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We have determined the nucleotide sequence of the 1.4-kilobase DNA fragment containing the plasminogen
activator gene (pla) of Yersinia pestis, which determines both plasminogen activator and coagulase activities of
the species. The sequence revealed the presence of a 936-base-pair open reading frame that constitutes the pla
gene. This reading frame encodes a 312-amino-acid protein of 34.6 kilodaltons and containing a putative
20-amino-acid signal sequence. The presence of a single large open reading frame is consistent with our
previous conclusion that the two Pla proteins which appear in the outer membrane ofpla+ Y. pestis are derived
from a common precursor. The deduced amino acid sequence of Pla revealed that it possesses a high degree of
homology to the products of gene E of Salmonella typhimurium and ompT of Escherichia coli but does not
possess significant homology to other plasminogen activators of known sequence. We also identified a
transcription unit that resides on the complimentary strand and overlaps the pla gene.

Plasminogen activators and coagulases have long been
considered to contribute to the pathogenic potential of the
bacterial species that produce them. Coagulases, produced
by a variety of staphylococcal species, are thought to result
in the formation of fibrin barriers around the bacteria,
thereby protecting them from host defenses. A mutation
resulting in the loss of coagulase activity of a coagulase-
positive strain of Staphylococcus aureus has been reported
to result in a reduction in the virulence of the strain (17). The
bacterial plasminogen activators, on the other hand, are
thought to enhance the invasiveness of the species that
produce them because of the proteolytic activity of plasmin,
which may degrade fibrin barriers and/or other host proteins
surrounding the foci of infection, thus facilitating dissemina-
tion of the bacteria. Thus far, there is no definitive experi-
mental evidence to support this notion.

Yersinia pestis, the causative agent of plague, possesses
both coagulase and plasminogen activator activities (2, 4).
These activities are encoded by pPCP1, the 9.5-kilobase (kb)
plasmid harbored by fully virulent strains of Y. pestis (3, 7,
28). Strains of Y. pestis that have lost this plasmid exhibit a
marked increase in 50% lethal doses when administered to
mice or guinea pigs by peripheral routes of injection, i.e.,
either intraperitoneally or subcutaneously. However, such
strains are as virulent as wild-type strains when the bacteria
are administered intravenously (4, 5). These observations
demonstrate that the plasmid encodes a factor(s) that en-
hances the invasiveness of Y; pestis. The plasminogen
activator is a likely candidate for this factor. Only two other
genes have been identified on pPCP1 (28). One of these
encodes a bacteriocin known as pesticin (3, 7), and the other
provides pesticin immunity (28).
We recently reported that both coagulase and plasminogen

activator activities of Y. pestis are encoded by the same
gene, pla, contained on pPCP1 (28). This gene encodes two
proteins, a-Pla and 1-Pla, that are derived from a common
precursor, pre-Pla. Both the ot and 3 species are prominent

* Corresponding author.

proteins in outer membrane preparations of Y. pestis and
Escherichia coli containing Pla-producing plasmids (29, 31).
It is not yet known how the biochemical activities are
distributed between the proteins. Expression of the Pla
proteins is also responsible for the in vitro degradation of a
set of outer membrane proteins, the yersinial outer mem-
brane proteins (YOPs), that are encoded by the 75-kb
plasmid of Y. pestis (29). It has been shown that mutations in
some YOP genes result in avirulence in mice (30). The
significance or mechanism of YOP degradation by a pla-
encoded product(s) has yet to be determined.

In this paper, we present the nucleotide sequence of the
pla gene and show that it possesses a high degree of
homology to gene E of Salmonella typhimurium and ompT of
E. coli. We also show that an active transcription unit
resides on the complimentary strand and within the coding
region of the pla gene.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and
plasmids used are described in Table 1.
Media and growth conditions. E. coli strains were grown in

Luria broth (22) at 37°C. The medium was supplemented
with ampicillin, chloramphenicol, tetracycline, or strepto-
mycin as required at final concentrations of 50, 30, 40, and
100 ,ug/ml, respectively.
General procedures. Screening of plasmid sizes, isolation

of plasmid DNA, restriction enzyme digestions, ligations,
transformations, and agarose gel electrophoresis were per-
formed as previously described (28).

Construction of pJH502E::kan. pJH502 was digested with
NdeI, which cuts at a unique site within gene E, and then
treated with the Klenow fragment of DNA polymerase I to
produce blunt ends. The resulting linear DNA was ligated to
the HindIII-NruI fragment of TnS, also treated with the
Klenow fragment to produce blunt ends. The latter fragment
contains the TnS kanamycin resistance determinant. Kmr
Cmr transformants were selected, and the structures of the
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TABLE 1. Bacterial strains and plasmids

Strain or Genotype or Source or
plasmid description reference

Strains
E. coli
JM101 K-12 supE thi A(Iac-proAB) 34

F' (traD36 proAB
lacIqZMJ5)

CSH50 K-12 F- ara A(Iac-pro) strA CGSCa
thi

LE392 K-12 F- hsdR5J4 supE44 33
supF58 A(IacIZY)6 galK2
galT22 metBi trpR55

S. typhimurium
DB7000 LT2 1euA414 A. Poteete
WB600 Virulent strain of S. typhimu- W. Benjamin

rium

Y. pestis KIM5 pgm-1 (spontaneous nonpig- R. Brubaker
mented mutant of Y. pestis
KIM)

Plasmids
pPCP1 9.5-kb plasmid of Y. pestis

KIM
pRS415 lacZ operon fusion vector 27
pOS31 0.5-kb SmaI-BamHI fragment This study

of pPCP1 inserted upstream
of promoterless lacZ of
pRS415

pOS32 0.4-kb DraI-BamHI fragment This study
of pPCP1 inserted upstream
of promoterless lacZ of
pRS415

pJH502 Contains cloned copy of gene 35
E of S. typhimurium

pJH502E::kan Contains Kanr fragment in- This study
serted in gene E of pJH502

Bluescript M13 Cloning and sequencing vec- Stratagene
plasmids tors

a E. coli Genetic Stock Center, Yale University, New Haven, Conn.

resulting plasmids were confirmed by additional restriction
mapping.
Enzyme assays. A fibrin film lysis assay for plasminogen

activator activity and a rabbit plasma clotting assay for
coagulase activity were performed as described by Beesley
et al. (2). These assays were modified for semiquantitative
comparison of activities between strains as follows. Cells
were harvested from fresh overnight cultures of each strain,
washed once in 1 volume of fibrinolysis buffer (2), and
suspended in a 0.1 volume of fibrinolysis buffer. Seven serial
10-fold dilutions were prepared from each suspension. For
the plasminogen activator assay, 10 1Ld of the original sus-
pension and every dilution was spotted onto the fibrin film.
For the coagulase assay, 100 ,A of the original suspension
and every dilution was added to 0.4 ml of rabbit plasma. The
greatest dilution showing obvious lysis of the fibrin film or
clotting of the plasma was noted. The fibrin films used in the
plasminogen activator assays contained chloramphenicol or
tetracycline to prevent further growth of the bacteria. To
assess the effect of bacteria or bacterial extracts on the fibrin
films in the absence of plasminogen, we heated the pre-
formed films at 70°C for 1 h (2). This treatment irreversibly
denatures plasminogen.

1-Galactosidase assays were performed as described by
Miller (22).
DNA sequencing. The DNA fragment containing the pla

gene was cloned into Bluescript M13 plasmids (Stratagene
Cloning Systems, San Diego, Calif.). Unidirectional dele-
tions from both ends of the fragment were obtained by
exonuclease III-mung bean nuclease digestion as described
by Henikoff (15). Single-stranded DNA templates were
obtained by using an M13 helper phage as described in the
Stratagene manual. A portion of the sequence was deter-
mined by using double-stranded DNA templates as de-
scribed by Chen and Seeburg (6). The DNA was sequenced
by the chain termination method of Sanger et al. (25) by
using either the Klenow fragment of DNA polymerase I
(Amersham Corp., Arlington Heights, Ill.) or Sequenase
(U.S. Biochemical Corp.). Structural analysis of the de-
duced primary amino acid sequence was performed as
described by Hopp and Woods (16) and implemented in the
DNASTAR PROTEIN program (DNASTAR, Inc., Madi-
son, Wis.) by using a window size of 9. Amino acid sequence
alignments were determined as described by Lipman and
Pearson (21) and implemented in the DNASTAR AALIGN
program by using a gap penalty of 4 and a deletion penalty of
12.

RESULTS

Structure of the pla gene. The pla gene had previously been
localized to the 1.4-kb SmaI-HindIll fragment of pPCP1
(Fig. 1) (28). The sequence of both DNA strands of this
1,453-base-pair fragment was determined (Fig. 2). The se-
quence revealed the presence of a single long open reading
frame (ORF) extending from positions 277 to 1212. A poly-
purine tract, AAGGG (positions 266 to 270), that possesses
strong homology to consensus E. coli ribosome-binding sites
(12, 26) was located 6 base pairs upstream of the putative
initiation codon. Two pairs of sequence elements that bear
close resemblance to the consensus E. coli promoter se-
quence (24) were located upstream of the ribosome-binding
site. The -35 and -10 sites were located between positions
212 to 217 and 237 to 242 for the first pair of sequence
elements and between positions 197 to 202 and 221 to 226 for
the second.
Coding region of the pla gene. The pla gene has been shown

to encode two proteins, a-Pla and 3-Pla, ,-Pla being derived
from ot-Pla by a posttranslational processing event and ot-Pla
being derived from pre-Pla, probably through processing by
signal peptidase (28). The ORF described above must en-
code pre-Pla, since it is the only frame of sufficient length
present in the sequenced fragment. This ORF encodes a
protein containing 312 amino acids and having a deduced Mr
of 34.6 kilodaltons. The observation that deletions extending
from either the 5' end (position 357 and downstream) or the
3' end (position 1017 and upstream) resulted in the loss of
both plasminogen activator and coagulase activities confirms
that this ORF determines both activities.
An examination of the deduced amino acid sequence of

the pla gene revealed the presence of an N-terminal 20-
amino-acid sequence that possesses structural similarity to a
typical procaryotic signal sequence (23), i.e., a positively
charged N-terminal region (Lys-Lys) followed by a stretch
of uncharged and mostly hydrophobic residues that termi-
nate in a signal peptidase recognition sequence (Ala-Asn-
Ala). A structural analysis of the deduced primary sequence
of Pla predicted the presence of at least four hydrophobic
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FIG. 1. Physical and genetic maps of pPCP'1. The positions of the origin of replication-incompatibility control region (ori/inc) and the

structural genes encoding plasminogen activator-coagulase (pla), pesticin (pst), and pesticin immunity (pim) are shown. s-ORF, Short ORF
on the complimentary strand of pla (see the text). The arrows indicate the direction of transcription. The bars below the expanded portion
of the map show the restriction fragments cloned into pRS415 to yield pOS31 and pOS32. A more detailed description of pPCP1 is given in
reference 28.

domains: residues 78 to 99, 159 to 179, 185 to 204, and 242 to
261 (Fig. 3). These may be the regions of the protein
associated with the outer membrane.

Relationship of Pla to protein E of S. typhimurium and
OmpT of E. coli. The pla gene does not possess significant
homology to known plasminogen activators of bacterial
(streptokinase and staphylokinase) or eucaryotic (urokinase
and tissue plasminogen activator) origin at either the DNA or
the deduced primary amino acid sequence levels. However,
it possesses a significant degree of homology to gene E of S.
typhimurium (35) and ompT of E. coli (14). The degrees of
homology based on the alignment of DNA sequences within
the coding regions were as follows: 69% between pla and
gene E; 61% between gene E and ompT; and 59% between
pla and ompT. The homology between the genes did not
extend beyond the limits of the coding regions. The degrees
of homology between the proteins based on the alignment of
the deduced amino acid sequences were as follows: 71%
between Pla and protein E; 49% between protein E and
OmpT; and 47.5% between Pla and OmpT (Fig. 3). A total of
41% of the residues were conserved in all three proteins.

This observation prompted us to investigate whether
protein E and OmpT also possessed plasminogen activator
and coagulase activities (Table 2). OmpT has recently been
reported to activate plasminogen (13), but no enzymatic
activity has been associated with protein E. We were unable
to detect either plasminogen activator or coagulase activity
in the OmpT+ E. coli K-12 strains LE392 and CSH50. The
discrepancy in these results is presumably due to the much
higher sensitivity of the fluorescence assays used in the
studies of OmpT (20). Nonetheless, it indicates that plasmin-
ogen activator activity is much higher in Y. pestis than in E.
coli.

S. typhimurium DB7000 and WB600 also failed to produce
detectable levels of either activity. However, E. coli K-12
strain LE392 harboring pJH502, a multicopy plasmid con-
taining a copy of cloned gene E, expressed both activities but
at lower levels than Y. pestis. In particular, plasminogen
activator activity was 1,000-fold lower (Table 2). When a
DNA fragment encoding kanamycin resistance was inserted
into the NdeI site within the coding region of gene E in
pJH502, both plasminogen activator and coagulase activities
were lost. This result shows that these activities are gene E
dependent.

Identification of a transcription unit on the complimentary
strand and within the coding sequence of the pla gene. The
DNA sequence of the pla gene also revealed the presence of
a short ORF on the complimentary strand and within the
coding sequence of pla. This frame could encode a 48-
amino-acid polypeptide. Immediately upstream were two
sequences with significant homology to the consensus E. coli
promoter sequence (24). The first sequence, TATAAT,
located between positions 715 and 710, was identical to the
consensus E. coli -10 site, and the second, CTGATA,
located between positions 741 and 736, possessed a four out
of six nucleotide match to the consensus E. coli -35 site,
TTGACA (Fig. 4). Preceding the initiation codon by 5

nucleotides was a potential ribosome-binding site located
between positions 642 and 639.

Transcription of the region immediately downstream of
this potential promoter was confirmed by subcloning a
DraI-BamHI restriction fragment that contains it into the
lacZ operon fusion vector pRS415 (27) to form pOS32 (Fig.
1). For comparison, a similar plasmid, pOS31, containing a
SmaI-BamHI fragment with the pla promoter was con-
structed. ,B-Galactosidase activity dictated by pRS415 (no
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SmaI
cccgggaaggcaggaacgggaagatttaccataactccogttatcagtaccatcggctcaacgctcgttgtcggatctgaaaaattcgct

30 . . 60 . . 90

caaaagatcatatttccctggatattttccaccgtttcttatgtgagcaaagtcacataattctgtcagacgacgagaaaacggatatcg
120 . . 150 . . 180

attattgtttaatatt,tta ttattaa attaaaAagatacaaatatAtA tttcgttcatgcagagagattaaggg
210 . 240 . . 270

10 20
GtLyaLysSerSerIleValAlaThrIleIleThrIleLeuSerGlySerAlaAsnAlaAlaSerSerGlnLeuIleProAsn

tgtctaAT

o300 . 330 . . 360

30 40 50
IleSerProAspSerPheThrValAlaAlaSerThrGlyMetLeuSerGlyLysSerHisGluMetLeuTyrAspAlaGluThrGlyArg
ATATChGCmACkSl=GQGGCTOC CACCGTGGTGCGGTGGAAAGT

390 . . 420 . . 450

60 70 80
LysIleSeeLyIApnValALaIleLeEroTyrSe LeuTh Ieu
AAGAT ATCCTG TG CATACTCATTTCTGACCCTGAAT

480 . 510 . . 540

90 100
_0.,2-

570

110

600 630

120 130 140
SerSerHisProAlaThrAsnValAsnHisAlaAsnGluTyrAspLeuAsnValLysGlyTrpLeuLeuGlnAspGluAsnTyrLysAla
TCACATCA AATGAGATTATAAAGCA

660 690 720

150 160 170
GlyIleThrAlaGlyTyrGlnGluTherTr hr _S S AAn_a T_
GGAAAACAGTTCGAACOGTCGTGCAGTCAGTGTTCTTGTTTAACCGGAGTATCAAC

750 . . 780 . . 810

180 190 200
hroLysGyVare l sT l r n IleAsnAspPhe
TT__ M CCTATTT

840 . . 870 . . 900

210 220 230
GluLeuAsnAlaLeuPheLysPheSerAspTrpVaLArglaHi.sAspAsnA3pGluHisTyrMetArgAspLeuThrPheArgGluLys

930 . . 960 . 990

240 250 260
ThrSerGl y =rGlvThrV&lTl&&mnAl,%Gl==rvAlTh --Rn&lmTv-qVa'[,heAlaGluPheThrTyrSer

1020 . . 1050 . . 1080

270 280 290
LysTyrAspGluGlyLysGlyGlyThrGlnThrIleAspLysAsnSerGlyAspSerValSerIleGlyGlyAspAlaAlaGlyIleSer

1110 . . 1140 . . 1170

300 310
AsnLysAsnTyrThrValThrAlaGlyLouGlnTyrArgPhe
AATAAAAATTATACTGTGACSGG~GGTCTGCAAATCGCrTCtgaaaaatacagat catatctctcttttcactctcccctagcggggag

1200 . . 1230 . . 1260

gatgtctgtggaaaggaggttggtgtttgaccaaccttcagatgtgtgaaaaatcaccttttteaccataatgacggggcgctcattctg
1290 . . 1320 . . 1350

ttgttttgccttgacattctccacgtctttcagggcatggagaaggtcaaattagacatggaacgctactctccttcctgtaggaagctc
1380 . . 1410 . . 1440

aacatccaagctt

HindIII
FIG. 2. Nucleotide sequence ot tule 1.4-kb SmaI-HindIII fragment of pPCP1. Underlined nucleotides (roman and italic types) at the 5' end

of the pla gene show its two potential promoter elements. The deduced amino acid sequence is given above the nucleotide sequence.
Underlined amino acid residues indicate the predicted hydrophobic domains.
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10 20 30 40 50
Pla MKKSSIVATIITILSGSANAASSQLIPNISPDSFTVAASTGMLSGKSHEMLY-
E MKTSSPLQITSEYEDKRNENTCYCVMMCAVFOESVY-ESALFVDVEe FVVTSLOV-VON@-ReLV-
OmpT MRAKLLGIVLoTPIAISSF*oTETL-SFTooNINADIN*Lo*TooTKoRVoL

60 70 80 90 100 110 120
Pla DAETGRKISQLDWKIKNVAILKGDISWDPYSFLTLNARGWTSLASGSGNMDDYDWMNENQSE-WTDHSSH
E oTDOOOOLOOOOOOOOOOOTOQOLOOEO--M-ODOOO---e-@*@H-VOHOOSSEoPG-oooRoI&
OmpT AEoGoooV..o .FNOAOOIOAONOOLMPQISIGeAooToG.RG--V'Qs-DSSNPGTeEOR-

130 140 150 160 170 180
Pla PATNVNHANEYDLNVKGWLLQDENYKAGITAGYQETRFSWTATGGSYSYNNG-AY___TGNFPKGVRVIG
E *DSSOeYe sees e ooe DOOOOGDOVOOOOOOOOOOOORoo IODO *-R*---I09H-eGo.
OmpT *DeQLsY-ooF* *Ioo** NEP- oRLOLM--- *oS*Y*F* Roo*I*SSEEGFRDDIOS *N*E*A**

190 200 210 220 230 240 250
Pla YNQRFSMPYIGLAGQYRINDFELNALFKFSDWVRAHDNDEHY--MRDLTFREKTSASRYYGTVINAGYYV
E *oSooE* ****- D* o****O@COVS * eYe. eN.Nesese s--s eKe ****OENO OOOASeD. ..I
OmpT sKoooK* 000-T*S00YEoo5oGGTooY*Go*ESSooseesDPGKRIoYoSoVKDQN0-SVAV- *--*

260 270 280 290 300 310
Pla TPNAKVFAEFTYSKYDEGKGGTQTIDKNSGDSVSIGGDAAGISNKNYTVTAGLQYRF
E oS-S-IOeseAOOOeEOOOOKS
OmpT ooooooYVoGAWNRVTNKo.N*SLYD-HNNNTSDYSKNGoo*E*Y*FIT****K*T*

FIG. 3. Comparison of the deduced amino acid sequences of pla, gene E of S. typhimurium, and ompT of E. coli. Numbers indicate the
amino acid residues of Pla. Residues of protein E and OmpT identical to those of Pla are indicated by dots. Gaps were introduced where
necessary to optimize the alignment.

promoter), pOS31 (pla promoter), pOS32 (short ORF pro-
moter) in CSH50 was 7, 4,659, and 946 U, respectively.
Additional work will be required to determine if the short
ORF is translated, but our initial observations with lacZ
gene fusions suggest that it is translated either at an ex-
tremely low level or not at all (data not shown).

DISCUSSION

In addition to the striking degree of homology exhibited
between protein E, Pla, and OmpT, Pla and OmpT also share
the following characteristics: they are outer membrane pro-
teins (13, 29, 31); they are plasminogen activators (13, 20,
28); they cleave particular outer membrane proteins of the
strains which produce them, at least in vitro (Pla cleaves the
YOPs [29] and OmpT cleaves the ferric enterobactin recep-
tor [Fep] protein [10]); their molecular masses deduced from
denaturing gels exceed those predicted from their nucleotide
sequences (11, 14, 28); and they are posttranslationally
processed following the export of their precursors across the

TABLE 2. Minimum number of bacteria needed to elicit
observable activitiesa

Minimum no. of bacteria needed for
Species indicated activity

Plasminogen activatorb Coagulase

S. typhimurium WB600 NDtc NDtd
S. typhimurium DB7000 NDtC NDtd
E. coli CSH50 NDtc NDtd
E. coli LE392 NDtC NDtd
E. coli LE392(pJH502) 105 3 x 108
E. coli LE392(pJH502E::kan) NDtc NDtd
Y. pestis 102 108

a Assays were performed on sonicated and whole cells.
b None of the strains tested could lyse a fibrin film in which plasminogen

had been denatured by heating.
cNot detectable (NDt) when 3 x 108 cells were used in the assays.
d Not detectable (NDt) when 3 x 109 cells were used in the assays.

cytoplasmic membrane to lower-molecular-mass species (11,
28). Although protein E apparently has both plasminogen
activator and coagulase activities, we do not know which, if
any, of the other properties mentioned above it shares with
Pla and/or OmpT. Since a name consistent with standard
genetic nomenclature has not been assigned to gene E of S.
typhimurium, we propose the name prtA (protease A).
Given the high degree of homology, it is clear that all three

of these proteins are derived from a common ancestor.
However, the relationships among the genes do not parallel
the homology of the species that contain them (Fig. 5). The
tree labeled A shows the relationship among the three genes,
and that labeled B shows the relationship among the bacte-
rial species based on hybridization of genomic DNA (19).
Note that while S. typhimurium and E. coli are much more
closely related than are S. typhimurium and Y. pestis, a
comparison of the sequences of the three pla-related genes
would indicate the opposite, suggesting that at least one of
the genes has moved between two of these lineages.
pla would appear to be the most likely of the three to have

originated in a lineage different from its current one. In both
S. typhimurium and E. coli the pla-related genes are chro-
mosomal, in contrast to the location ofpla on a plasmid in Y.
pestis. Moreover, this plasmid is stably maintained in Y.
pestis as well as in E. coli and would almost certainly
function well in other members of the family Enterobac-
teriaceae, including the salmonellae. The recent movement
of pla is also supported by the observation that Y. pseudo-
tuberculosis, which is very closely related to Y. pestis, lacks
the pla-containing plasmid, an indication that the plasmid
was acquired by Y. pestis subsequent to the divergence of
these two species. Since the homology between pla and gene
E is much less than that between the two yersiniae, it is
unlikely that the divergence between the sequences of the
two genes has accumulated since the arrival of pla in Y.
pestis. One would therefore predict that a much closer
relative of pla exists in a Salmonella lineage other than S.
typhimurium. Note that gene exchange between such spe-

VOL. 57, 1989
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gtgtttcctgatatcctgctgttatacctgcttt ataattctcatcctggagtaaccagcctttcacattgaggtcatattcattggcat
720 . . 690 . . 660

10 20
MetSerAspLeuSerThrGln IleAspPheHisSerSerSerArgSerHisProTyrTyrLeuThr

gattaacatttgtagcgg.tgagATGAGTGATCTGTCCACTCAGATTGATTTTCATTCATCCAGTCGTAGTCATCCATATTACCTGACC
630 . . 600 . . 570

30 40
ArgLysProGluThrSerThrProTrpHisSerGlySerGluMetSerMetAspProArgIleTyrHisLeuSerGly
CGGAAGCCAGAGACGTCCACCCCCTGGCATTCAGGGTCAGAAATGAGTATGGATCCCAGGATATATCACCTTTCAGGAtagcgacatttt

540 . . 510 . . 480
FIG. 4. Nucleotide sequence of the transcriptional unit on the complimentary strand of pla. Potential promoter and Shine-Dalgarno

sequences are underlined, and the deduced amino acid sequence is given above the nucleotide sequence. The numbering of the nucleotide
sequence is consistent with that of the pla sequence presented in Fig. 2.

cies and Y. pestis is not necessarily an unlikely event given
their similar ecology: both are natural pathogens of rodents,
and both grow within macrophages (8, 32).
An alternative source for the pla gene of pPCP1 is an

inactive or poorly expressed pla homolog on the chromo-
some of Y. pestis. An explanation based on this source
requires strong selection to maintain the homology of the
chromosomal gene subsequent to the divergence of the S.
typhimurium and Y. pestis lineages to account for the high
degree of homology between pla and gene E of S. typhimu-
rium. Selection for increased plasminogen activator activity,
satisfied by an increased copy number of pla, would then
account for the plasmid location of the gene. This hypothesis
can be readily tested by hybridization experiments with
pla-derived probes.

Despite the similarities among these proteins, Y. pestis has
much greater plasminogen activator activity than have the

100

80

9Ca
60

40

20

0

A B
FIG. 5. Evolutionary trees based on the assumption of a com-

mon ancestor showing the degree of DNA homology among pla,
ompT, and gene E (A) and the relatedness among the species based
on hybridization of genomic DNA (B) (19). The numbers above the
horizontal lines indicate the percentages of DNA homology at the
points of divergence. The broken arrow indicates the possible origin
of pla.

other two species. In our crude fibrin film lysis assay,
plasminogen activator activity could be detected in Y. pestis
but not in wild-type strains of the other species. This was
true even when the number of bacteria applied to the fibrin
film was a million times greater than necessary to detect the
activity in Y. pestis (Table 2), suggesting that Pla may have
a much higher specific activity against plasminogen than do
OmpT and protein E. Measurement of the relative amounts
of the proteins produced by the respective species will be
necessary to confirm this interpretation.

Coagulase activity, even in Y. pestis, is very weak,
suggesting that plasminogen activation is the major pla
activity (Table 2); at least 108 cells must be added to 400 ,il
of plasma to observe the reaction, even with overnight
incubation. In addition, the resulting clots are soluble in 5 M
urea, an indication of incomplete cross-linking of the fibrin.
This incomplete cross-linking may be the result of the
unavoidable plasminogen activator activity present during
the clotting reactions or of the induction of coagulation
without the activation of thrombin. The latter is required to
activate factor XIII, which catalyzes the cross-linking reac-
tion.
The presence of pla may well explain important differ-

ences in the pathogenesis of the diseases caused by Y. pestis
and Y. pseudotuberculosis. Unlike Y. pseudotuberculosis,
which is transmitted by the fecal-oral route, Y. pestis relies
on fleas for transmission between mammalian hosts. Conse-
quently, it must produce bacteremia from an intradermal site
of infection. Y. pestis strains lacking the pla-encoding plas-
mid are unable to do so (4, 5), suggesting that activation of
plasminogen to the trypsinlike plasmin at foci of infection
promotes invasiveness. Another major feature of plague
possibly resulting from plasminogen activator activity is
hemorrhaging, particularly in the lungs following primary
pneumonic infections (9). If pla is responsible for these
properties of Y. pestis, a seemingly innocuous plasmid
transfer between two rodent pathogens may have had drastic
consequences for humans.
The significance of the transcription unit on the compli-

mentary strand of pla remains to be determined. It is
plausible that a product derived from this transcription unit
has a physiological function. For example, a transcript
derived from this ORF may act as an antisense RNA that
regulates the expression of pla, a situation similar to the
regulation of ompF by micF antisense RNA in E. coli (1).
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ADDENDUM IN PROOF

The homology of ompT and gene E was recently reported
by K. Sugimura and T. Nishihara (J. Bacteriol. 170:5625-
5632, 1988). These investigators also showed that OmpT
cleaves peptide substrates between consecutive basic (Arg
or Lys) residues.
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