14) and interacts with the yop promot-
ers (32). When the cells are shifted from 26 to 37°C, the level
of VirF increases, even in the presence of 2.5 mM Ca?*,
suggesting that the positive loop involves only temperature
as a stimulus (13). The Ca®>* concentration of the growth
medium regulates the level of Yop expression at 37°C. This
effect is likely mediated through the expression of a tran-
scriptional repressor that interacts with the yop promoters
(3, 8, 21, 51). At a Ca®* concentration of at least 2.5 mM, the
putative repressor concentration is high, resulting in repres-
sion of the yop genes. Growth in a calcium-depleted medium
results in a low concentration of an active transcriptional
repressor and, accordingly, derepression of the yop genes.
The complex negative regulatory loop involves at least five
different loci (20). One of these loci is the V-antigen-
containing operon (3, 42, 61). Mutations in this operon give
the bacteria a temperature-sensitive phenotype (i.e., the
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mutant shows a reduced plating frequency at 37°C irrespec-
tive of Ca* concentration), indicating the importance of this
operon in the negative control of Yop expression (3, 14, 21,
42, 49). This operon has previously been shown to contain at
least five genes: lerGVH-yopBD (3, 42, 48). A regulatory role
for both the LcrV and LerH proteins has been demonstrated
(3, 47, 49). The LcrV protein is suggested to be involved in
secretory mechanisms, while the LcrH protein is proposed
to be a negative control element of yersiniae (3, 48, 49).

Polar mutations of the yopB and yopD genes gave rise to
temperature-sensitive mutants (3, 20). This was probably
due to a destabilization of the transcript which negatively
influences the expression of LcrH (3). Thus, in order to
study the function of YopB and YopD, it was necessary to
obtain the sequence information of this distal part of the
V-antigen operon so that specific mutants could be con-
structed.

So far, little is known about YopB and YopD. Rosqvist
has shown by immunostaining that the yopB gene product
binds to the same cytoskeleton structure in the target cell as
the cytotoxin YopE. This finding could indicate a role in
virulence for the YopB protein (50). YopD, on the other
hand, has been implicated in the cytotoxic response or in the
process of translocation of the YopE cytotoxin across the
target cell membrane, as deduced by the use of microinjec-
tion techniques (53).

In this study, we demonstrated by sequence analysis that
the V-antigen-containing operon ends with the yopD gene
and that the YopB and YopD proteins are of the same size
and are highly conserved in Y. pseudotuberculosis and Y.
enterocolitica. We showed that YopB and YopD are possi-
ble transmembrane proteins and that YopD contains an
amphipathic domain in its carboxy terminus. We also
showed that LcrH and YopB exhibit homology with IpplI and
IpaB of shigellae, respectively (2, 56, 65, 67), and that YopB,
in addition, exhibits moderate homology with the RTX
protein family of alpha-hemolysins and leukotoxins (19). We
analyzed the sequences of the yopB and yopD genes of Y.
enterocolitica to investigate whether the genetic organiza-
tion in this species is similar to that in Y. pseudotuberculosis.
We also wanted to examine whether the sequence informa-
tion obtained can explain the apparent size difference ob-
served, as deduced by one-dimensional sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), be-
tween the YopB and YopD proteins of Y. pseudotuberculo-
sis and those of Y. enterocolitica (46).

MATERIALS AND METHODS

Bacterial strains and growth conditions. Y. pseudotubercu-
losis YPIII(pIB1) and YPIII(pIB15) (3, 6, 20, 21) and Y.
enterocolitica W22703(pYVe227) (12, 33) were used. The E.
coli strains used were DH5a (28) and LK111 (40). The liquid
growth medium for Yersinia strains consisted of brain heart
infusion broth (Difco) supplemented with either 5 mM
EGTA [ethylene glyco-bis(B-aminoethyl ether)-N,N,N',N'-
tetraacetic acid] and 20 mM MgCl, or 2.5 mM CaCl,. The
solid medium was a blood agar base containing 20 mM Na
oxalate, 20 mM MgCl,, and 0.2% glucose (Ca’* free) or
blood agar base supplemented with only 2.5 mM Ca*. E.
coli strains were grown in Luria broth or on Luria agar.

DNA methods. Preparation of plasmid DNA, restriction
enzyme digests, ligations, and transformations of E. coli
were performed essentially as described by Maniatis et al.
(38).

DNA sequencing. DNA fragments containing the yopB and
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yopD genes and downstream sequences of Y. pseudotuber-
culosis were subcloned into the pBluescript vector (Strata-
gene, La Jolla, Calif.). Polymerase chain reaction (PCR)
fragments derived from the Y. enterocolitica virulence plas-
mid pYVe227, which contains the yopB and yopD genes and
a downstream region, were cloned into either the pBC18
vector (10) or the pBluescript vector. The subclonings of the
PCR fragments from Y. enterocolitica were performed at
two separate times. The DNA sequences of these parallel
subclones of Y. enterocolitica and the subclones of Y.
pseudotuberculosis were determined by the dideoxy-chain
termination method of Sanger et al. (54) with [a->*S]dATP
(Amersham Corp., Little Chalfont, United Kingdom) and
modified T7 DNA polymerase (Sequenase; United States
Biochemical Corp., Cleveland, Ohio).

DNA and protein sequences were analyzed by the GCG
(Genetics Computer Group sequence analysis software
package [University of Wisconsin, Madison]) and PC Gene
(IntelliGenetics, Inc., Mountain View, Calif.) computer pro-
grams. The FASTA and TFASTA homology searches of
GCG were performed with the algorithms of Lipman and
Pearson (36) and Pearson and Lipman (44).

The mean a-helical hydrophobic moment and the mean
hydrophobicity were calculated by the procedure of Eisen-
berg et al. (16, 17). A segment of 11 amino acids was moved
through the protein sequence, and the mean hydrophobicity
moments for each segment were calculated. The mean
hydrophobicity was plotted against the mean a-helical hy-
drophobic moment for all possible segments. These two
parameters were also plotted as a function of the midpoint of
the amino acid segment along the sequence. In most calcu-
lations, we used the normalized consensus hydrophobic
scale of Eisenberg et al., which is especially suitable for
membrane-related proteins (16, 17).

Analysis of Yop expression. Yersinia strains were grown at
26°C to an optical density of 0.1 at 550 nm. The cultures were
then shifted to 37°C and grown for an additional 3 h before
being harvested. The secreted proteins were precipitated
with 10% trichloroacetic acid and subjected to SDS-PAGE
on 12% acrylamide gels as described earlier (20, 31). Proteins
were visualized by Coomassie blue staining.

Two-dimensional gel analysis. Two-dimensional protein gel
electrophoresis was performed according to the protocol of
VanBogelen and Neidhardt (63).

Northern (RNA) blot analysis. Northern blot analysis was
performed as described earlier (3).

Nucleotide sequence accession numbers. The GenBank-
EMBL accession numbers of the yopBD sequences in Fig. 3
are 106215 (pIB1 of Y. pseudotuberculosis YPIII) and
1.06216 (pYVe227 of Y. enterocolitica W22703).

RESULTS

DNA sequence analysis of yopB and yopD of Y. pseudotuber-
culosis and Y. enterocolitica. The partial sequence of the
lcrGVH-yopBD operon, ending with the lcrH gene (Fig. 1),
has previously been presented (3, 48). Therefore, we se-
quenced the yopB and yopD genes of Y. pseudotuberculosis
YPIII(pIB1) and a downstream region to obtain the genetic
structure of the entire operon. Similarly, the V-antigen
operon of Y. enterocolitica has the same genetic organiza-
tion as that of Y. pseudotuberculosis, but the sequence of the
Y. enterocolitica V-antigen operon has not been determined
(42). Because of apparent size differences between the Y.
pseudotuberculosis and Y. enterocolitica YopB proteins as
well as their YopD proteins, we also sequenced the corre-
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FIG. 1. Organization of the lcrGVH-yopBD operon of pIB1 of Y. pseudotuberculosis YPIIIL. The nucleotides are labeled starting with +1
at the BamHI restriction site of BamHI fragment 1. The open reading frames lcrD and lcrR indicate the two genes of the upstream lcrD

operon. orf, open reading frame.

sponding genes of Y. enterocolitica W22703(pYVe227). Two
open reading frames corresponding to YopB (401 amino
acids) and YopD (306 amino acids) were identified in both
species (Fig. 2). Comparison of the proteins from the two
species showed that the YopB proteins were 95.8% identi-
cal, with 17 amino acid differences (Fig. 2A), and that the
YopD proteins were 98.0% identical, with only 6 amino acid
differences (Fig. 2B).

For Y. pseudotuberculosis, the N-terminal amino acid
sequence of YopB was previously determined, showing that
the translational start of YopB overlaps the reading frame of
lerH by 23 nucleotides (3). The same putative translational
start could be observed in the sequence of Y. enterocolitica
(Fig. 3). No promoter motif could be identified in front of
yopB or yopD in either species. This finding confirms the
previous observation that when different polar mutations

YopB

pIiBl MSALITHDRSTPVTGSLLPYVETPAPAPLQTQQVAGELKDKNGGVSSQGVQLPAPLAVVA 60
pYve227 V--1I

pIBl SQVTEGQQQEVTKLLESVTRGAAGSQLISNYVSVLTKFTLASPDTFEIELGKLVSNLEEV 120
pYve227 I T N

pIBl RKDIKIADIQRLHEQNMKKIEENQEKIKETEENAKQVKKSGIASKIFGWLSAIASVIVGA 180
pYve227 M I VI--

piBl IMVASGVGAVAGAMMVASGVIGMANMAVKQAAEDGLISQEAMKILGPILTAIEVALTVVS 240
pYve227 I QV-

pIBl TVMTFGGSALKCLANIGAKLGANTASLAAKGAEFSAKVAQISTGISNTVGSAVTKLGGSF 300
pYve227 D

pIBl AGLTMSHAIRTGSQATQVAVGVGSGITQTINNKKQADLQHNNADLALNKADMAALQSIID 360
pYve227 GS——=—~ Vv

pIBl RLKEELSHLSESHQQVMELIFQMINAKGDMLHNLAGRPHTV 401

pYve227 R

YopD

pIBl MTINIKTDSPIITTGSQLDAITTETVKQSGEIKKTEDTRHEAQAIKSSEASLSRSQVPEL 60
pYve227 - G V.

pIBl IKPSQGINVALLSKSQGDLNGTLSILLLLLELARKAREMGLQQRDIENKATITAQKEQVA 120
pYve227 S

pIB1l EMVSGAKLMIAMAVVSGIMAATSTVASAFSIAKEVRKIVKQEQILNSNIAGREQLIDTKMQ 180
pYve227 D

pIBl QMGNIGDKAVSREDIGRIWKPEQVADQNKLALLDKEFRMTDSKANAFNAATQPLGQMANS 240
pYve227 S-A.

pIBl AIQVHQGYSQAEVKEKEVNASIAANEKQKAEEAMNYNDNFMKDVLRLIEQYVSSHTHAMK 300
pYve227

pIBl1 AAFGVV 306

pYVe227 = —————-

FIG. 2. Deduced amino acid sequences of the YopB and YopD proteins of Y. pseudotuberculosis. The sequences are compared with the
corresponding sequences of Y. enterocolitica. Dashes denote sequence identity. The Y. enterocolitica amino acids are indicated where the

sequences differ.
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—SD Bi HL
pIB1 GGAGATGGAACATGAGTGCGTTGATAACCCATGACCGCTCAACGCCAGTAACTGGAAGTCTACTTCCCTACGTCGAGACACCAGCGCCCGCCCCCCTTCA 100
pYVe227 A T G A
pIB1 227 GACCCAACAAGTCGCGGGAGAACTGAAGGATAAAAATGGCGGGGTGAGTTCTCAGGGCGTACAGCTCCCTGCACCACTAGCAGTGGTTGCCAGCCAAGTT 200
pYVe G C
pIB1 227 ACTGAAGGACAACAGCAAGAAGTCACTAAATTATTGGAGTCGGTCACCCGCGGCGCGGCAGGATCTCAACTGATATCAAATTATGTTTCAGTGCTAACGA 300
pYVe A A
pIB1 997 AGTTTACGCTTGCTTCACCTGATACATTTGAGATTGAGTTAGGTAAGCTAGTTTCTAATTTAGAAGAAGTACGCAAAGACATAAAAATCGCTGATATTCA 400
pYVe22 T (o]
pIB1 ; GCGTCTTCATGAACAAAACATGAAGAAAATTGAAGAGAATCAAGAGAAAATCAAAGAAACAGAAGAGAATGCCAAGCAAGTCAAGAAATCCGGCATCGCA 500
pYVe22 G
pIB1 TCAAAGATTTTTGGCTGGCTCAGCGCCATAGCCTCAGTGATTGTCGGTGCCATCATGGTGGCCTCAGGGGTAGGAGCCGTTGCCGGTGCAATGATGGTTG 600
pYVe227 T G A A
pIBl227 CCTCAGGCGTAATTGGGATGGCGAATATGGCAGTGAAACAAGCGGCGGAAGATGGCCTGATATCCCAAGAGGCAATGAAAATATTAGGGCCGATACTCAC 700
pYVe T CcC G
pIBl227 TGCGATTGAAGTCGCATTGACTGTAGTTTCAACCGTAATGACCTTTGGCGGTTCGGCACTAAAATGCCTGGCTAATATTGGCGCAAAACTCGGTGCTAAC 800
pYve G
p}I{Sl 227 ACCGCAAGTCTTGCGGCTAAAGGAGCCGAGTTTTCGGCCAAAGTTCLCCAAATTTCGACAGGCATATCAAACACTGTCGGGAGTGCAGTGACTAAATTAG 900
pYVe T A G
pIB1 227 GGGGCAGTTTTGCTGGTTTAACAATGAGCCATGCAATCCGTACAGGATCACAGGCAACACAAGTCGCCGTTGGTGTGGGCAGCGGAATAACTCAGACCAT 1000
pYVe G A T
pIBl2 2 CAATAATAAAAAGCAAGCTGATTTACAACATAATAACGCTGATTTGGCCTTGAACAAGGCAGACATGGCAGCGTTACAAAGTATTATTGACCGACTCAAA 1100
pYVe!
p}I{Sl 227 GAAGAGTTATCCCATTTGTCAGAGTCACATCAACAAGTGATGGAACTGATTTTCCAGATGATTAATGCAAAAGGTGACATGCTGCATAATTTGGCCGGCA 1200
pYVe G

BL — SR Di

pIBl227 GACCCCATACTGTTTAAGTTTAAGGAGGAATAACCATGACAATAAATATCAAGACAGACAGCCCAATTATCACGACCGGTTCACAGCTTGATGCCATCAC 1300
pYVe A
pIB1 TACAGAGACAGTCAAGCAAAGCGGTGAGATTAAAAAAACAGAAGACACCCGTCATGAAGCACAAGCAATAAAGAGTAGCGAGGCAAGCTTATCTCGGTCA 1400
pYVe227 GG G
plB1 CAGGTGCCAGAATTGATCAAACCGAGCCAGGGAATCAATGTTGCATTACTGAGTAAAAGCCAGGGTGATC TTAATGGTACTTTAAGTATCTTGTTGTTGC 1500
pYVe227 T T A
pIBl TGTTGGAACTGGCACGTAAAGCGCGAGAAATGGGTTTGCAACAAAGGGATATAGAAAATAAAGCTACTATTACTGCCCAAAAGGAGCAGGTAGCGGAGAT 1600
pYVe227 T

FIG. 3. DNA sequence of the yopBD regions of pIB1 of Y. pseudotuberculosis YPIII and pYVe227 of Y. enterocolitica W22703. Where
the sequences differ, the pYVe227 nucleotides are indicated. SD denotes the consensus Shine-Dalgarno sequences found in front of yopB and
yopD. Bi and Di denote the translational start codons for yopB and yopD, respectively. Ht, Bt, and Dt indicate the translational termination
codons for lcrH, yopB, and yopD, respectively. The horizontal arrows indicate the palindrome of the putative transcription termination signal.
The downward-pointing arrowhead indicates where the sequences of Y. pseudotuberculosis and Y. enterocolitica start to differ. The asterisk
indicates the end of the open reading frame found in the opposite transcriptional direction.

were analyzed by Northern blotting, no internal promoter
activity within the V-antigen-containing operon could be
detected (3). Identical results were also obtained with Y.
enterocolitica by using operon fusions (42).

A possible consensus p-independent termination signal (1)
was found 13 bp downstream of the yopD stop codon in both
species (Fig. 3). The termination signal consists of a 7-nu-
cleotide imperfect palindrome with a 6-nucleotide spacing
and a poly(U) tail. To determine whether the putative
termination signal was functional, Northern blot analysis of
the wild type, YPIII(pIB102), was performed with two DNA
probes located on each side of the possible termination
structure. The upstream probe (positions 1954 to 2174) (Fig.

3) yielded results identical to those yielded by a previously
used yopD-specific DNA probe (3). However, the down-
stream probe (positions 2222 to 2416) (Fig. 3) gave a very
weak signal, demonstrating that the p-independent termina-
tion signal is functional (data not shown).

Shine-Dalgarno consensus sequences (58) were found in
front of both yopB and yopD (Fig. 3). YopD of Y. pseudo-
tuberculosis, purified from the culture supernatant, revealed
the same N-terminal amino acid sequence as the deduced
amino acid sequence. Thus, like other Yops, YopB and
YopD are not subject to N-terminal signal cleavage upon
secretion into the culture supernatant.

No additional open reading frames downstream of yopD
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pIB1 GGTCAGCGGTGCAAAACTGATGATCGCCATGGCGGTGGTGTCTGGCATCATGGCTGCTACTTCTACGGTTGCTAGTGCTTTTTCTATAGCGAAAGAGGTG 1700
pYVe227
pIBl1 AAAATAGTTAAACAGGAACAAATTCTAAACAGTAATATTGCTGGCCGCGAACAACTTATTGATACAAAAATGCAGCAAATGGGTAACATTGGTGATAAAG 1800
pYVe227 C (o] T T A GC
pIB1 CGGTAAGCAGAGAGGATATCGGGAGAATATGGAAACCAGAGCAGGTAGCGGATCAAAATAAGCTGGCATTATTGGATAAAGAATTCAGAATGACCGACTC 1900
pYVe227
pIB1 AAAAGCCAATGCGTTTAATGCCGCAACGCAGCCGTTAGGACAAATGGCAAACAGTGCGATTCAAGTTCATCAAGGGTATTCTCAAGCCGAGGTCAAAGAG 2000
pYVe227 A
plBl AAAGAAGTCAATGCAAGTATTGCTGCCAACGAGAAGCAAAAAGCCGAAGAGGCGATGAACTATAATGATAACTTTATGAAAGATGTCCTGCGCTTGATIG 2100
pYve227

DL pgpe— . - —
pIB1 AACAATATGTTAGCAGTCATACTCACGCCATGAAAGCCGCTTTTGGTGTTGTCTGACCATTGATGACCTTGGTTAGTTAATTAACCGAAAGTTTTATTTT 2200
pYVe227 T
v
pIB1 ACCTTACCCCTTATGGTGATAGAACTTATCTATATAAGGTATAAGGTGCTGAAAAGCCCTGGATTAATATTAGTTAATCCAGGGTTGTGATTATTAAATT 2300
pYVe227 G A G TGCTGA GC TG AT A TAT AGT A TC AG C TGAT AT A CT A
pIB1 AAAAATAATAAGTTAGGATCATATGACAATTAAAATAAAAGATTATTTACATGTAGTAGCTCAAGACCTGAGCTGACAGTTACCGGTTGTTGAACGGCAA 2400
pYve227 TA TA GT AT ATCATATGACA T A TA GAT AT ACATGTAGTAGCTCA GAC TGAGCTGACAGT AT TTAA CCATTAAT
pIB1 TACGCGGTCATTGAGCACGTCAGCGGCTGTGATCGGCATTTTGCTCGTATACAGCGAGAGTGTTAGAAATGCTGTGCTATTCCAGTAATATGCAATCAAA 2500
pYVe227 ACA TTAA CAAAGT ACTGA T C AAC A TCA AC G CTCTGGA ATCGAA CC ATCGCAAAAATGGT CGTCCAG A AA GG
pIB1 AAAGAATGACACATATCCCAATAATGAGAGTCGGTGATTTTACTCATTGATGGGGGGGAATAATTAGGCTAAAACAACCTCAATGTTAAAGAGCCGACTC 2600
pYve227 CTCCCACTGGTend
pIB1 ATAAAGGTAGATCCTTCCCGCACTCAATATTCAGGTTCGTCACGGCGTAACCAAATATAAAATTGACCTTTATTCAGTCGTTGCAATGTTTCAAATCCCT 2700
*
pIB1 GAAGCGTTGACCAGGCACGGTTTGGCCGTTTGAAATCCCCGGCCGCGTTTACCAATTTTTTGATGGGGGCATGGTCAGACTCGATACGATTATTCAGGTA 2800
pIB1 TTTGACTTGCCGCTGCTTTGCAGCATCCCGTATCTTTTCCTTCTTTCATCAAACGAGTGATAGCGTAACCGTATGACGAATGTTTATCGGTATTGAGTAT 2900
plB1 TTTAGGCTGTCTTTCAACAGAATAGGGTTTTAACACCCGTTTAATGAATGGATAGGCGGTATTITTATTTCGTTTAGGCGAAAAATAAAAATCTAATGTA 3000
pIB1 GTGCCGTGCTTATTGATGGCGCGATAGAGATAAAACCATTTTCCGTTGACCCTGATATAGATTTCATCGAGTTGCCATGAGGAGTCGGCATCCGTAAATT 3100
pIB1 GATATC 3106

FIG. 3—Continued.

were found in either of the two species. In Y. pseudotuber-
culosis, one putative open reading frame, 637 bp down-
stream of the yopD translational stop codon, was identified
in the opposite orientation from the lcrGVH-yopBD operon.
The start of this open reading frame was located outside of
the sequenced DNA region. The part that was sequenced
constitutes an open reading frame encoding 104 amino acid
residues. A GCG TFASTA computer homology search
revealed a high level of homology (46% identity) to the
transposase of the Tn610 transposable element of Mycobac-
terium fortuitum (39). The sequence analysis for Y. entero-
colitica was not extended this far downstream of the yopD
stop codon. However, 86 bp downstream of the yopD gene
in Y. pseudotuberculosis (Fig. 3), the sequences of Y.
pseudotuberculosis and Y. enterocolitica start to diverge,
suggesting that this insertion-like element is not present in Y.
enterocolitica. Thus, these results imply that there are no
additional open reading frames downstream of yopD, indi-
cating that yopD is the last gene of the V-antigen-encoding
operon.

Structural analysis of YopB and YopD. Computer analysis
of YopB showed that the protein encompasses 401 amino
acids in both species, resulting in molecular masses of 41,795
Da in Y. pseudotuberculosis and 41,942 Da in Y. enterocoli-
tica. The isoelectric points (pls) were deduced to be 7.29 and
6.73, respectively, by using GCG software. Analysis of the
deduced amino acid sequences of the YopB proteins of both
species revealed two hydrophobic regions, separated by 15
amino acids, located in the central part of the protein and
consisting of 44 (positions 165 to 208) and 35 (positions 224 to
258) amino acid residues. The YopD protein encompasses
306 amino acids, with molecular masses of 33,357 Da in Y.
pseudotuberculosis (pl 6.99) and 33,234 Da in Y. enterocoli-
tica (pl 6.56). Hydropathy analysis predicted one hydropho-
bic region in the middle of the YopD protein of each species
consisting of 31 amino acids (positions 122 to 152) and one
putative amphipathic domain (18) in the carboxy terminus at
positions 278 to 292 (Fig. 4). To further investigate the
significance of the hydrophobic domains in YopB and YopD,
we computed Eisenberg plots (16). By this method, it is
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Arg 286

Asn 279

Gin 290

Asp 283

FIG. 4. Helical wheel projection of the amphipathic domain (18)
of YopD (amino acid residues 278 to 292). The average hydropho-
bicity of this domain is —0.03. Hydrophobic residues are boxed.

possible to identify surface-located, globular, and possible
transmembrane proteins. Both YopB and YopD fit the
pattern of transmembrane proteins according to the Eisen-
berg model. Thus, YopB and YopD diverge from the glob-
ular pattern of YopE, YopH, and YopQ (41).

Sequence homology analysis. No significant amino acid
sequence homologies to YopD were found in the Swiss-Prot
or GenBank-EMBL data banks. However, YopB and YopD
were found to have a moderate level of homology to each
other (Table 1). This could indicate that the two genes are
products of a gene duplication that have diverged during
evolution. The deduced protein sequence of the lcrH gene
(3), which is located immediately upstream of yopB (Fig. 1),
was found to have significant homology (Table 1) to the Ippl
protein of Shigella flexneri (Fig. 5). The ippl gene is encoded
by an operon located on the virulence plasmid of S. flexneri
(56). Therefore, we investigated whether there were homol-
ogies between other proteins encoded by the Y. pseudotu-
berculosis and S. flexneri operons. Interestingly, YopB was
found to exhibit a moderate but significant level of amino
acid homology (Table 1) to the IpaB protein (Fig. 6). The
ipaB gene is located downstream of the ippl gene in the
operon of shigellae (2, 56, 65, 67). Thus, the ippl and ipaB
genes are in the same order as the IcrH and yopB genes of the
V-antigen operon (Fig. 7).

Interestingly, the IpaB protein of S. flexneri was also
found to contain two possible transmembrane regions, as
deduced by computer hydropathy analysis. When the hydro-

INFECT. IMMUN.

phobic regions of the YopB and IpaB proteins were aligned,
the degree of identity was elevated (Table 1). These obser-
vations suggest similar functions for YopB of yersiniae and
IpaB of shigellae.

YopB was also found to exhibit homology to proteins of
the RTX protein family of alpha-hemolysins and leukotox-
ins. However, the homology is not within the Ca**-binding
RTX motif (Table 1) (19, 37, 62).

Two-dimensional gel analysis of the YopD protein. One-
dimensional SDS-PAGE analysis shows apparent molecular
masses of 34 kDa for YopD from Y. pseudotuberculosis and
37 kDa for YopD of Y. enterocolitica (46). To investigate
whether this differential migration is due to differences in
isoelectric points, two-dimensional gel analysis (63) was
performed (data not shown). Only a small difference in pl
that corresponded to the pl value given by the computer
analysis was detected, and the migration of the proteins in
the second dimension was not affected. To investigate
whether the differential migration could be abolished by
harsher denaturing conditions, Yop preparations were boiled
for 20 min in sample buffer before being loaded onto gels.
Yop preparations were also treated with 10 mM EDTA to
chelate ions that might be involved in conformational
changes of the proteins. None of these treatments altered the
differential migration of the YopD proteins (data not shown).

DISCUSSION

In this study, we have demonstrated that the V-antigen-
encoding operon ends after the yopD gene, showing that the
operon encompasses the genes lcrGVH-yopBD, as previ-
ously suggested for Y. pseudotuberculosis (3) and Y. entero-
colitica (42). This conclusion is based on the following
observations: (i) a putative p-independent transcriptional
termination signal was found 13 bp downstream of the yopD
translational stop codon, and (ii) no additional open reading
frames were found downstream of the yopD gene in the same
orientation as the V-antigen operon. However, in Y. pseudo-
tuberculosis, one putative open reading frame encoding 104
amino acid residues was found 637 bp downstream of the
yopD gene in the opposite orientation from the V-antigen
operon. The hypothetical peptide of this open reading frame,
which has a putative translational start outside the se-
quenced area in Y. pseudotuberculosis, exhibited extensive
homologies to transposases of a number of different insertion
elements and transposons. The highest homology was to the
transposase of Tn610 of M. fortuitum (39). This observation
indicates the presence of an insertion-like element down-
stream of the yopD gene in Y. pseudotuberculosis. Forsberg
and Wolf-Watz reported that an insertion-like element is
located immediately downstream of the yopE gene in Y.

TABLE 1. Homology scores”

Aligned proteins Similarity (%) Identity (%) Length (amino acids)
LcrH and Ippl 51.0 26.5 159
YopB and IpaB 47.0 23.6 400
Hydrophobic regions of YopB and IpaB 58.2 29.7 90
YopB and YopD 44.0 24.8 306
YopB and LktA (Pasteurella haemolytica) 47.8 23.5 400
YopB and HlyA (Actinobacillus pleuropneumoniae) 46.8 24.5 401
YopB and LktA (4. actinomycetemcomitans) 45.5 22.6 400
YopB and HIyA (E. coli) 44.0 18.3 401

% Deduced by the local homology algorithm of Smith and Waterman (60) (GCG software).
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FIG. 5. Alignment of Y. pseudotuberculosis LcrH and S. flexneri Ippl. Identical residues are indicated by a vertical line, similar residues
are indicated by two dots, and less similar residues are indicated by one dot.

enterocolitica but is not present in Y. pseudotuberculosis
(22). After sequence comparison, these two insertion ele-
ments were shown not to be related.

We have also presented the sequences of yopB, yopD, and

a downstream region in Y.
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IpaB
YopB
IpaB
YopB
IpaB
YopB
IpaB
YopB
IpaB
YopB
IpaB
YopB
IpaB
YopB
IpaB
YopB
IpaB
YopB
IpaB
YopB
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When the deduced amino acid sequences of the proteins
from the two species were compared, the YopB proteins
were 95.8% identical, with 17 amino acid replacements, and
the YopD proteins were 98.0% identical, with only 6 amino

enterocolitica W22703(pY Ve227). acid replacements. Thus, the YopB and YopD proteins show
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FIG. 6. Alignment of Y. pseudotuberculosis YopB and S. flexneri IpaB. Identical residues are indicated by a vertical line, similar residues
are indicated by two dots, and less similar residues are indicated by one dot. Hydrophobic regions predicted to form parts of
membrane-spanning segments are boxed.
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FIG. 7. Organization of the lcrGVH-yopBD operon of Y. pseudotuberculosis and the ipa operon of S. flexneri. The operons have been
aligned to show the homologous regions. The hydrophobic membrane regions in yopB and ipaB are indicated by boxes extending above and
below each map. The arrowhead points to the amphipathic region in yopD.

the same degree of conservation as the other Yop proteins
characterized for the two species (8, 22, 40). The insertion-
like element found downstream of the lcrGVH-yopBD
operon in Y. pseudotuberculosis was not observed in Y.
enterocolitica (Fig. 3). This could explain why the sequence
homology between these two species starts to decrease 86 bp
downstream of the yopD stop codon (Fig. 3), and it also
explains why the restriction maps of the region downstream
of the V-antigen operon differ between Y. pseudotuberculo-
sis and Y. enterocolitica (unpublished results).

One-dimensional SDS-PAGE analysis showed an appar-
ent molecular mass difference between the YopD proteins of
Y. pseudotuberculosis (34 kDa) and Y. enterocolitica (37
kDa) (46). We could not find a rational explanation for this
differential migration from the sequence information. There-
fore, the YopD proteins of the two species were investigated
by O’Farrell two-dimensional gel analysis (63). This analysis
did not reveal any difference in the mobilities that could
explain the differential migration in one-dimensional SDS-
PAGE. Neither treatment with 10 mM EDTA nor extended
boiling of the Yop preparations could alter the migration
pattern of YopD in either species. We still have no explana-
tion for the differential migration of the YopD proteins. One
possibility is that the amino acid alterations lead to different
three-dimensional configurations of the YopD proteins of the
two species, resulting in different migrations in SDS-PAGE.
The same type of differential migration, without significant
differences at the DNA level, can be observed for the YopE
proteins of Y. pseudotuberculosis and Y. enterocolitica (4,
22).

Both YopB and YopD are possible transmembrane pro-
teins, as deduced by sequence analysis. YopB exhibits two
hydrophobic regions in the central part of the protein, while
YopD has only one large transmembrane region, also located
in the central part of the protein. In addition, YopD has a
putative amphipathic domain in the carboxy-terminal end.
Previously characterized Yop proteins do not contain trans-
membrane regions (40), indicating that the YopB and YopD
proteins form a special class within the Yop family. Al-
though YopB and YopD contain possible transmembrane
regions, they are exported to the culture supernatant during
the low-calcium response, as are the other Yop proteins of
Y. pseudotuberculosis and Y. enterocolitica. It is tempting to
speculate that the transmembrane regions of YopB and
YopD play important roles in the virulence of yersiniae.
Interestingly, a YopD mutant of Y. pseudotuberculosis is
attenuated in its cytotoxic effect on cultured HeLa cells.

This could imply either that YopD amplifies the cytotoxic
effect of YopE or that YopD is involved in the translocation
of YopE through the eukaryotic cell membrane (53).

The amphipathic domain found in the carboxy-terminal
end of the YopD implies interesting features of this protein.
Amphipathic a-helices have been shown to be important
structures of antibacterial peptides such as insect cecropins,
Xenopus magainins, and the bee venom toxin melittin. The
primary targets of cecropins and magainins are the inner and
outer bacterial membranes. These peptides have also been
shown to form channels in artificial membranes, and it is
likely that this mechanism is involved in the killing of
microorganisms by these peptides (for a review, see refer-
ence 9).

We suggest that YopD interacts with the target cell
membrane to form channel structures involved either in
translocation of the cytotoxic effector, YopE, into the cyto-
plasmic space of the target cell or in the cytotoxic effect of
the YopD protein. We are currently investigating the role of
the amphipathic domain of YopD.

An overall moderate level of amino acid sequence homol-
ogy between YopB and proteins of the RTX protein family of
alpha-hemolysins and leukotoxins was found (19, 62). The
proteins of the RTX protein family have four hydrophobic
regions that are believed to be involved in disrupting the
target cell membrane (37). However, it was shown by
Oropeza-Wekerle et al. that one peptide of 10 amino acids
derived from transmembrane fragment V of HlyA of E. coli,
was sufficient to induce hemolytic activity (43). Since the
amino acid homologies between YopB and the RTX proteins
are elevated in the hydrophobic regions, it is possible that
the YopB protein exhibits a similar function. We have not
been able to link any hemolytic activity to the YopB protein.
However, the RTX proteins exhibit different host and cell
specificities (57, 59, 62), which could indicate that YopB
exhibits a similar activity with a cell specificity that is as yet
unknown.

We have also shown that LcrH and YopB of yersiniae
exhibit homology with the Ippl and IpaB proteins, respec-
tively, of shigellae. The IpaB protein has been shown to be
necessary for the invasive phenotype of S. flexneri (for a
review, see reference 27). Interestingly, IpaB harbors the
same structural motif (two possible hydrophobic transmem-
brane domains) found in YopB and has been shown to be a
contact hemolysin with a membrane-damaging activity (11,
29, 55). These findings could argue for the observed homol-
ogy between YopB and the RTX proteins. We have also
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found significant homology between LcrH of Y. pseudotu-
berculosis and Ippl of S. flexneri (2, 56, 65). The Ippl and
IpaB proteins are encoded by one operon located on the
virulence plasmid of S. flexneri in the same order as LcrH
and YopB (Fig. 6). These observations suggest a conserva-
tion of this operon between yersiniae and shigellae, indicat-
ing a similar function of these proteins in the two genera.
Moreover, Venkatesan et al. found striking similarities be-
tween repetitive sequences in the YopM protein of yersiniae
and the IpaH protein of S. flexneri (66). These observations
of similarities between proteins of yersiniae and shigellae
could indicate a common ancestry of the virulence plasmids
of these two genera. This hypothesis is consistent with the
fact that the virulence plasmids of yersiniae and S. flexneri
exhibit similar replicons (64).

In conclusion, we have shown that the V-antigen-contain-
ing operon ends with the yopD gene and that the YopB and
YopD proteins are highly conserved between Y. pseudotu-
berculosis and Y. enterocolitica. Furthermore, we have
shown that YopB and YopD are possible transmembrane
proteins constituting a unique class of Yop proteins and that
YopB has structural features in common with the RTX toxin
family. Moreover, YopD is shown to contain an amphipathic
domain in the carboxy-terminal end, which might suggest
that YopD forms channel structures involved in the translo-
cation of YopE. Additionally, we have found homology
between LcrH and YopB of the V-antigen operon and Ippl
and IpaB of S. flexneri.
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