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The transcriptional organization of the Escherichia coli hemolysin genes (hlyCABD) encoded by pSF4000 was
examined. The use of different hemolysin gene-specific radiolabeled probes in blots containing isolated in vivo
RNA revealed 4.0-kilobase hlyCA and 8.0-kilobase hlyCABD transcripts. The treatment of cells with rifampin
just before RNA isolation showed the half-lives of these mRNAs to be 10.2 and 4.4 min, respectively. The 5'
ends of the hly transcripts were 462 and 464 nucleotides from the putative initiation codon of hlyC based on a
primer extension method of RNA mapping. Deletion analysis of pSF4000 combined with quantification of the
hemolysin structural protein HlyA by immunoblotting confirmed that major control of HlyA expression occurs
within a 168-base-pair PstI fragment located 433 base pairs upstream of the start of hlyC. A second
recombinant plasmid, pANN202-312, encoding an E. coli hemolysin of different origin expressed 6-fold less
total HlyA and 50-fold less extracellular HlyA than pSF4000 in identical cell backgrounds. The pANN202-312
recombinant had a different hly promoter, with the hly mRNA beginning 264 nucleotides upstream from the
start of hlyC. We showed by RNA blotting that cells harboring pANN202-312 compared with pSF4000 have
similar steady-state levels of the hlyCA transcript but they lack a consistently detectable hlyCABD transcript.
We propose that one reason for the disparate levels of extracellular hemolysin produced by hemolytic W. coli
is dissimilar levels of mRNA encoding in part the transport genes hlyB and hlyD.

The Escherichia coli hemolysin is a significant contributor
to the virulence of recombinant E. coli strains in different
animal models of extraintestinal E. coli disease (9, 31).
Recent epidemiological evidence indicates that the E. coli
hemolysin represents one branch of a gene family (MEPP-
toxins) which is disseminated among other members of the
Enterobacteriaceae as well as Pasteurella haemolytica (17,
18, 30). The MEPP-toxins are not only interesting to study
from a biomedical viewpoint, but because the E. coli hemo-
lysin is a secreted extracellular protein (5), it has potential
biotechnological impact as a gene fusion system that would
facilitate purification of valuable recombinant products.
Four genes (hlyC, -A, -B, and -D) are needed to

produce the beta-hemolytic phenotype (6, 24, 29). HlyC
activates the hemolysin structural gene product HlyA in an
unknown way (23). The secretion of HlyA is unusual be-
cause it does not involve cleavage of an amino-terminal
leader sequence (5). HlyB and HlyD act to transport HlyA
across the cell envelope and release it from the cell surface
(29). All four genes are encoded sequentially on the same
DNA strand (6, 12). Candidate promoters for E. coli hemoly-
sins are identified by inspection of the DNA sequences
upstream of hlyC (6, 12, 14). Genetic evidence suggests that
the genes are probably not part of one large operon but that
hlyCAB compose one transcript, with the most distal gene,
hlyD, transcribed separately (29). The analysis of the DNA
sequence and the lack of apparent polarity effects on hlyJJ
favor this view of the transcriptional organization of the
hemolysin (6). However, the presence of a potential rho-
independent terminator between hlyA and hlyB and a close
match to the consensus sequence for E. coli promoters
immediately upstream of hlyB leads to some confusion about
the transcriptional organization (6).

In this report, we provide physical evidence that the
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previous operon models for the E. coli hemolysin are not
entirely correct. There are two hemolysin-specific tran-
scripts: one is an abundant hlyCA species and the other
encodes all four genes, making it a single, large operon. In
addition, we localize the 5' ends of hly mRNA to the DNA
sequences of two hemolysins of different origin. On the basis
of those data, we provide evidence for the evolution of
different promoter elements for the E. coli hemolysins.

MATERIALS AND METHODS

Bacterial strains and plasmid construction. The strain des-
ignations and origins of bacteria and recombinant plasmids
used in this study are listed in Table 1. DNA fragment
isolation and recombinant methodology used in the con-
struction of new plasmids was performed as previously
described (6, 33).
The original hemolysin recombinant plasmid, pSF4000,

possesses on either side of the hemolysin determinant ap-
proximately 3 kilobases (kb) of DNA of unknown sequence
and function (6, 33). For this and future studies, we con-
structed, in a three-stage process, a new hemolysin recom-
binant plasmid, pWAM04, in which the entire DNA se-
quence of the plasmid is known. In brief, the pSF4000
HindIll D fragment (base pairs [bp] 6979 to 8206 [6]) was
inserted into the HindlIl site of pUC19, resulting in
pWAM572. This plasmid was then doubly digested with
ApaI (a unique site in the HindIlI insert and in pSF4000) and
SalI (a unique site in pWAM572 present in the pUC19
multiple cloning site [6]). The larger of the two resulting
fragments was ligated to the 10-kb pSF4000 SalI-ApaI frag-
ment covering the hlyCAB region. This construction
(pWAM575) was then digested with SalI and SstII (a unique
site within pWAM575 present at bp 110 of the hemolysin
sequence). The noncomplementary ends of the largest frag-
ment were filled in with the Klenow fragment of IDNA
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TABLE 1. Bacterial strains and recombinant plasmids

Strain Relevant characteristics Source or reference

DH1 K-12 strain, recA, nonhemolytic D. Walker
JM831ac K-12 strain, background for pUC19 cloning M. Howe
J198 Human fecal isolate, nonhemolytic 31
J96 Human urinary tract isolate, source of pSF4000 hemolysin determinant 31
WAF260 J198(pANN202-312) 31
WAF270 J198(pSF4000) 31
WAM331 J198(pWAF222) 32
WAM356 JM83 lac(pWAM356) (pSF4000 SmaI B fragmenta cloned into pUC9 in This study

orientation A)
WAM357 JM83 lac(pWAM357) (pSF4000 SmaI B fragmenta cloned into pUC9 in This study

the opposite orientation)
WAM572 JM83 lac(pWAM 572) (pSF4000 HindIII D fragment cloned into pUC19) This study
WAM575 JM83 lac(pWAM575) (pSF4000 SalI-ApaI cloned into pWAM572) This study
WAM582 DH1(pSF4000) This study
WAM589 DH1(pWAM04) This study
WAM738 DH1(pSF4000) ASaII-HpaI 6
WAM739 DH1(pSF4000) ASalI-BstEII 6
WAM742 DH1(pANN202-312) W. Goebel
WAM750 DH1(pWAM04) APstI-H This study
WAM751 DH1(pWAF222) 32
WAM752 DH1(pSF4000) APstI-D 32
WAM753 WAM742(pWAM356) This study
WAM754 WAM742(pWAM357) This study

a pSF4000 AvaI D and SmaI B fragments are analogous.

polymerase I, and the blunt ends of the fragment were
ligated to yield pWAM04.
The construction ofpWAM04 also enabled us to delete the

small 168-bp PstI fragment from the hemolysin promoter
region (the PstI H fragment of pSF4000, see Fig. 1). This was
accomplished by isolating the two pWAM04 BamHI frag-
ments, digesting the smaller BamHI fragment with PstI, and
then adding these digested fragments back to the large
BamHI fragment. The DNA mixture was ligated and trans-
formed into strain DH1 with selection on ampicillin-sheep
erythrocyte agar. Plasmid DNA from transformants was
screened for the loss of the small 168-bp PstI fragment, and
a plasmid, pWAM750, harboring the appropriate pWAM04
PstI deletion was isolated.
Media and reagents. Bacteria were grown in L broth (21),

and when necessary to ensure maintenance of recombinant
plasmids, the cultures were supplemented with either chlor-
amphenicol (10 ,ug/ml) or amnpicillin (100 j±g/ml). Salts, buffer
reagents, and antibiotics were purchased from either Sigma
Chemical Co. (St. Louis, Mo.) or U.S. Biochemicals (Cleve-
land, Ohio).
RNA blotting. RNA was prepared by the method of

Hagblom et al. (10) with the exception that cells were
harvested from late-log-phase broth cultures (optical density
at 600 nm of 0.9 to 1.0). The RNA was size fractionated by
suspending 20-p.g RNA samples in glyoxal and subjecting
them to agarose gel electrophoresis by the method of Ma-
niatis et al. (19). RNA size markers purchased from Be-
thesda Research Laboratories, Inc. (Gaithersburg, Md.)
were included in each gel. The separated RNA was trans-
ferred to nitrocellulose (Schleicher & Schuell, Inc., Keene,
N.H.) by blotting (19). Two different types of radiolabeled
probes were generated for detection of hemolysin-specific
transcripts. Isolated restriction endonuclease fragments of
pSF4000 were labeled with 32P by nick translation (25).
Strand-specific 32P-labeled RNA probes were generated in
vitro with SP6 and T7 RNA polymerases with hly gene-
specific recombinants cloned into the Gemini vectors (Pro-
mega Biotec, Madison, Wis.) (20). Isolated pSF4000 restric-

tion endonuclease fragments (PstI-C and EcoRI-D) were
cloned into pGEM1 and pGEM2, and radiolabeled tran-
scripts were produced by the protocol provided by the
manufacturer. Probes were hybridized to blots overnight in
40% formamide-1% sodium dodecyl sulfate-1 M NaCl-10%
dextran sulfate at 42°C. The blots were washed in 2x SSC
(lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-1%
sodium dodecyl sulfate at 60°C, dried, and subjected to
autoradiography.
The stability of specific transcripts was studied by incu-

bating the cells with rifampin (0.3 mg/ml) by the method of
Belasco et al. (1) and then immediately lysing 10-ml culture
samples at specific time intervals and preparing the RNA as
described above. Comparisons of the intensity of autoradio-
graphic signals were made on a Zeineh Soft Laser scanning
densitometer, and ititegration of peak areas was determined
with software provided by the densitometer manufacturer on
a dedicated Apple IIE computer. The decay rate was calcu-
lated by a determination of the slope of -ln(band intensity)
versus time (28).

Localization of 5' termini of hly mRNA. Low-resolution
mapping of the 5' ends of hly mRNA species was accom-
plished by two different methods. Low-resolution Si nucle-
ase protection experiments were performed by the method
of Burton et al. (4). Isolated pSF4000 restriction endonucle-
ase fragments had their 5' termini labeled with 32P by using
T4 polynucleotide kinase, and the labeled fragments were
heat denatured and hybridized to in vivo RNA prepared
from WAF270 or WAF260. After 3 h of hybridization at
51iC, the samples were treated with 16 U of Si nuclease
(Sigma) for 1.5 h at 450C and then the treated samples were
subjected to either 1% agarose or 10% acrylamide gel
electrophoresis. The gels were subjected to autoradiogra-
phy, and either 5'-labeled bacteriophage lambda HindIII or
pBR322 HaeII fragments served as molecular size markers.
The orientation of transcripts was determined by secondary
restriction endonuclease digestion of the radiolabeled frag-
ments at asymmetrical sites before hybridization to the
RNA. A primer extension method of mapping 5' termini of
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mRNA based on the technique of Kassavetis and Geidus-
chek (15) was also used. Synthetic oligonucleotides (primer
1, ATACATGCCCAAGAACCTCT, reverse complement of
bp 815 to 835 [6]; primer 2, ATCTTCTGTATTCAGCA
GAA, reverse complement of bp 579 to 600 [6]; primer 3,
AGACTCAAAAAACATCAAGC, reverse complement of
bp 625 to 644 [12]) representing the reverse complements of
different hemolysin mRNA regions were radiolabeled at
their 5' ends with [-y-32P]ATP and T4 polynucleotide kinase.
They were then hybridized to 3 jig of in vivo RNA prepara-

tions ppeer ,l. Hybridizations were performed in 0.05 M Tris
hydrochloride (pH 8.3)-0.06 M NaCI-0.01 M dithiothreitol-
0.001 M EDTA. The RNA-primer mixture was heated at
90°C for 3 min and then cooled to 45°C. Avian myeloblas-
tosis virus reverse transcriptase (0.3 to 0.6 U/,u; Boehringer
Mannheim Biochemicals, Indianapolis, Ind.) was then added
in 0.08 M Tris hydrochloride (pH 8.3)-0.1 M NaCI-0.016 M
dithiothreitol4.01 M magnesium (acetate)2 along with 0.66
mM of each deoxynucleoside triphosphate, and the mixture
was incubated for 30 min at 45°C. Reactions were chased for
30 min by adding a mix of reverse transcriptase, deoxynu-
cleoside triphosphates, magnesium (acetate)2, and the hy-
bridization buffer. The polymerization reaction was stopped
by drying down samples, which were then suspended in

100% deionized formamide containing xylene cyanole and
bromophenol blue. The satnples were then subjected to 7 M
urea-10% acrylamide gel electrophoresis. Initial low-resolu-
tion mapping required running the samples against the radio-
labeled pBR322 HaeII size markers. Once low-resolution
localization had been performed, the primer extension
method was utilized for fine resolution of the 5' ends by
using a synthetic oligonucleotide primer that would be
predicted to hybridize between 100 to 300 nucleotides from
the apparerlt 5' termini. The reactions were done as de-
scribed above, but the size of the newly synthesized DNA
strand was determined by comparing its migration with
several lanes of a known DNA sequence synthesized by the
Klenow,fragment in an M13-based dideoxy sequencing re-

action (26, 34).
Immunoblotting. The expression of HlyA was monitored

by immunoblotting by our earlier methods (30). The relative
expression of HlyA amohg different strains was quantified
by using a scanning densitometer and comparing areas of
HlyA optical density peaks in tracings of the immunoblots.
To ensure appropriate comparisons, the material from each
strain was subjected to serial dilutions and the dilutions were
immunoblotted. The diluted samples were then scanned, and
a linear response of peak area versus HlyA concentration
was established.

RESULTS

The DNA sequence and genetic analysis of the E. coli
hemolysin have not provided adequate evidence of its tran-
scriptional organization nor the location of its promoter(s).
Therefore, we performed experiments intended to physically
characterize hemolysin-specific in vivo mRNAs. These ex-
periments would identify the size of different hemolysin
gene-specific mRNAs and the sequence identity of their 5'
end(s). We show in Fig. 1 that gene probes for hiyCA
hybridized to two different size species of RNA. These were

estimated to be 4.0 and 8.0 kb in length based on their
comparative electrophoretic migration with RNA species of
known size. The discrete length of the two mRNAs is not
readily apparent in Fig. 1 but can be easily observed in Fig.
2. DNA gene probes for either hlyB (data not shown) or hlyD
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FIG. 1. RNA blotting analysis of the E. coli hemolysin. (A) Total
cellular RNA (20 ,u.g) from different E. coli strains was suspended in
glyoxal'and fractionated by 1% agarose gel electrophoresis. The gels
were blotted to nitrocellulose, and the RNA was hybridized to
different 32P-radiolabeled probes (listed at the bottom of each blot).
The strains examined are presented across the top [WAF270 is
J198(pSF4000)]. The identity of the hemolysin tr,anscripts is pre-
sented to the right of the blot pictures. The transcripts in the blot
probed with the PstI F fragment appear as a smear which probably
represents intermediates in synthesis and degradation. A picture
which better demonstrates their discrete length and size estimation
can be seen in RNA turnover experiment presented in Fig. 2. The
unlabeled arrowheads along the right edges of the gels indicate
where the the smear yields artifactual bands around the regions of
rRNA migration, a phenomenon observed by others in blots of
procaryotic RNA (22). (B) Restriction endonuclease fragment maps
of pSF4000 and pWAM04. The probes used in the RNA blots are
indicated by a shading of the relevant fragment. A summary of the
transcriptional organization of the hemolysin is indicated by the
wavy lines above the hemolysin gene map.

(Fig. 1A) hybridized to only the 8.0-kb RNA species. An
mRNA species similar in size to the pSF4000-encoded
hlyCABD mRNA species was also apparent in cellular RNA
isolated from J96 (Fig. 1A, lane 4), which is the original
clinical isolate that was the source of the pSF4000 hemoly-
sin. The 8.0-kb mRNA species was not detected in RNA
blots probed with the pSF4000 EcoRI E DNA fragment (Fig.
1A). This DNA fragment is located downstream of hlyD and
begins 91 bp from the hlyD stop codon (6). RNA blots
probed with radiolabeled strand-specific RNA probes
(pSF4000 PstI-C and EcoRI-D cloned in pGEM1 and
pGEM2) established that the encoding strand for the two
RNA species is identical and coincident to that predicted by
DNA sequence analysis.

Reports of relatively more stable mRNAs for secreted
gene products (3, 13) led us to determine the in vivo half-life
of the two hemolysin transcripts after rifampin treatment.
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FIG. 2. Decay of full-length hlyCA and hlyCABD mRNA. Total
cellular RNA isolated at various time intervals after rifampin treat-
ment of WAF270 was suspended in glyoxal and fractionated by 1%
agarose gel electrophoresis. The time intervals in minutes are
indicated across the top of the gel. The gels were blotted to
nitrocellulose, and the RNA was hybridized to a 32P-radiolabeled
PstI F DNA fragment covering hlyCA as described in the legend to
Fig. 1. The identities of the two transcripts are noted to the left of
the figure. The migration of RNA molecular size markers is shown
along the right side.

Densitometer tracings of autoradiographs which were simi-
lar but less exposed than that shown in Fig. 2 indicated that
the peak area for the hlyCA species was reduced to one-half
that of the steady-state level 10.2 min after the block in
transcription initiation. Similar analysis of the hlyCABD
species showed a half-life of 4.4 min.
We previously presented genetic evidence based on dele-

tions of pSF4000 that the likely promoter controlling tran-
scription of at least the hlyCA genes was upstream of a
BstEII site that is 301 bp upstream of the putative hlyC start
codon (6). Preliminary low-resolution Si nuclease protection
experiments indicated that the 5' end of mRNA encoded
within the 937-bp SmaI fragment of pSF4000 was greater
than 450 nucleotides upstream of the hlyC start (data not
shown). In addition, low-resolution primer extension map-
ping with an amino-terminal HlyC complementary synthetic
oligonucleotide (primer 1) showed that the 5' end of the
longest DNA strand synthesized was greater than 450 bp
from the beginning of hlyC (Fig. 3). The precise localization
of the 5' end of the mRNA was performed by using a
synthetic oligonucleotide representing the complement of
the DNA sequence sense strand from nucleotides 580 to 600
(primer 2) (6). An example of those results is presented in
Fig. 3B in which the 5' end of the mRNA template results in
DNA strands 266 and 268 bases in length, indicating that
mRNA begins at nucleotides 332 and 334. This region would
have been eliminated in the pSF4000 deletion encompassing
both the PstI F and H fragments (pWAF193) which we
described previously as well as in the pWAM04 PstI deletion
derivative pWAM750 (see Fig. 4). The hemolytic pheno-
types encoded by pWAF193 and pWAM750 were reduced
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FIG. 3. Reverse transcriptase mapping analysis of the E. coli hly mRNA. Radiolabeled oligonucleotides (primers 1 and 2, described in the

text) were hybridized to RNA preparations, and primer extension was performed with avian myeloblastosis virus reverse transcriptase. The
products were subjected to electrophoresis in either 1% agarose (low resolution) or 10% acrylamide denaturing gels, and separated
radiolabeled DNAs were identified by autoradiography. (A) Low-resolution mapping of the transcripts, using primers 1 and 2. The identities
of the primer and RNA used in each reaction are listed across the bottom and top, respectively, of the gel. DH1 is the common host
background. The longest and prominent DNA species are indicated to the left of the photograph by arrows labeled 501, 303, and 266. The
migration of radiolabeled pBR322 HaeII fragments is indicated by arrowheads along the right-hand margin. (B) High-resolution mapping of
the hly mRNA 5' end, using primer 2. A portion of a known DNA sequence ladder is presented to the right and the base numbers of that
sequence are listed along the right edge.
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compared with those of the parental pSF4000- and
pWAM04-containing clones. This suggested that either a
positive controlling element or the primary promoter was
altered by the PstI-F-H or PstI-H deletions. The strains
harboring the pSF4000 deletion derivatives with endpoints
closer to hlyC, the BstEII or HpaI sites (respectively,
pWAM739 and pWAM738; see Fig. 4), had no detectable
hemolytic activity on sheep erythrocyte agar plates (6).
Therefore, we performed primer extension mapping of the 5'
ends of hly RNA encoded by the pSF4000 deletion deriva-
tives. The 5' end of mRNA encoded by pWAM04 was
identical to that directed by pSF4000 (data not shown). We
demonstrated that pWAF193 encodes in WAM582 an
mRNA species which in primer extension analysis gives a
DNA strand 303 bases long (Fig. 3). Fine-resolution analysis
indicated that there are two 5' ends for this mRNA, which
would begin at nucleotides 530 and 532 (data not shown). We
could not detect a signal when using RNA prepared from the
WAM738 and WAM739 backgrounds (Fig. 3A, pSF4000 A
SalI-BstEII and pSF4000 A SalI-HpaI). In addition, no RNA
species were detected in RNA blots with an hlyCA DNA
probe hybridized to cellular RNA from either of these two
strains.
We present in Fig. 4 a physical map covering the hemo-

lysin promoter region. This figure is a significant revision of
a previously published figure (6). We now include more
physical details and new phenotypic data from additional
deletions of the region. The pWAM04 recombinant demon-
strates that expression of the hemolytic phenotype is not
controlled by sequences upstream of the SstII site at nucle-
otide 110. Although the apparent primary transcriptional
start site lies between the two PstI sites at nucleotides 195
and 363, a deletion of that 168-bp fragment (pWAM750) did
not eliminate hly transcription because a secondary or
cryptic promoter in the area of nucleotides 530 and 532 was
utilized.
The phenotypic analysis of the promoter region mutants

presented in Fig. 4 is the simple observation of the presence
or absence of a beta-hemolytic phenotype of colonies grown
on sheep erythrocyte agar plates. We believe this type of
analysis provides a gross assay of hemolysin expression and
secretion but does not provide a quantitative measure of the
synthesis of HlyA. In vitro liquid hemolysis assays are also
inadequate measures of HlyA expression because of the
marked instability of the hemolytic activity (27) and the
unavoidable problem of variations in the age and concentra-
tion of erythrocytes used in those assays. Therefore, we
chose to quantify HlyA in different mutant backgrounds by
Western blotting (immunoblotting) with anti-HlyA polyclo-
nal antiserum. This analysis was performed on the pSF4000
deletion derivatives, and the results are shown at the bottom
of Fig. 4. This immunoblot as well as additional blots of the
total culture material were scanned with a densitometer, and
the areas of the HlyA optical density peaks were compared.
There was no detectable HlyA in cells harboring either
pWAM738 or pWAM739; however, the pWAM750 deriva-
tive produced eightfold less HlvA that pWAM04.
The DNA sequence of the pSF4000 hemolysin promoter(s)

is shown in Fig. 5A. The promoter assignment is based on
the mapping of the 5' ends of hly mRNA as well as the
deletion data presented in Fig. 3 and 4. There is some
ambiguity to the assignment of the -10 and -35 regions
because the primer extension method of mapping has repro-
ducibly yielded two DNA molecules where the mRNA
would begin at nucleotides 332 and 334. We chose to present
the promoters as a pair of -10 and -35 regions which have
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FIG. 4. Deletion map and phenotype analysis of the E. coli
hemolysin promoter region. At the top of the figure is a restriction
endonuclease fragment map of pSF4000. The region encompassing
the pSF4000 PstI D and AvaI D fragments is expanded in the central
part of the figure. Below the map are the designations, deletion
spans (A), and hemolytic phenotypes for different in vitro constructs
described in the text. The + and +/- phenotype signs indicate that
colonies have either an identical beta-hemolytic zone or a reduced
zone size compared with that of the colonies harboring pSF4000.
The abbreviations of restriction endonuclease sites are: A, AvaI;
Bg, BglII; Bs, BstEII; E, EcoRI; H, HindlIl; Hp, HpaI; P, PstI; Sa,
Sall; and Ss, SstII. Shown below the maps is a photograph of an
immunoblot of total broth culture material from E. coli DH1 strains
harboring the different plasmid derivatives listed along the top of the
blot. The location of HlyA is indicated by the arrowhead to the right
of the gel. The arrow marked with the asterisk (*) indicates a
common polypeptide species present in the DH1 background that is
used to normalize the quantification of HlyA. Additional adsorp-
tions of the antiserum with DH1 cellular material lead to the reduced
appearance of this polypeptide.

elements conforming to the E. coli promoter consensus of
sequences (11). The lower bar labeled -10 best matches the
-10 consensus; however, its spacing to the mRNA 5' ends is
4 and 6 bases away. Therefore, the -10 sequence indicated
by the upper bar is also shown because it would be exactly
7 nucleotides away from the mRNA start at nucleotide 332.
We previously showed that the pSF4000 AvaI D fragment

containing the promoter region and the 5'-terminal third of
hlyC confers in cis configuration an up expression effect on
production of extracellular hemolytic activity by a second E.
coli hemolysin recombinant plasmid, pANN202-312 (32).
The source of the hemolysin determinant in this instance was
a naturally occurring plasmid, pHlyl52, present in an E. coli
strain of murine fecal origin. The expression effect occurs
when the fragment is inserted in frame at the common AvaI
site of pANN202-312, yielding a plasmid called pWAF222
(32). This led to the conjecture that E. coli hemolysins differ
in levels of hemolysin production because of differences in
the strength of promoters (32). Preliminary data involving
the comparison of DNA sequences upstream of hlyC for
pSF4000 and pANN202-312 indicate 30% homology in this
region compared with 96% homology of the hlyC genes (S.

J. BACTERIOL.
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FIG. 5. Promoter region of pSF4000-encoded hemolysin. Shown

at the top of the figure is a physical map of the promoter region for
hly mRNA. Below the restriction endonuclease fragment map are
the DNA sequences for the pSF4000 hemolysin promoter (A) and
the secondary promoter (B) present in the pSF4000 PstI deletion
derivatives (pWAM752; Fig. 3 and 4). The bars labeled -35 and -10
above the DNA sequence refer to the location of the promoters. The
native 5' ends of the hly mRNA occur at nucleotides 336 and 334
(indicated by the asterisks). The 5' ends of the hly mRNA encoded
by pWAM752 are at nucleotides 534 and 532 and are marked by
asterisks in the lower DNA sequence (B).

Pellett, T. Karakash, L. Segal, and R. Welch, Program
Abstr. 24th Intersci. Conf. Antimicrob. Agents Chemother.,
abstr. no. 199, 1984). The low DNA sequence homology in
the area upstream of hlyC supported the contention that
there were probably differences in the strength of hemolysin
promoters. However, despite the general pattern of DNA
sequence divergence, there are small regions of sequence
similarity which resemble the -10 and -35 consensus se-
quences for E. coli promoters. Hess et al. (12) proposed that
this is evidence of common promoters for the E. coli
hemolysins. To address this issue, we compared the in vivo
synthesis of hlyCA and hlyCABD mRNAs by cells harboring
pSF4000, pANN202-312, and pWAF222. Shown to the left in
Fig. 6 are RNA blots containing WAF260 RNA from two
independent preparations. The first result to be noted is the
lack of a con-sistently detectable hlyCABD transcript in the
pANN202-312-containing cells. Second, by densitometry of
less exposed autoradiographs, the intensity of the WAF260
hlyCA signal was only two- to fourfold less than that of
WAF270. The striking difference in the amount of stability of
hlyCABD is most evident in the RNA blots shown in Fig. 6B.
At the 5-min point of post rifampin treatment, hlyCABD was
still readily apparent in WAF270 and WAM331 back-
grounds, but no signal was observable for WAF260.

Juarez et al. (14) determined the DNA sequence of the
pANN202-312 hlyC gene and a portion of its upstream
region. It was reported that the likely promoter was 15
nucleotides upstream of the hlyC start codon based on the
analysis of promoter region subclones in a galK transcrip-
tion fusion vector. As mentioned above, Hess et al. (12)
presented a comparative DNA sequence analysis of the
pANN202-312 promoter region with several other E. coli
hemolysins of chromosomal origin. A region of limited DNA
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FIG. 6. RNA blotting of pANN202-312-, pSF4000-, and pWAF222-encoded hemolysins. Total cellular RNA from the J198 background
harboring the plasmids listed along the top of the gels was fractionated, blotted, and hybridized to the probes noted at the bottom of the gels.
The hemolysin transcripts are designated by labeled arrows. (A) The first and second lanes contain independent preparations of WAF260
RNA. (B) RNA turnover experiment in which the time of RNA harvest post rifampin treatment (5, 10, or 15 min) is listed at the top of each
lane. The migration of RNA size reference standards is shown by labeled arrowheads along the right margin. The unlabeled arrowheads
indicate 23S and 16S RNA-induced banding artifacts (Fig. 1).
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homology exists among the different hemolysins which is,
respectively, 206 and 216 nucleotides upstream of the
pANN202-312 and pSF4000 start of hlyC. It was proposed
that these similarities are evidence of a common promoter
for E. coli hemolysins (12). We performed experiments to
localize the in vivo 5' ends ofmRNA encoded by pANN202-
312. Low-resolution Si nuclease protection (data not shown)
and primer extension experiments indicated that the hly
mRNA had a 5' end which was greater than 250 nucleotides
from the hlyC start codon (Fig. 7A). We determined the
precise location of the 5' end (Fig. 7B) to be at nucleotides
530 and 532 in the sequence presented by Hess and co-
workers (12). This shows that the pSF4000 and pANN202-
312 hemolysin determinants utilize different promoter se-
quences. The DNA sequence of the pANN202-312 hly
promoter region is presented at the bottom of Fig. 7.
We previously demonstrated that cells harboring either

pSF4000 or pWAF222 secrete at least 50-fold more HlyA
into the culture medium than cells with pANN202-312 (5).
That observation was based on the detection of Coomassie-
or silver-stained HlyA in electrophoresis gels containing
precipitates of late-log-phase culture supernatants. We were
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FIG. 8. HlyA immunoblotting. Late-log-phase culture material
(50 Il) was subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and then immunoblotted as previously described
(30). The different hemolytic strains used are listed across the
top, and the presence of the 110-kilodalton HlyA polypeptide is
indicated by the arrow to the right. DH1 is the common host
background. The strain designations and plasmid(s) involved are:
WAM582, pSF4000; WAM742, pANN202-312; WAM751, pWAF
222; WAM753, pANN202-312 and pWAM356; WAM754, pANN
202-312 and pWAM357. The migration of reference markers (kilo-
daltons) is shown to the left of the photograph.

curious to find out whether our observed differences in the
hly transcripts coincided with either a reduced amount of
total HlyA expressed by pANN202-312- compared with

I0 . pSF4000-containing cells or an inability to secrete HlyA as
efficiently. This was addressed by simply comparing the total

c0 ^<t amount of HlyA detectable in total broth cultures of
pANN202-312-, pSF4000-, and pWAF222-containing cells.

4w <1t^ There was a sixfold difference in total HlyA expressed by
pANN202-312 when compared with either pSF4000 or
pWAF222 (Fig. 8). We also showed that the pSF4000 frag-
ment responsible for the up effect on pANN202-312 HlyA

*,,4i'00 production in pWAF222 does not have this effect in trans
since HlyA expression is not enhanced in WAM753 or
WAM754 (Fig. 8).1
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FIG. 7. Localization of the 5' end of pANN202-312-encoded
hlyCA mRNA. Low- and high-resolution mapping of the 5' end of
hlyCA mRNA produced by WAM742 [DH1(pANN202-312)] was
performed as described in the legend of Fig. 3. (A) Autoradiographic
signal resolved by 1% agarose gel electrophoresis. The size markers
(nucleotides) are listed to the left, and the length of the signal species
is shown to the right. The precise mapping of the 5' end is shown in
panel B. (C) DNA sequence of the promoter region for the
pANN202-312-encoded hlyCA. The bars indicate the likely -35 and
-10 regions of the promoter based on the mRNA 5' ends indicated
by the asterisks. The numbering of the DNA sequence is that of
Hess et al. (12).

DISCUSSION
We present physical data on the in vivo transcriptional

organization of the E. coli hemolysin operon, which differs in
several significant respects from previously proposed mod-
els (6, 12, 29). There appear to be two transcripts composing
hlyCA and hlyCABD, with the former transcript being more
stable than the latter. Wagner et al. (29) showed that TnS
insertions upstream of hlyD are not polar on its expression
because these constructs can complement hemolytic activity
in trans to known hlyD mutations. They also showed that
recombinant subclones encoding hlyD can complement hlyD
mutants regardless of the orientation of the fragment insert
(29). These facts suggest that hlyD is under control of an
independent promoter. We noted in the analysis of pSF4000-
encoded polypeptides identified in E. coli minicells that there
is relatively more of HlyD compared with the upstream-
encoded HlyB species (6). This appeared to be. evidence
supporting the absence of transcriptional polarity and
strengthened the contention that hlyD is transcribed inde-
pendently. However, the prediction of the hly transcriptional
organization was equivocal because we showed that hlyB
recombinant subclones produce HlyB independent of the
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orientation of the DNA fragment insert (6). Additionally, the
identification of a rho-independent terminatorlike RNA se-
quence between hlyA and hlyB (6) suggests that hlyB is not
encoded on the same mRNA species as hlyA. Therefore, the
in vivo evidence of hlyCA and hlyCABD transcripts pre-
sented here must be reconciled with the earlier genetic and
physical data.
Although Tn5 is strongly polar on downstream genes,

Berg et al. (2) estimate that one-third of all Tn5 insertions in
lacZ or lacY express distal genes because of a TnS-associ-
ated promoter. The complementation observed by Wagner
et al. (29) of hlyD mutations by TnS insertions did not
involve quantification of any gene product, only the pres-
ence or absence of cell-free hemolytic activity. Therefore, it
is unclear whether Tn5 was causing a polar effect or whether
some degree of Tn5-directed transcription was permitting
expression of hlyD. The expression of hlyC and hlyA alone
without hlyB and hlyD in a recombinant subclone is lethal
(7). Therefore, it may also be feasible that the TnS insertions
in the 3'-terminal region of hlyA or hlyB which are polar on
hlyB and hlyD are not available for analysis. We believe that
these possibilities in conjunction with the physical evidence
of an hlyCABD-specific transcript sufficiently weaken the
earlier genetic arguments for a unique hlyD transcript. We
recognize, however, that the hly transcription pattern for
pANN202-312 may not be similar to that of the pSF4000
hemolysin. We could only occasionally detect the hlyCABD
RNA and could not detect an mRNA species specific for
either hlyB or hlyD alone from pANN202-312-containing
cells. Nonetheless, it is apparent that the hlyCA, hlyCABD
operon structure is operative in the original J96 chromo-
somal hemolysin determinant. The higher-level production
of pSF4000-encoded HlyD compared with that of HlyB in E.
coli minicells (6) is speculated to be controlled at a posttran-
scriptional stage. For example, it is known that the putative
ribosome-binding site for hlyB is within several bases of a
large stem-loop structure (6) which is predicted to occur in
the hlyCABD mRNA. This may hinder HlyB expression by
inhibition of ribosome readthrough from hlyA or de novo
binding of ribosomes at the start of hlyB.
The hemolysin transcripts are members of an unusual

class of stable procaryotic mRNAs with half-lives of greater
than 2 to 3 min. Both et al. (3) and Hirashima et al. (13)
observed that the transcripts encoding extracellular proteins
and outer membrane proteins are more stable than those of
cytoplasmic proteins. It was proposed the mRNAs of se-
creted gene products survive longer within the cell because
they are protected and translated at membrane-bound ribo-
somes (8). Belasco and co-workers (1) demonstrated that the
enhanced stability of ompA mRNA is a 5'-specific feature.
A second unusual feature of the hemolysin transcripts is

the long 5' leader sequence. The 462-nucleotide distance
between the 5' end and the putative hlyC start codon for the
pSF4000 hly mRNA is the longest RNA leader of procary-
otes described to date (16). The previous longest leader
sequence was 170 bases for the crp mRNA (16). The -10 and
-35 promoter regions corresponding to the hemolysin
mRNA 5' end do not have an unusual sequence composition
when compared with other known E. coli promoters (11).
The two different PstI deletions at the 5' end of the leader
region (WAM750 and WAM752) establish that despite the
existence of several candidate promoters closer to the hlyC
translational start (6), the expression of HlyA is normally
dependent on the presence of the promoter contained in the
168-bp Pstl fragment. We do not have any evidence that the
alternative mRNA 5' end observed in the WAM750 back-

ground is present in the native hly transcripts. We acknowl-
edge that it remains to be established that the two hly
transcripts have identical 5' termini. The alternative possi-
bility exists that the two mRNA species do not represent the
products of independent transcription events but that, as
suggested by the work from several laboratories, the hlyCA
is a processed form of the longer hlyCABD molecule (4, 22).
Given the relative abundance and stability of the hlyCA
species compared with hlyCABD, it is our conclusion that 5'
ends at nucleotides 462 and 460 most likely represent the
beginning of the hlyCA mRNA.
The lack of an hlyCABD signal in the RNA blots with the

pSF4000 EcoRI-F probe indicate that the hlyCABD 3' end
must occur between nucleotides 8037 (the hlyD termination
codon) and 8130 (the left-hand end of the EcoRI fragment).
We propose that the likely candidate for the hlyCABD
transcription terminator is a rho-independent-like potential
stem-loop structure beginning at nucleotide 8047 and ending
with an unpaired sequence of uridylate residues at nucleo-
tide 8095.
We also addressed what may be controlling factors re-

sponsible for the wide differences in levels of HlyA secreted
by different hemolytic E. coli isolates. Our results involving
the detection of hly transcripts produced by different recom-
binants suggest that there is a clear difference in the steady-
state level of hlyCABD. The insertion of the 5' encoding
region from pSF4000 into pANN202-312 to give pWAF222
results in the increase in the hlyCABD mRNA produced. The
observation that the pSF4000 SmaI B fragment present in
pWAM356 or pWAM357 does not increase HlyA expression
in trans to pANN202-312 suggests that this region does not
encode a diffusible positive effector. We are now examining
the possibility that the PstI H region provides increased
mRNA stability or a stronger promoter for the hlyCABD
operon. It is likely that one or both of these possibilities
could account for observations involving pWAF222.
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