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We cloned a 13.5-kilobase EcoRI fragment containing the calcium-independent hemeolysin determinant
(pWPM110) from a clinical isolate of Proteus mirabilis (477-12). The DNA sequence of a 7,191-base-pair region
of pWPM110 was determined. Two polypeptides are encoded in this region, HpmB and HpmA (in that
transcriptional order), with predicted molecular masses of 63,204 and 165,868 daltons, respectively. A putative
Fur-binding site was identified upstream of spmB overlapping the —35 region of the proposed zpm promoter.
In vitro transcription-translation of pWPM110 DNA and other subclones confirmed the assignment of
molecular masses for the predicted polypeptides. These polypeptides are predicted to have NH,-terminal leader
peptides of 17 and 29 amino acids, respectively. NH,-terminal amino acid sequence analysis of purified
extracellular hemolysin (HpmA) confirmed the cleavage of the 29-amino-acid leader peptide in the secreted
form of HpmA. Hemolysis assays and immunoblot analysis of Escherichia coli containing subclones expressing
hpmA, hpmB, or both indicated that HpmB is necessary for the extracellular secretion and activation of HpmaA.
Significant nucleotide identity (52.1%) was seen between hpm and the sh! hemolysin gene sequences of Serratia
marcescens despite differences in the G+C contents of these genes (hpm, 38%; shl, 65%). The predicted amino
acid sequences of HpmB and HpmA are also similar to those of ShiB and ShlA, the respective sequence
identities being 55.4 and 46.7 % . Predicted cysteine residues and major hydrophobic and amphipathic domains
have been strongly conserved in both proteins. Thus, we have identified a new hemolysin gene family among

gram-negative opportunistic pathogens.

Proteus spp. are second to Escherichia coli as the leading
cause of urinary tract infections caused by gram-negative
bacteria (2). They are often associated with nosocomial
infections and urinary tract infections in very young or
elderly males (2). Proteus infections are often found in the
upper urinary tract, resulting in pyelonephritis, calculi for-
mation, and renal impairment (18, 19, 38). Almost 97% of
Proteus urinary tract infections in humans are caused by
Proteus mirabilis (37).

A number of putative virulence factors contributing to
Proteus pathogenesis have been studied. A great deal of
work has concentrated on the role of urease as a virulence
factor in stone formation by Proteus spp. (24, 27, 40). The
proposed mechanism of calculi formation involves the secre-
tion of a slimelike glycocalyx around the bacteria which
binds struvite and apatite crystals resulting from increased
pH due to Proteus urease production (24). This process
eventually leads to production of an enlarged fossilized
bacterial microcolony. P. mirabilis adhesins have also been
examined. Studies have suggested that P. mirabilis has a
generalized adhesive capacity for a variety of cells which is
widespread among normal flora and pathogenic strains (12,
38). An adhesin capable of binding uroepithelial cells has
been isolated from P. mirabilis by Wray et al. (42). Studies
by Peerbooms et al. demonstrate a direct correlation be-
tween the ability of P. mirabilis to invade Vero cells and the
amount of hemolytic activity produced (29). Koronakis et al.
(22) and Welch (41) recently published findings that Proteus
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spp. have two hemolysin determinants. One hemolysin is
similar to the E. coli alpha-hemolysin (HlyA) and has a
Ca?*-dependent activity (11, 22). The other has a Ca?*-
independent activity, and to date the genes (hpm) encoding
that activity have been found only in Proteus isolates (41).

We report here our continued investigations of the DNA
sequence of hpm and the functional characterization of the
hpm gene products. The DNA sequence revealed two open
reading frames (ORFs) encoding polypeptides of 63 kilodal-
tons (kDa) (HpmB) and 166 kDa (HpmA). Both the DNA
and the predicted amino acid sequences showed significant
similarity to the Serratia marcescens hemolysin sequences
(ShlA and ShiB) recently published by Poole et al. (32).
Finally, we show that HpmB is necessary for the extracel-
lular secretion and hemolytic activity of the structural he-
molysin HpmA.

MATERIALS AND METHODS

Bacteria and bacteriophage strains. E. coli DH1 [F~ recAl
endAl gyrA96 thi-1 hsdRI17 (r— m™) supE44 \~] was ac-
quired from Duard Walker, University of Wisconsin (1). The
construction of recombinant E. coli WPM100 [E. coli
DH1(pWPM100)] and the origin of P. mirabilis clinical
isolate 477-12 have been described elsewhere (41). E. coli
JM101 (F' supE traD36 proA*B™ lacI® lacZ) and bacterio-
phage M13 vectors mpl8 and mp19 were acquired from New
England BioLabs, Inc. (Beverly, Mass.) (25). The recombi-
nant vector pACYC184 (5) was acquired from Stanley Fal-
kow, Stanford University.



VoL. 172, 1990

Media, reagents, and chemicals. LB broth and LB agar
were prepared as described by Maniatis et al. (23). E. coli
JM101 strains for M13 phage production were grown in YT
broth and on YT agar plates (26). Antibiotics, 5-bromo-
4-chloroindolyl phosphate, salts, and buffers were purchased
from Sigma Chemical Co. (St. Louis, Mo.). Restriction
endonucleases, sequencing reagents, and other DNA-modi-
fying enzymes were purchased from New England BioLabs,
Boehringer Mannheim Biochemicals (Indianapolis, Ind.),
Promega Biotec (Madison, Wis.), and United States Bio-
chemical Corp. (Cleveland, Ohio). All radioactive labeled
nucleotides and amino acids were obtained from Amersham
Corp. (Arlington Heights, Ill.). Defibrinated sheep blood was
provided courtesy of the University of Wisconsin Depart-
ment of Veterinary Sciences.

Molecular cloning of pWPM110 and DNA sequencing. A
new clone encoding the entire Ca?*-independent hemolysin
determinant (pWPM110) was isolated by the following pro-
cedure. Cesium chloride gradient purification of genomic
DNA from P. mirabilis 477-12 was performed as described
by Hull et al. (20). Genomic DNA was digested with EcoRI,
mixed with appropriately digested pUC19 vector DNA, and
ligated by using T4 DNA ligase under conditions recom-
mended by the supplier (New England BioLabs). The mix-
ture was transformed into E. coli DH1 and plated onto
ampicillin-containing (100 p.g/ml) LB agar plates. The result-
ing transformants were screened for hpm sequences by
colony hybridization, using GeneScreen membranes (Du-
pont, NEN Research Products, Boston, Mass.) as specified
by the manufacturer. A 0.9-kilobase (kb) HindIII fragment of
pWPM100 was labeled with [a->>PJdATP by nick translation
(33) for use as the hpm probe.

Appropriate fragments of pWPM100 and pWPM110 were
cloned into M13 vectors mpl8 and mpl19. Chimeric phage
DNA were transfected into E. coli JM101. The protocols
used for the isolation of recombinant templates and the
dideoxy-sequencing reactions, using [a->’P]JdATP as a label,
were those suggested by the commercial suppliers of the
DNA polymerase large fragment and Sequenase enzymes
(New England BioLabs and United States Biochemical),
based on the method of Sanger et al. (34). The labeled
reaction mixtures were separated by electrophoresis on 8 M
urea—6 or 8% polyacrylamide gels. After electrophoresis, the
gels were soaked for 30 min in a 10% acetic acid-12%
methanol solution and dried, and autoradiograms were
made, using Kodak XAR-5 X-ray film. DNA sequence
information was also generated from overlapping deletion
sets created in M13 subclones by using methods based on the
exonuclease activity of T4 DNA polymerase or exonuclease
III previously described by Dale et al. (6) and Henikoff (16)
(Erase-a-Base system; Promega), respectively.

In addition, 19 oligonucleotides (20-mers) complementary
to specific recombinant templates were used as primers for
DNA sequence determinations where overlapping deletions
were not found. Oligonucleotides were produced by using an
Applied Biosystems DNA synthesizer model 381A as in-
structed by the manufacturer. After manual deprotection
with 30% ammonium hydroxide, the oligonucleotide samples
were dried and suspended in TE (10 mM Tris [pH 8.0], 1 mM
EDTA). The oligonucleotide sample was then purified by
electrophoresis on an 8 M urea—20% polyacrylamide gel. The
oligomer band was excised and eluted in 0.5% ammonium
acetate at 37°C overnight. The DNA was then precipitated at
—20°C with 3 M sodium acetate and 95% ethanol; the pellet
was dried, resuspended in TE, and used as a primer in
annealing reactions. DNA sequence information was com-
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piled and analyzed by using University of Wisconsin Genet-
ics Computer Group computer programs (8).

In vitro transcription-translation. In vitro transcription-
translation was performed on RNase-free CsCl-ethidium
bromide-purified plasmid DNA preparations to identify the
polypeptide products encoded by recombinant plasmids
pWPM99, pWPM100, and pWPM110. A procaryotic DNA-
directed translation system (Amersham) based on the
method of Zubay (44) was used according to the protocol of
the manufacturer. L-[4,5-’H]leucine (Amersham) was used
to label plasmid-encoded polypeptides. Approximately half
of the final volume of the reaction mixture was added to an
equal volume of 2x crack buffer (0.13 M Tris [pH 6.8], 4%
sodium dodecyl sulfate [SDS], 20% glycerol, 0.14% brom-
phenol blue, 2% 2-mercaptoethanol) and loaded onto a 10%
SDS-polyacrylamide gel. After electrophoresis, the gel was
stained with Coomassie blue (0.125% Coomassie blue, 10%
acetic acid, 50% methanol) and destained with a 5% metha-
nol-7% acetic acid solution. The gel was then washed in
deionized water for 30 min, soaked in Fluoro-hance (Re-
search Products International Corp., Mount Prospect, Ill.)
for 30 min, dried for 2 h at 60°C, and subjected to fluorog-
raphy.

Amino acid sequence determination. NH,-terminal amino
acid sequence analysis was performed on trichloroacetic
acid (TCA)-precipitated (final TCA concentration, 10%)
HpmA COOH-terminal truncate from culture supernatants
of WPM100 (41) grown in LB broth to an optical density at
600 nm (ODg,y,) of 0.9. Purification was performed by the
method of Hunkapillar et al. (21). The TCA precipitate was
subjected to SDS-polyacrylamide gel electrophoresis, the
140-kDa HpmA band was excised, and the HpmA truncate
was electroeluted. Approximately, 1 nmol of purified HpmA
truncate was applied to a gas-phase sequencer (Applied
Biosystems model 470A). The phenol thiol hydantoin amino
acid from each Edman degradation was analyzed by reverse-
phase high-performance liquid chromatography (R. I. Niece,
University of Wisconsin Biotechnology Center).

Immunoblotting. E. coli cultures were grown in LB broth
with constant aeration at 37°C. Samples of 50 pl were
removed when the cultures reached an ODgy, of 0.9 and
added to an equal amount of 2X crack buffer. A sample of
the culture was also pelleted (5,000 X g, 10 min), and the
supernatant was then filtered through a 0.2-um Acrodisk
(Gelman Sciences, Inc., Ann Arbor, Mich.) to obtain cell-
free supernatant material. This cell-free supernatant was
also added to an equal volume of 2Xx crack buffer. Immuno-
blotting was performed as previously described (41). Sample
volume loaded on polyacrylamide gels did not exceed 20 ul.
The primary antiserum used was rabbit anti-HpmA, which
was produced against an electrophoretically purified HpmA
COOH-terminal truncate encoded by pWPM100 (K. G.
Swihart and R. A. Welch, manuscript in preparation). The
primary antiserum was diluted 5,000-fold in 0.5% Tween
20-phosphate-buffered saline and was added to the blots.
The presence of bound primary antibodies was detected by
using alkaline phosphatase-conjugated goat anti-rabbit anti-
serum (Sigma).

Hemolysis assays. Liquid hemolysis assays were per-
formed on bacterial cultures grown in LB broth and cell-free
supernatants of E. coli recombinants harvested at an ODggq
of 0.9. Liquid hemolysis assays were performed as previ-
ously described (41), with the following exceptions. A 200-p.1
sample of whole culture or cell-free supernatant was mixed
with 800 pl of 0.85% saline (without 10 mm CaCl,) contain-
ing a suspension of washed sheep erythrocytes at a final
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FIG. 1. Recombinant plasmids used. The top map represents the portion of pWPM110 that was sequenced and contains the restriction
endonuclease sites used for further subclone construction. Km" represents the kanamycin resistance gene cassette from Tn903.

concentration of 1.0%. This mixture was incubated at 37°C
for 30 min and pelleted in a microcentrifuge for 30 s, and the
ODg,, of the hemoglobin present in the supernatant was
measured.

RESULTS

Construction of pWPM110. Molecular cloning of the P.
mirabilis Ca®*-independent hemolysin of pWPM100 and
characterization of this plasmid have been previously de-
scribed (41). This plasmid is a pUC19 derivative containing a
5.3-kb Xhol fragment of genomic DNA from P. mirabilis
477-12. As discussed below, the DNA sequence analysis of
pWPM100 revealed two ORFs. The first ORF (encoding
HpmB) began 4 base pairs (bp) downstream of the 5’ Xhol
site, indicating that the hApm genes were being transcribed
using the lac promoter of pUC19. The downstream ORF
(encoding HpmA) did not contain any stop codons within the
Xhol fragment. Thus, pWPM100 contained only a COOH-
terminal truncated version of spmA and none of the tran-
scriptional control region upstream of AipmB. We therefore
cloned a larger DNA fragment from P. mirabilis 477-12 that
contained the complete hpm determinant by the following
procedure.

P. mirabilis 477-12 genomic DNA was digested with
EcoRI and ligated into pUC19, and the recombinant plas-
mids were transformed into E. coli DH1. Transformants
were screened for ipm sequences by colony hybridization
with a 0.9-kb HindlII fragment probe from pWPM100. One
of several colonies that gave a strong hybridization signal
was selected for further study (pWPM110). This plasmid
contained a 13.5-kb EcoRI fragment of P. mirabilis 477-12
DNA. The recombinant plasmids used are shown in Fig. 1.

DNA sequence determination. The majority of DNA se-
quence information was gathered by analysis of pWPM100
subclones. DNA sequences upstream of ApmB, those encod-
ing the COOH terminus of HpmA, and the region down-
stream of hpmA were determined by using subclones of

pWPM110. Figure 2 shows a circular physical map of
pWPM110 and the sequenced region encoding HpmB and
HpmA. The DNA sequence of 8,250 bp was determined
from 99% of both strands. We report here the DNA se-
quence of 7,191 bp that includes hpmB and hpmA (Fig. 2B
and 3); 100% of both DNA strands was directly sequenced in
this region. Figure 2C shows a summary of the subclones
and indicates the direction of sequencing for each sequence
fragment used in determination of the A pm DNA sequence
reported.

The DNA sequence was searched for ORFs, repeated
sequences, and consensus promoter and terminator sites.
Two large ORFs encoding 63- and 166-kDa proteins HpmB
and HpmA, respectively, were seen. Examination of the
codon usage in hpmA and hpmB showed a strong bias
toward A or T in the third position of the codon correspond-
ing to the low G+C content (38%) of the sequence. Putative
promoter regions matching E. coli consensus sequences
were seen at bp 207, which is 100 bp upstream of hpmB, and
bp 1901, which is upstream of hpmA at the 3’ end of hpmB
(Fig. 3). A putative Rho-independent transcriptional termi-
nation sequence was found at bp 6960 just downstream of the
3’ end of hpmA (Fig. 3). The hpm DNA sequence was
compared with itself in a search for direct or indirect
repeated sequences; similar searches were also performed
on HpmA and HpmB amino acid sequences. However, no
significant repeats were detected at the DNA or amino acid
level.

Comparison with S. marcescens hemolysin sequence. A
search of the public data bases (GenBank, EMBL, NBRF,
and VecBase) revealed no significant similarities between
the hpm DNA or amino acid sequence and those in the data
bases. Striking similarities in operon structure and protein
size led us to compare the DNA and amino acid sequences of
this hemolysin with the §. marcescens hemolysin sequence
published by Poole et al. (32). Although the G+C content of
shl sequences (65%) was different from that of hpm (38%), a
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FIG. 2. (A) Map of pWPM110. A 13.5-kb EcoRI genomic fragment of P. mirabilis 477-12 is inserted into the polylinker of pUC19 (IIR).
(B) The 8.2-kb region that was sequenced, showing the transcriptional arrangement of hpmB and hpmA. Beneath the restriction endonuclease
map is a line to scale representing the 7,191 bp of Apm sequence reported here, containing hipmB and hpmA as well as putative regulatory
regions upstream of spmB and regions downstream of hpmA. (C) Strategy for sequencing of pWPM110. Arrows indicate the length and
direction of sequencing for each fragment used in assembly of the Aipm DNA sequence. Abbreviations: E, EcoRl; P, Pstl; S, Sall; X, Xhol.

significant degree of identity was evident at both the DNA
and amino acid sequence levels. A summary of the DNA and
amino acid sequence alignments is given in Table 1. At the
DNA level, 52% overall identity was observed; however, the
5’ terminus (hpmB and upstream region) was more highly
conserved (56.5%) than the 3’ end (45.8%) encoding HpmA.

Since shl gene expression appears to be regulated by the
fur gene product (31), we searched the hpm sequence for E.
coli consensus Fur-binding sites (4). This search revealed a
putative Fur-binding site overlapping the —35 region of the
potential promoter upstream of ApmB at bp 199 (GTAACT
GGTATTTATTATT).

Identification of hpmB and hpmA gene products. To confirm
the production of HpmB and truncated forms of HpmA from
pWPM100 and pWPM99, in vitro transcription-translation
was performed. Figure 4 is a fluorogram of an SDS-poly-
acrylamide gel which demonstrates the incorporation of
L-[>H]leucine into peptides putatively identified as HpmB
and the truncated HpmA encoded by pWPM100 (lane 2). A
significant amount of HpmA appeared to be degraded in this
system, making it difficult to identify HpmB encoded by
pWPM100. A smaller truncate of HpmA (molecular mass,
=42 kDa) is encoded by pWPM99, which has two Clal
fragments (=1.7 kb) deleted from the middle of hpmA and
the kanamycin resistance (Km") cassette from Tn903 in-
serted (Fig. 4, lane 3). This plasmid directs the production of
a =55-kDa polypeptide (Fig. 4, lane 3) that migrated identi-

cally to a polypeptide encoded by pWPM100. Since this
band was clearly not a breakdown product of HpmA en-
coded by pWPM99 and is not encoded by the pUC19 control
plasmid or the Km" cassette (28, 39), we tentatively identi-
fied it as HpmB. In addition, synthesis of a 166-kDa peptide
corresponding to full-length HpmA from pWPM110 has been
seen in this system (data not shown).

Amino acid sequence features of HpmA and HpmB. The
proposed translational start site for HpmB was determined
to be at bp 313 and is preceded by a potential Shine-Dalgarno
site (GAGGT) (13). We identified a putative NH,-terminal
leader peptide of 17 amino acids containing a strongly
hydrophobic core and appropriate serine (amino acid [aa] 17)
and glycine (aa 18) residues for leader peptide cleavage. We
searched HpmB for the consensus ATP- or GTP-binding
sites (15). No strong matches to any of these sites was found.

The similarity between HpmB and ShIB (Table 1) was
seen throughout the length of the sequences. The predicted
isoelectric points and net charges of HpmB and ShiB are
very similar (Table 2). Like ShiB, HpmB contains significant
hydrophobic domains; we identified five possible transmem-
brane regions at aa 75 to 100, 250 to 270, 280 to 300, 370 to
390, and 425 to 445 on the basis of a Goldman-Engelman-
Steiz hydrophobicity scale over a window of 20 amino acids.
The hydrophobic nature and placement of all of these
domains was conserved in ShiB except that the COOH-
terminal domain was shifted slightly to aa 470 to 490. In
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FIG. 3. Nucleotide sequence of the 7,191-bp pWPM110 hemolysin region (GenBank accession no. M30186). Putative promoters are
underlined at bp 210 (—35) and 1900 (—35). The proposed Fur-binding site overlapping the —35 region at bp 210 is indicated with lines above
the DNA sequence. A putative Rho-independent transcriptional termination site is underlined at bp 6960. Predicted amino acid sequences for
HpmB (bp 313 to 1997) and HpmA (bp 2032 to 6765) are shown beneath the DNA sequence. The positions of putative ribosome-binding sites
are underlined in the DNA sequence preceding each gene. The NH,-terminal leader peptide is also underlined for HpmB and HpmA.



VoL. 172, 1990

uN 40
CAG CAA GAG GTC TTT GGT ATC GCT GCT GAA TAT GTG CTT TCT AAC CCA AAT GGT ATC ACA
Q QEVFEGIT AMANETYT VIS KEEPNMNGTT
uNn 520
TGT GAT GGT TGT GGT TTT ATA AAT ACC AGC CGC TCT TCA TTA GTT GTT GGT AAT CCG CTC
co6CGF I ®T SRS S L VY GNP
2550 2580
TTT GAA AAT GGT CAG CTA AAA GGC TAT AGC ACC CTC AAC AMC ACA AAT TTA CTA 7CG CTT
FENGQLEGY S TLRERTRLL S
U0 140
GGT AMA AAT GGC TTA AAT ACA ACA GGG TTG TTA GAC TTA ATT GCT CCT CGT ATT GAT AGT
6 kK NMG6GLW¥WT?TTGLLDLI AMNPRIDS
270 2100
AGA GGG AAA ATC ACT GCT GCT GAA ATT TCA GCC TTT ACT GGA CAA AAC MCC TIC TCA CAA
R G6GKXK T TAMANKET SAMFTGEQNTTF S Q
a3 260
CAT TTT GAT ATT CTC TCT TCA CAX AAA CCC GTT TCA GCA TTA GAT AGC TAT TIC TTT GGT
BF DI LS S QKPP VY S ALDSTYTFEFG
a% 2820
AGT ATG CAA TCG GGT CGT ATC CGC ATT ATT AAT ACG GCT GAA GGT AGT GGA GTT AMA TTA
S M Q SGRIRTTIWNTANEGS GV E]L
2850 2880
GCA GGT AMA TTT ACC GCA GAT AAC GAC CTA AGT GTT AAA GCC GAT AAT ATT CAA ACA GAT
AGEKFTADNDL S VERAMRDNEIQTOD
1310 M0
AGT CAA GIC CGT TAT GAC AGT TAC GAT AAA GAT GGC AGT GAR AAT TAC CAR AMC TAT CGT
S QVRYDSTYDEKEDGSERTYQDNTIR
2910 3000
GGC GGG ATC ACG GTT AAT AAT AGT GGC TCT AGT CAR ACA CIC ACT AAA ACC GAA TTA AMA
661 TVvVeEDRSESSQTLTETELEK
3030 3060
GGT AMA AAC ATC ACA TTA GTA GCG AGT AGC CAT AAT CAA ATC AAA GCC TCT GAT TTA ATG
6G K I TLVANKS S B N¥QI KNS DILHM
3090 N0
GGG GAT GAC ATC ACG TTA CAA GGT GCT GAT TTA ACT ATC GAT GGT AAA CAG CTA CAG CAA
6 0DITILQGNANDLTIODGEKO QLOQOQ
3150 3180
AAA GAG ACC GAT AT? GAT AT CGC TGG TIC TAC 7CG TGG AAA TAC GAT GIG ACT AMA GAG
K ETODIDBRNRUEFTY S ¥ EYDVTEKE
210 30
AR GAA CAA ATA CAG CAA AT? GGT AGC CAA ATT GAT GCT AAA AAT AAT GCG ACA TTA MC
FE QI QQTIGS QT DAMEDNENEDANTILT?
1 3300
GCA ACT AMA GGA GAT GTT ACC TTA GAC GCG GCT AAA'ATT AAT GCG GGG AAT AAC CTT GCA
AT EKEGDVTLDAAMEI T XNGDENILNR
1330 1360
ATT AAT GCC AAT AAA GAT ATC CAT ATC AAT GGA TTA GTT GAG AAA GAA AGT CGT AGT GAA
I " » ¥ D181 W% 6L VEEKETSRSE
3% 320
AAT GGC AAT AMA CGT AAT CAT ACT ICT CGC TTA GAA AGT GGT AGT GG AGT AAC AGC CC
¥ 6GNEKRWNBETSRLESGS ¥ S NS H
350 80
CAA ACT GAG ACG TIG AAA GCC AGT GAM TTA ACG GCA GGT AMA GAT CTT GGT TTA GAT GCT
Q *TE?T1LEKAXNSELTANGEKEDILGILDAN
3510 3540
CAA GGC CA ATA ACG GCG CAA GGT GCT AAA CTG CAT GCG ANT GAA AAT GTG CTG GTC AAT
Q6 S I *AQ6GA»KL B ADNENXNVYL VD
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3570 3600
GCC AAA GAT AAC ATT AAT TTA AAC GTC CAA ARA ACC AAT AAT GAT AAR ACA GTC ACC GAT
AK DN T N LNV QETNNDKETVTOD
3630 3660
AT CAT GTT ATG TGG GGA GGT ATT GGT GGT GGT CAG AAT AAA AAT AAT AAT AAT CAA CAA
NE Ve ¥YEG6E T G6G6G6Q NKE NN NNQQ
3690 0
CAN GTT AGT CAT GCA ACA CAM TTA ACC GCT GAT GGT CAA TTG CTC CTT GCT GCA GAT AAC
Qv s e AT QL TADGQ L L L ANDN
3750 1780
MT GIC AAC ATT ACC GGT-AGC CAA GTA AMA GGC AAC CAA GGT GCT TTT GTT AAR ACC ACA
vV ¥I1I TG6SQVEKGNQGANFVET?
3810 3840
CAA GGT GAT GTC GIC ATT GAT AAT GCG CTG AGT GAA ACC ATC AGT AAA ATC GAT GAA (GC
g 6D VY TDONIDMANLSET?TISEKETIDER
380 3900
MCA GGA ACC GCG TTT AAT ATC ACT AAA AGT TCA CAT AAR AAT GAA ACT AAT AMA CAM ACA
T6TANEFE NI TEKS SBEKENETNER QT
1930 3960
TCT ACA GGT AGT GAA CTC ATT TCC GAT GCA CAA TIG ACC GTT GTC AGT GGC AT GAT GTT
$1T6SELI SDAMQLTV VS GNDYVY
990 1020
AAT GIC ATT GGT AGT TTG ATC AAA AGC GCT GAT AAA TTA GGT ATT CAT TCT TTA GGT GAT
' v 165 L I XS ADFKLGI B S L GO
4050 1080
AIC AAC GTT AMA TCA GCA CAA CAA GIC ACT AAG ATT GAT GAT GAA AMA ACA 7CA TTA GCC
I T vE S A2 QQVTEKETIODDETEKTS S L B
L] 140
ATT ACT GGG CAC GCC AAA GAM GTT GAA GAC AAG CAA TAT AGT GCG GGC TTT CAT ATC ACT
I T 68 A X E VEDEKEQY S AGFEBIT
un 4200
CAT ACC ACC AAT AAR AAT ACT AGT ACT GAA ACA GAG CAA GCT AAC TCA ACC AT? AGT GGC
B TrTNHfK¥?t?TSTETEQRANNSTISG
1230 4260
GCC ANT GTT GAT CTG CAA GCG AAT AAA GAT GIG ACT TTT GCG GGA TCT GAT CTA AMG ACT
ANV DL QANNEKDVYTFANGS DL KT
2% 320
MC GCA GGG AAT GCC TCT ATT ACG GGT GAT AAT GTT GCC TTT GTT AGC ACG GAA AAT AMA
TA6G R ANS T TGEDODW VY AF VS TENERK
1350 1380
AAR CAA ACG GAC AAC ACA GAT ACC ACT ATT TCA GGA GGT TTT AGC TAC ACA GGA GGT GTA
fF¢gtr*owNM?TDTTISGEGEF ST T GGV
L1} o
GAT AAR GTC GGT TCT AAA GCC GAT TTT CAA TAT GAC AMA CAA CAT ACA CAA ACA GAG GTA
b XK VY G6GS KANDFQTYDEKQBTQTEV
N 4500
ACA AR AAT AGA GGC AGC CAR ACA GAG GTT GCA GGT GAT TG ACT AT? ACC GCG AMC AAA
TY "R GSQTEVAGDLTITANNE
4530 4560
GAT T1G CT? CAC GAA GGA GCT 7CT CAC CAT GTT GAG GGG CG? TAT CAA GAG TCT GGT GAA
D L LA EGRANS BB VEGRTYQESGE
4590 4620
M? AT CAG CAT CTT GCC GIC AAT GAT AGT GAA ACA TCT AAM ACT GAC AGC TTA AAT GTT
s 1 08 L AV KEDSETSEKTDS L NV
4650 4680
GGT ATT GAT GTT GGC GT? AAT CTT GAT TAT AGC GGT GTA ACT AAG CCA GTT AAG AAA GCA
G 10D VGVYNLDYSGEVTEEPVEKEKNA]
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mo ([
ATC GAA GAT GGT GTT AAC ACA ACC AAR CCG GGT AAC AAT ACT GAT TTA ACT AMA AMA GT?
I £E0 GV XTTEKEPGNNTODO LT K KV
an 1800
ACA GCA AGA GAT GCA ATT GCT AAT TTA GCT AAC CTT AGC AAT TTA GAG ACC CCC MT GIC
TARDANIT ANNLANL S NLETEP NV
830 800
GGT GTT GAA GG GGT ATT AMA GGT GGC GGT AGT CAG CAM TCA CAA ACT GAT AGC CAA GCT
6 VEVGEIXGG6G6SQ0QSQ0TDS QA
%30 1920
GTT TCA ACC 7CT ATC AAT GCA GGA AMA ATC GAT ATT GAT AGT AAT AAC MAG TTA CAT GAT
Vs TSI FAMNGETDIDSN¥NEKLERD
1950 4980
CAN GGT ACT CAC TAT CAA TCA ACC CAA GAG GGA ATT TCT CTC ACA GCG AAT ACT CAC ACA
¢ 6THYQSTQEGI SLTANTE??
5010 5040
AGT GAR GCA ACC TTA GAT AMA CAT CAA ACG ACA TIC CAT GAA ACA AMA GGT GGT GGG CAA
S EATLDEKBQTTTF®ETEKGGG Q
5070 5100
NIC GGT GIC AGT ACC AAA ACG GGC AGT GAT ATT ACC GTT GCT ATT AAA GGT GAA GGC CAA
I 6vs§TKTGSDITVYANIEKGEGQ
5130 5160
ACA ACT GAT AMC GCC TTA ATG GAA ACA AAG GCT AAA GGT AGC CAM TTT ACC TCA AAT GGC
TTDNANLNETEKRNEKEGS QFTS NG
5190 5220
GAT ATT TCA ATT AAT GTA GGT GAA AAT GCC CAT TAT GAA GGT GCT CAA TTT GAT GCA CAA
0 I § T ¥V GENXNDNKBYEGNEQTFDANOQQ
5250 5280
MG GGC AAN ACA GTT ATC MAT GCG GGG GGT GAT CTC ACT CTT GCA CAG GG ACT GAT ACT
FG6GETVINANGGEDIL TL AQANKTDT
9310 340
CAT AGC GAA AGT CAA TCT AAT GIT AAT GGT AGT GCA AAC CTG AAA GTG GGC ACC ACG CCA
B S E S QS NV KNGS ANNLEVGTTEP
370 5400
GAG AGT AMA GAC TAT GGT GGA GGT TTC AAT GCA GGG ACA ACT CAT CAC AGC AMA GAG CAG
ESKDYGGGF N ANGTTEHIHESKEQ
5430 60
ACT ACC GCA AMA GTG GGC ACT ATC ACT GGC TCT CAA GGT ATT GAA TTA AMC GCT GGG CAT
TTAEKVGE6TI TGS Q6T E L N AG B
54%0 3520
MC CTG ACT TTA CAM GGT ACT CAT TTA AGT AGC GAA CAA GAT ATT GCA TTA AT GCA ACT
¥ 1 7T 1L Q6 1T8 L S SEQDINLNDNT
5550 5580
AAT AMA GIC GAC CTA CAA TCA GCG AGC CT GAR CAT ACT GAA AAA GGC AAT AAT TTA CT
NEVDL QS ANS SEBRTEERKGDNDRL S
3610 5640
GGA GGA GTA CAA GCA GG? TTT GGT AMA AAA ATG ACC GAT GAT GCT TCA CT GIG AAT GGT
6 6V QMNGFGEKEMNTDDDMES S VNG
%70 5700
TIA GGC AGT GCC CAM TTT GCT ATT GGT AAA CAA GAT GAG AMA AGC GTA TCT CGA GAM GGA
L 65 X QF X»16FKQDETEKST STV VSRESGE
5730 5760
GGA ACG ATT AAT AAC 7CA GGA AAC TTA ACG ATT AAT GGC AAT AGC GTC CAT CTT CAA GGA
6T I ¥R S GW¥ LTI NGNS VELQSG
5190 5820
GCA CAA GTT AAT AGT AMA GAT ACT CAG CTA ACA TCA CAA 7CC GGT GAT ATT GAG ATC ACA
A Q VNS KDTOQLTS QS GDIETTT
5850 3880
TCT GCG CAG TCT ACT GAT TAT AAA AAC AAT 7G5 GGA ACK GAT ATT GGC TTT AMT GGC AMA
S Q0 S ?TDTYEKNNVY¥GTDIGT FNGEK

J. BACTERIOL.

910 80
AAA ACC AAT AAC ACC CCA AAA GAA GTT ACA GAG GAG AMA CCT GCA ACC TCT ATT CAT AXC
KTH¥Nn1T?P?P KEVTEEEKP?P AT S T H N
"0 000
ATA GGG GGT AMA TIA CTG GTT AKT GTG GAA GAT CAN CAN AAA ACG AGC CAC CAA AT GCA
166K L LV EVEDQQEKTSHQNA
il 00
ACC TI GAA ACA GGT MCA TA MG ATT ANT AGT AXT AAA GAT CTG ACA CTA TCT GGT GC1
TLETGT LTINS HEDLTLSG A
00 020
ANT GTG ACT GCT GAT MC GTT ACG GGT ANT GIC GGT GGT TCA CTC AT ATT GCT MC CMA
PV T AD S VTGN VGG S LN NS
410 §100
AAA GAG AGT GAT CCC CAT GIC ACT GTT GGC GIC AKT GTT GGC TAT AMC CAC ACC AAC GAT
KESDRGEVT VGV NVGTINHBTND
Q210 20
CCT AN 7CA AGC CAA GTG AAT AAA ACG GCT AAK GO GGA GGG TCA TTA TTA GAG AMA ACC
PKS S QVEKETAENGGS L LEEK:?T
n §300
MIC AN GAT ACG ATT GAT 7CA CGA ATT AXA TCA TCA ACA GAT GCT ATC TCT GAT AMA TKC
1 KD T 1 DS G611 KSSTDAISDE?
030 8360
ART CC CTC TCT TCA ACT ATT GCA GAT AAA ACA GGT MTC AGT GAT GAA ACT ANA GCC AMA
" S LSS T ADKTG I S DETTEAMGK
Gl ua
ATT GAT CAA GGT TTT GGT AA GTT GGT ANT GGT ATT AMG ANT ATC GTC ACK GGT GCT GAG
1 DQGF GKVGENGIEKNIVTGAHE
30 10
GGT CAT ACT GCT ANT GCA GAT ATC AAA GTC ACT CAT GTA GAT AKT GAT GCT GIC ACT AAA
G BT ANANDIKVTEVDNDALVYTE
10 540
ACC ACC TCC TTA ACT MC AAC AAC GAC CTA TCA TTA AAT GTG AAT GGC 170G ACh MAA CTC
T TS LTSN NDLSLEVNGSTEKL
850 00
ACC GGA GCA GAA ATT GTG AGT CAA CAA GGC CAA GTT GA TIA GGG GGA AGT AGC GTT AMA
T 6 AE T VS QQGQVDLGG S*S VK
§30 680
TTA GAA AAT ATT GAA GGT CAT CAT TAT GAA GOC GGC GOC GAT CTT GAT CTG AMA 70C 1T
LENITEGEE B YEDNGADLDTLESS
) Tl
GTA GTG GAT TTA GCA KAA CAA CTG GTA GGT GGA GAT ATT 7CT TTT AMA TCC CCC GTT AMA
VY DL AKQ LUV GEG6DISEEKSP VK
§150 0180
ACG AAT GAA ACC GTC AAT ACA MM GCA TCT ATT TCT GAA AKA TAG G ATA CT? CAT MM
THNETVETEASTSER

6810 6840
AGA GTA ACT GCC TAT TIT T7G TAA GCT AAG CCC ACT TGA T1G TCA TTA TTA CAA GTG GGC
6870 6900
TTT TIA TTA TCG TAC TTA 176G CA? CTG CTC CCG ATA AMC TIA CAR TIC TIT AAT ATT TAA
6930 6960
AAT ARA CCA AGR AAA CAT AMC CA TIG AAT ATA AAC A ATA AMA GCA AAC AMA ATA AT?
6990 1020
ATA TAA TCC T7G ACC TIC CCC TAM 76G TAM AGC TTA AGC TTT GIC CCA TAC CAT AT? TMA
7050 1080
GAG GGA AAG TTT GAT GAA TAC ACC TAC AAC ATT ATC CTC AGC AMA TAG GCT GAG CTT ACC
0 140
TGT AGA AGG TAT GAC ATG TGC TIC ATG 76T CGG ACG TGT TGA ACG AGC ATT AAA GGC AGT
nm

ACC TG ANT AR AGA 7GC TGT CGT GAA TCT T6C AAC AGA ACG 7GC TGA TAT
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TABLE 1. Summary of DNA and amino acid
sequence alignments®

P. MIRABILIS HEMOLYSIN 1213

TABLE 2. Amino acid sequence predictions derived from
' DNA sequences

Alignment Sequence %. ) f%: No. of gaps Amino acid No. of amino Molecular Isoelectric Net charged
compared Identity  Similarity inserted sequence acids mass (Da) point residues
DNA hpm vs shi® 52.1 17 HpmA 1,577 165,868 5.7 —40
Amino acid HpmA vs ShlA? 46.7 65.3 11 HpmB 561 63,204 10.0 +11
HpmB vs ShiB® 55.4 69.9 4 ShlA“® 1,608 165,056 9.2 +6
ShiB¢ 556 61,591 9.9 +6

“ From Bestfit program of the University of Wisconsin Genetics Computer
Group software packages.
b Determined from the shl DNA sequence published by Poole et al. (32).

addition to these potential transmembrane domains, many
regions of predicted secondary structure are also highly
conserved throughout the two amino acid sequences. It is
interesting that two of three cysteine residues in HpmB (aa
76 and 105) were also conserved in ShiB. The nonconserved
cysteine is present in the putative leader peptide of HpmB.

The putative translational start site of HpmA was identi-
fied at bp 2032 and was preceded by a potential Shine-
Dalgarno site, GGAGAT. The NH,-terminal amino acid
sequence ([N/G][N/G]IIVPDAGHQGPDV) was determined
on HpmA purified from bacterial culture supernatants, and it
matched the predicted sequence for aa 30 to 43 of HpmA
(Fig. 3). The ambiquities seen at the first two amino acids of
secreted HpmA were difficult to resolve between N or G;
translation of the ApmA DNA sequence predicted NG as the
first two amino acids after leader peptide cleavage. This
confirmed the cleavage of a 29-amino-acid NH,-terminal
leader peptide in secreted HpmA.

The NH,-terminal regions of HpmA and ShlA were found
to be more similar than the COOH-terminal regions of these
proteins (Table 1). Although both proteins are primarily
hydrophilic, the predicted isoelectric points and net charges
of HpmA and ShlA are very different (Table 2). The differ-
ence between the net charge of the two proteins is due
mainly to the difference in the number of arginine residues in

180  mmm

| ~———7HpmA truncate

116 e

—~——HpmB

—~———HpmA truncate

-0 lactamase

FIG. 4. Fluorogram of L-[4,5-H]leucine-labeled in vitro tran-
scription-translation polypeptide products of hpm recombinant plas-
mids. Lanes: 1, control DNA (pUC19); 2, pWPM100; 3, pWPM99.
Positions of molecular mass markers (in kilodaltons) are shown on
the left; positions of HpmB and HpmaA truncates and of B-lactamase
are shown on the right.

“ Determined from the shl DNA sequence published by Poole et al. (32).

each protein: 19 for HpmA and 68 for ShlA (32). These
additional arginine residues were found throughout ShlA.

The sequence of the region between aa 90 and 300 was
very highly conserved between ShlA and HpmA. This region
contained the two strongest hydrophobic domains (exclud-
ing the core of the leader sequence) which were conserved in
each protein. HpmA and ShlA each contained two cysteine
residues, both of which were found in this region (Cys-144
and Cys-147 in HpmA; Cys-145 and Cys-148 in ShlA). In
addition to these hydrophobic domains, we have identified a
number of conserved amphipathic domains in HpmA and
ShlA at aa 375 to 385, 505 to 515, 860 to 875, 1040 to 1050,
and 1365 to 1382.

Functional characteristics of HpmA and HpmB. Hemolytic
activity as well as HpmA were seen in the bacterial culture
supernatant (Table 3; Fig. 5). To date we have not detected
HpmB in the culture supernatant (data not shown). In
addition, HpmA has been shown to bind to sheep erythro-
cytes (K. G. Swihart and R. A. Welch, unpublished data),
suggesting that HpmA is the structural hemolysin analogous
to ShlA.

A deletion derivative of pWPM100 (pWPM102) that has a
2.5-kb HindIlI-EcoNI fragment encoding HpmB removed
was characterized. Liquid hemolysis assays were performed
on strains carrying pWPM100, pWPM110, and various sub-
clones, including pWPM102. Whole cells and filtered culture
supernatants were used as sources of hemolysin. The form
of HpmA produced by pWPM102, HpmA™~ (HpmA"* indi-
cates the inactive hemolysin produced in the absence of
HpmB), was not hemolytically active (Table 3). E. coli
carrying pWPM102 produced large amounts of HpmA~,
which was not secreted from the cell (Fig. S, lane 3). We
also observed greater breakdown of intracellular HpmA™
than of HpmA (Fig. 5, lane 4). When hpmB was cloned
into pACYC184 (pWPM109) and expressed in frans to
pWPM102, HpmA secretion and hemolytic activity were
restored (Table 3; Fig. 5, lane 1).

TABLE 3. Hemolytic activity of HpmA expressed in E. coli”

Mean hemolytic activity? = SD (n = 3)
Recombinant plasmid(s)

harbored by E. coli DH1 Total cell Cell-free
culture supernatant

pUC19 0.029 = 0.010 0.026 = 0.004
pWPM100 1.810 = 0.036 1.908 = 0.076
pWPM102 0.045 = 0.018 0.028 = 0.003
pWPM109 0.022 = 0.003 0.023 = 0.002
pWPM102, pWPM109 1.791 = 0.452 1.486 + 0.308
pWPM110 1.400 = 0.382 0.585 = 0.271

2 Samples (200 wl) were taken from a bacterial culture harvested at an
ODgq of 0.9 and incubated at 37°C with a suspension of sheep erythrocytes at
a final concentration of 1%.

» Expressed as ODs,, per 30 min of incubation.
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— HpmA

FIG. 5. Immunoblot analysis using rabbit polyclonal anti-HpmA
antiserum. Lanes: 1 and 2, E. coli DH1 carrying two plasmids,
pWPM102 (A+ B-) and pWPM109 (A— B+) in trans; 3 and 4, E.
coli DH1 carrying pWPM102 (A+ B-); 5 and 6, E. coli DH1
carrying pWPM100 (A+ B+). An 8-ul sample of either whole-cell
culture (c) or filter-sterilized supernatant (s) was added in each lane.
Positions of molecular mass markers (in kilodaltons) are shown on
the left.

DISCUSSION

We report the DNA sequence of the genes required for the
calcium-independent hemolytic activity of P. mirabilis clin-
ical isolate 477-12. Two proteins necessary for hemolytic
activity are encoded on this determinant: HpmA (166 kDa)
and HpmB (63 kDa). Significant identity is seen with the S.
marcescens hemolysin genes shlA and shlB. Amino acid
sequences of both the A and B proteins are very similar,
showing many conserved hydrophobic and amphipathic do-
mains as well as conservation of strong secondary-structure
predictions.

Previous E. coli minicell analysis of peptides encoded by
pWPM100 confirmed the production of HpmA, using L-
[>**SImethionine as a label (41). As mentioned earlier,
pWPM100 actually encodes a COOH-terminal truncated
version of HpmA. The fact that HpmB contains only one
methionine residue, which is located at the NH, terminus of
the protein, may explain our previous failure to detect
HpmB in these experiments (41), HpmB production was also
difficult to demonstrate by using an in vitro transcription-
translation system. HpmA is very unstable in this system,
resulting in a number of apparent breakdown products that
mask the HpmB produced from pWPM100. We used a
pWPM100 deletion derivative (pWPM99) that has the Km"
cassette of Tn903 inserted at the Clal deletion site from
bases 3099 to 4889. We have putatively identified HpmB and
a COOH-terminal HpmA truncate of =42 kDa encoded by
pWPM99. With no large molecular mass breakdown prod-
ucts of HpmA, a potential HpmB band is clearly visible.
After cleavage of the NH,-terminal leader peptide, we would
predict HpmB to have a molecular mass of =60 kDa. The
peptide we predict to be HpmB appears to migrate anoma-
lously, with an M, of 53,000 (Fig. 4). Similar discrepancies
have been observed with HlyC and HlyB, which migrate
with M.s of 15,000 and 66,000, respectively, whereas the
molecular masses from the predicted amino acid sequences
are 20 and 79 kDa (10). The predicted high isoelectric points
(9.5 for HlyC, 10.2 for HlyB, and 10.0 for HpmB) may
contribute to the faster migration of hemolysin gene prod-
ucts in SDS-polyacrylamide gels. It was surprising that the
42-kDa HpmA truncate band encoded by pWPM99 (Fig. 4,

J. BACTERIOL.

lane 3) appears much more intense than the putative HpmB
or the HpmA truncate encoded by pWPM100. This may be
due to increased stability of this truncate compared with the
longer HpmA or HpmB in this system. Full-length HpmA
from pWPM110 also produced a large number of breakdown
products (data not shown).

HpmA and ShlA are two of only a few proteins that are
secreted extracellularly when expressed in E. coli (17). Some
proteins secreted extracellularly from E. coli require closely
linked secretion genes (Klebsiella pullulanase [7] and E. coli
HlyA [10]). Others, e.g., the Neisseria gonorrhoeae immu-
noglobulin A protease (30) and the S. marcescens protease
(43), require both the NH, and COOH-terminal domains of
the protein for secretion. HpmA does not require COOH-
terminal domains for secretion. HpmB is, however, involved
in the secretion of HpmA and is also necessary for conver-
sion of HpmA™ to hemolytically active HpmA. Whereas
HpmaA is secreted from E. coli in the presence of HpmB, we
have not detected HpmB in culture supernatants. HpmB
appears to function analogously to ShiB, since it is necessary
for secretion and hemolytic activity of HpmA (35). We
therefore hypothesize that HpmB, like ShiB, is located in the
outer membrane (32). Schiebel et al. (35) have localized
ShlA™ to the periplasm in cells not producing ShiB. Given
the similarities to HpmA and HpmB, we would predict that
HpmA* is also located in the periplasm. Future studies
investigating how HpmB facilitates HpmA secretion will
allow a better comparison with the Shl system and can
provide further insight to the broader question of extracel-
lular protein secretion.

Because the shl genes have been shown to be regulated by
the fur gene product, we searched hpm sequences for
consensus E. coli Fur-binding sites (4). A putative Fur-
binding site was identified, with 12 of 19 matches to the
consensus. This site has two more matches than seen with
the shl Fur-binding site (31). Thus far, studies examining the
level of HpmA production in the absence of Fe?>* or in a fur
background have been inconclusive (Swihart and Welch,
unpublished data). At this point, the extent of Fur regulation
of hpm genes remains unclear.

A search for consensus ATP- or GTP-binding sites in
HpmB did not reveal any sites clearly matching the consen-
sus sites (15). This was interesting considering that in the E.
coli hemolysin system HlyB, which is needed for HIyA
transport, has putative ATP-binding sites (14). Thus, al-
though HpmB performs a function similar to that of HlyB,
different mechanisms may be involved in hemolysin trans-
port.

Two large hydrophobic domains containing a pair of
cysteines are conserved between the HpmA and ShlA pre-
dicted amino acid sequences. This motif of two cysteines
separated by two to four amino acids is seen to close
intrachain loops in other proteins such as thioredoxin, pep-
sin, insulin A chain, silk fibroin, and lipoamide dehydroge-
nase (36). The role of this conserved motif in HpmA and
ShlA is not clear. We propose that the large hydrophobic
domains at aa 90 to 300 are important for HpmA binding and
insertion into erythrocyte membranes. Poole et al. have
shown that the NH,-terminal 43% of ShlA can bind eryth-
rocytes without causing cell lysis (32).

We further speculate that the conserved amphipathic
domains (aa 375 to 385, 505 to 515, 860 to 875, 1040 to. 1050,
and 1365 to 1382) may be responsible for pore formation by
these proteins. Our experiments with the HpmA truncate
produced by pWPM100 (1,220 aa) and other subclones
suggest that some but not all of these domains are necessary
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for hemolytic activity (data not shown). Poole et al. have
constructed 3’ deletion mutants of shlA and studied the
hemolytic activity of ShlA truncates produced (32). These
truncates appear to lose activity as more of these amphip-
athic domains are deleted. It is interesting that the original
clone pWPM100 encoded only the NH,-terminal 75% of
HpmA yet E. coli cells harboring this plasmid produced
more hemolytic activity than did those carrying pWPM110,
which encodes all of HpmA (Table 3). This result appears to
have been due to a cloning artifact. In pWPM100, ApmB and
hpmA are transcribed from the lac promoter of pUC19 (the
native promoter upstream of ApmB was not cloned). In
pWPM110, about 800 bp upstream of hpmB is present,
including the putative native promoter. Poor recognition of
this P. mirabilis promoter in E. coli would explain the
reduced expression of HpmA seen from pWPM110, whereas
the lac promoter in pWPM100 allows for high levels of hpm
transcription. We are in the process of cloning full-length
hpmA such that it is also expressed from various promoters.
Additional mutants containing in-frame and 3’ deletions of
hpmA will also be studied to investigate the contribution of
different regions to hemolytic activity.

The major differences seen between HpmA and ShlA are
the predicted net charges and isoelectric points of the two
proteins. A thorough comparison of HpmA and ShlA hemo-
lytic activities has not yet been performed. This comparison
will provide information concerning the effects of charge (or
other) differences on the overall activity of these cytolysins.
To date we have not observed any gross differences in the
activity of HpmA compared with that reported by Braun et
al. (3) for ShlA.

The most striking aspect of the comparison between skl
and hpm sequences is the conservation of DNA and pre-
dicted amino acid sequence similarities despite the large
difference seen in G+C contents (shl, 65%; hpm, 38%) of
these genes. The G+C contents of both sequences reflect the
overall G+C content of each organism (S. marcescens, 58%;
P. mirabilis, 39%) (9). This finding suggests that the genes
diverged from a common ancestral gene long ago. To retain
this degree of similarity despite diverging G+C contents
would seem to require strong selective pressures resisting
functional change. The alternative theory involves conver-
gent vertical evolution of the genes; this seems unlikely
given the length of the sequence identity and the conserva-
tion of the operon structure.

After the initial cloning of hpm, a survey of its dissemina-
tion among members of the family Enterobacteriaceae and
other hemolytic gram-negative bacilli was performed (41).
Although hpm sequences are common among Proteus iso-
lates (Swihart and Welch, in preparation), Southern blot
analysis did not reveal sequences similar to the hpm se-
quence in the other genera and species examined (Providen-
cia, Pasteurella, Acinetobacter, Citrobacter, Morganella,
Serratia, and E. coli) (41). It may be difficult to predict the
dissemination of Apm sequences in other genera given that
the similarity between skl and hpm sequences is insufficient
to allow detection by DNA hybridization. Immunoblot anal-
ysis may be useful in further examination of HpmA dissem-
ination in other organisms. On the basis of sequence conser-
vation seen between these two distantly related organisms,
we predict that similar sequences will be detected elsewhere.
Finally, the comparison of these proteins should be valuable
in future structure-function studies of these cytolytic exo-
toxins.
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