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Staphylococcus aureus ATCC 49775 produces three proteins recognized by affinity-purified antibodies against
the S component of Panton-Valentine leucocidin (LukS-PV) and two proteins recognized by affinity-purified
antibodies against the F component of this toxin (LukF-PV). Purification of these proteins and cloning of the
corresponding genes provided evidence for the presence of two loci. The first one, encoding Panton-Valentine
leucocidin, consisted of two cotranscribed open reading frames, lukS-PV and lukF-PV, coding the class S and
the class F components, respectively. The second one coded for a gamma-hemolysin and consisted of two
transcription units, the first one encoding an HlgA-like protein, a class S component, and the second one
encoding two cotranscribed open reading frames identical to HlgC and HlgB, class S and class F components,
respectively, from gamma-hemolysin from the reference strain Smith 5R. It appears that the Panton-Valentine
leucocidin from S. aureus ATCC 49775 (V8 strain) should not be confused with leucocidin from ATCC 27733
(another isolate of V8 strain), which had 95% identity with HlgC and HlgB from gamma-hemolysin. The
cosecretion of these five proteins led to six possible synergistic combinations between F and S components. Two
of these combinations (LukS-PV–LukF-PV and HlgA–LukF-PV) had dermonecrotic activity on rabbit skin, and
all six were leukocytolytic on glass-adsorbed leukocytes. Only three were hemolytic on rabbit erythrocytes, the
two gamma-hemolysin combinations and the combination LukF-PV–HlgA.

Staphylococcus aureus is one of the most frequently isolated
pathogens in hospital routine. It produces numerous virulence
factors, including the bicomponent toxins gamma-hemolysin
(2, 10, 21, 28, 33) and Panton-Valentine leucocidin (PVL) (8,
9, 20, 37–39). These toxins consist of two separately secreted
and nonassociated proteins (class S and class F components)
acting synergistically on human and rabbit polymorphonuclear
cells, monocytes, and macrophages. In addition, gamma-hemo-
lysin is able to lyse erythrocytes from a wide range of mam-
malian species (28). Gamma-hemolysin is produced by more
than 99% of S. aureus strains, and 2% of these strains also
produce PVL (22).
PVL has been purified (8, 39) from a V8 strain (ATCC

49775), and apparent molecular masses of 32 and 38 kDa were
determined for the S and F components of PVL, respectively
(termed LukS-PV and LukF-PV in this work). Its mode of
action has been investigated (3, 7, 38, 40). By use of an immu-
noprecipitation test (8), it was found that PVL-producing
strains were strongly associated with human primary necrotiz-
ing cutaneous infections such as furuncles (5, 6, 22).
The data concerning leucocidins appear to be ever more

complex, since another leucocidin (17) having different appar-
ent molecular masses for its two constituting components (31
and 32 kDa) was purified from a different V8 strain (ATCC
27733). The biological activity of the latter toxin has been

studied by Noda and coworkers (13, 17–19). The genes encod-
ing this toxin have never been characterized.
Furthermore, three other S. aureus bicomponent toxins which

are leukotoxic, hemolytic, and structurally related have been
reported. These toxins are (i) gamma-hemolysin (2, 10, 21, 33),
which is encoded by the hlg locus of strain Smith 5R (4), (ii)
bovine leucocidin (or leucocidin R) (29), which is encoded by
the lukR locus (31) of strain P83, and (iii) a leucocidin pro-
duced by a methicillin-resistant S. aureus (MRSA) strain which
is encoded by the luk locus (12, 23, 24). These three loci all
consist of two consecutive transcription units in the same ori-
entation, the first encoding a single open reading frame (ORF)
and the second encoding two ORFs. For each of these three
loci, the first two ORFs encode two class S components (HlgA
and HlgC, respectively) and the third encodes a class F com-
ponent (HlgB). In the three loci, each gene encoding a given
ORF from gamma-hemolysin, bovine leucocidin, and leucoci-
din of an MRSA strain has at least 95% identity with its
counterpart in the two other loci. Thus, all three toxins should
be considered structural variants of the gamma-hemolysin and
will be referred to in this work as the gamma-hemolysin group.
Since each member of the gamma-hemolysin group is com-
posed of two different (65% identity) class S proteins and one
class F protein and biological activity results from the combi-
nation of one class S component with one class F component
(3), each toxin in the gamma-hemolysin group could, in fact,
give rise to two biologically active toxins.
On the basis of a few peptide sequences derived from PVL

(31), evidence indicating that PVL and gamma-hemolysin are
members of a single toxin family was obtained. We proposed
the name synergohymenotropic (SHT) toxins for this toxin

* Corresponding author. Mailing address: Institut de Bactériologie
de la Faculté de Médecine, 3 rue Koeberlé, F-67000 Strasbourg,
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family since these toxins act by the synergy of two proteins and
are pore forming.
Here, we report the entire primary structure of LukS-PV

and LukF-PV from S. aureusATCC 49775 and characterize the
other immunoreactive components purified from this strain. The
purification of these different, but related, proteins offered the
opportunity to test all of the possible synergistic combinations
on human polymorphonuclear leukocytes (PMNs), on sheep,
rabbit, and human erythrocytes, and on rabbit skin.

MATERIALS AND METHODS

Bacteria. The S. aureus V8 strain producing PVL was kindly provided by S.
Thornley (Wellcome Laboratories, London, United Kingdom) and deposited in
the American Type Culture Collection with the reference strain ATCC 49775
because of its high level of PVL production compared with that of another V8
strain (ATCC 27733). S. aureus P83 producing the so-called leucocidin R was a
generous gift from N. L. Norcross (Cornell University, Ithaca, N.Y.). Escherichia
coli NM522 [supE thi hsdR D(lac-proAB) F9 (proAB lacIq ZM15)] was used as the
host strain of the recombinant pUC19 plasmid (41).
In this article, the two genes encoding S and F components from PVL are

called lukS-PV and lukF-PV, and the three genes encoding members of the
gamma-hemolysin group are called hlgA, hlgC (S-class genes), and hlgB (F-class
gene), as described by Cooney et al. (4).
Purification of LukS-PV, LukF-PV, and other antigenically related compo-

nents. The LukS-PV and LukF-PV antigenically related components as well as
the two components of PVL were purified simultaneously from the culture
supernatant fluid of S. aureus ATCC 49775. Fractions obtained at different
elution steps were assayed by immunoprecipitation with polyclonal affinity-pu-
rified rabbit antibodies against LukS-PV and LukF-PV (8). Briefly, bacteria were
grown to the stationary phase with vigorous shaking in 12 2-liter Erlenmeyer
flasks, each containing 170 ml of modified CCY medium (8). Bacteria were
separated from the culture supernatant by a 20-min centrifugation at 10,000 3 g
at 48C for 20 min, followed by filtration (Millipore, Paris, France; 0.45-mm pore
diameter). Proteins were precipitated for 16 h at 48C in 80% (wt/vol) saturated
ammonium sulfate solution. The precipitated material was collected by centrif-
ugation for 20 min at 20,000 3 g. Proteins were suspended in 100 ml of 0.2 M
NaCl–buffer 1 (50 mM Na phosphate buffer [pH 7.0]) and chromatographed on
a 40-ml Sepharose SP Fast Flow column (Pharmacia, Uppsala, Sweden) equili-
brated in buffer 1. Fractions of the isocratic elution were stored for further
purification. Proteins bound to the matrix of the column were eluted with 0.7 M
NaCl–buffer 1. Fractions containing immunoreactive material were dialyzed
against 0.2 M NaCl–buffer 1 and then subjected to cation-exchange Mono S fast
performance liquid chromatography (FPLC; Pharmacia). Elution was performed
with a linear gradient ranging from 0.2 to 0.56 M NaCl in buffer 1. After the
addition of ammonium sulfate to 1.5 M, these protein fractions were further
purified on an Alkyl-Superose FPLC (Pharmacia) with an ammonium sulfate
linear gradient ranging from 1.5 to 1.0 M in buffer 1. Immunoreactive fractions
were then reequilibrated in 0.4 M NaCl–buffer 1. Their concentration was ad-
justed to 1 A280 unit, and the fractions were stored frozen at 2808C.
In a second step, the fractions of the isocratic elution mentioned above were

equilibrated in buffer 2 (30 mM Na phosphate buffer [pH 6.5]). The immuno-
reactive components were purified by chromatography through a cation-ex-
change Mono S FPLC with a linear gradient ranging from 0 to 0.25 M NaCl in
buffer 2. Each fraction containing immunoreactive protein was further purified to
high homogeneity through an Alkyl-Superose FPLC with a linear gradient rang-
ing from 1.5 to 0 M ammonium sulfate in buffer 2. The purified components were
then dialyzed against 0.2 M NaCl–buffer 2. Their concentration was adjusted to
1 A280 unit, and the components were stored frozen at 2808C.
Protein analysis was performed by sodium dodecyl sulfate (SDS)-polyacryl-

amide gel electrophoresis (15) with the PHAST-System apparatus (Pharmacia).
Immunoblotting was carried out with affinity-purified LukS-PV or LukF-PV rabbit
polyclonal antibodies as described previously (35). Characterization of the purified
proteins was performed by determining their N-terminal peptide sequences.
DNA cloning and sequencing methods. Restriction endonucleases and DNA-

modifying enzymes were used as recommended by the manufacturers (Gibco-
Bethesda Research Laboratories and New England Laboratories [Beverly,
Mass.]). The DNA methods used were described previously (25). For the cloning
of luk-PV, a partial DNA library was constructed by selecting EcoRV-digested
fragments of S. aureus ATCC 49775 DNA, ranging from 4.2 to 6.8 kb, and
inserting them in a HincII-linearized pUC19 plasmid. After transformation of E.
coli NM522, recombinant clones were screened with a 59-labeled degenerated
oligonucleotide probe as described previously (31). This 27-mer oligonucleotide
(59-TATATA/C/TAGC/TGAAGTAGAACAC/TCAA/GAAC-39) was deduced
from the underlined portion of the N-terminal sequence of a trypsin-generated
peptide of LukS-PV, i.e., TISYNQQNYISEVEHONSK.
The hlg locus of S. aureus ATCC 49775 was cloned with a partial DNA library

of ScaI DNA fragments ranging from 3.5 to 5.6 kb. These DNA fragments were
inserted into a HincII-linearized pUC19 plasmid. The screening of the partial

library was performed with a 59-labeled oligonucleotide probe from nucleotide
1771 to 1753 (59-TTGTTTTATCTTCTGTCCT-39) deduced from the hlgC se-
quence (EMBL-GenBank data bank library accession no. L01055) as described
previously (31).
Double-stranded DNA sequencing was performed by the dideoxy chain ter-

mination method (26) and with T7 DNA polymerase (32) on double-stranded
DNA. Initially, the universal primer and the cloning oligonucleotides were used;
those deduced from previous sequencing steps were used subsequently. Analysis
of the nucleotide and the peptide sequences was performed with DNAStar
(London, United Kingdom) computer software. The nucleotide sequences of the
luk-PV and the hlg-like loci from S. aureus ATCC 49775 are recorded in the
EMBL-GenBank data bank, accession numbers X72700 and X81586, respectively.
Southern and Northern (RNA) blot analysis. The preparation of total DNA

from S. aureusATCC 49775 or P83 was described previously (31), and total RNA
was isolated as described earlier by Kornblum et al. (14) and modified by
Supersac et al. (31). DNA-DNA-specific hybridization (30) for luk-PV used a
lukF-PV-directed oligonucleotide probe, namely, 59-ATGACTCAGTAAACGT
TGTAGAT-39 (nucleotides 2338 to 2360), deduced from the sequences of PVL-
encoding genes. Specific DNA hybridization for hlg genes from S. aureus Smith
5R (EMBL-GenBank data bank library accession no. L01055) used oligonucle-
otide probes specific for hlgA, 59-TCTGCTTTAGAAATTTCTATA-39 (nucle-
otides 207 to 197), and for hlgC, 59-TTGTTTTATCTTCTGTCCT-39 (nucleo-
tides 1771 to 1753 (4).
RNA-DNA hybridizations (34) were performed with DNA fragments which

were 32P labeled by nick translation (Gibco-Bethesda Research Laboratories).
Hybridization specific for luk-PV was performed with a cloned 2,750-bp HincII-
HindIII S. aureus DNA fragment which includes the two luk-PV ORFs as the
probe. Hybridization specific for hlgA used a cloned 1,000-bp EcoRV-HindIII S.
aureus DNA fragment, which includes the whole gene, as the probe, and hybrid-
ization specific for hlgC-hlgB used a cloned 1,150-bp HindIII-PstI S. aureus DNA
fragment, which contains hlgC and part of hlgB, as the probe. Hybridizations
were performed for 15 h at 608C in 63 SSPE (13 SSPE is 0.18 M NaCl, 10 mM
NaH2PO4, and 1 mM EDTA [pH 7.7])–53 Denhardt’s solution (25)–0.1% (wt/
vol) SDS. Membranes were washed twice for 10 min at 508C in 0.53 SSPE–0.1%
(wt/vol) SDS and autoradiographed.
Hemolytic activities of SHT toxins. Blood from sheep, rabbits, or humans was

collected with heparin (4 IU/ml). Erythrocytes were sedimented by 5 min of
centrifugation at 1,000 3 g at 48C and washed three times with 9.55‰ (wt/vol)
phosphate-buffered saline (PBS)–Dulbecco minimal essential medium without
Ca21 or Mg21 (Seromed, Berlin, Germany) plus 0.5% (wt/vol) gelatin (buffer 3).
The erythrocytes were resuspended at a 1% (vol/vol) concentration in the same
buffer. It has been reported that LukS-PV binds with a Kd of 6 nM (3) to the
membranes of target cells prior to interaction with LukF-PV. Therefore, biolog-
ical activity should be limited by the amount of class S component bound to the
cells. For these experiments, limiting amounts of class S components (not ex-
ceeding 1 nM) were tested in the presence of an excess of class F components.
Erythrocytes (100 ml at 107 cells per ml) were mixed gently with an excess of one
class F component (125 ng in 50 ml) and with twofold serial dilutions (50 ml) of
the class S component to be assayed. Following a 1-h incubation at 378C and a
5-min centrifugation at room temperature, hemolysis was determined by the A450
of the supernatant.
Each assay was performed four times and included a positive control (100%

hemolysis with 1 mg of saponin per ml) and a blank (0% hemolysis with buffer
only). One unit of hemolytic activity is defined as the smallest amount of assayed
class S component inducing 50% hemolysis.
Leukotoxic activity of SHT toxins. The method used to determine the leuko-

toxic activity of SHT toxins was described previously by Finck-Barbançon et al.
(8) and carried out with human glass-adherent leukocytes. For the same reasons
as those described above, specific activities were determined only with variable
concentrations of one class S component plus an excess of one class F component
(50 ng) in 20 ml of buffer 3.
Activity of SHT toxins in a rabbit skin model. Shaved New Zealand White

rabbits were injected intradermally with 50 ml of sterile 9.55‰ (wt/vol) PBS–
Dulbecco minimal essential medium containing equal amounts (3, 30, 300, and
3,000 ng) of one class S- and one class F-related component. Similarly, formal-
dehyde-treated PVL toxoids obtained as described previously (6) were injected
into rabbit skin. Assays were performed in duplicate. Macroscopic observations
of the lesions were recorded after 0, 4, 24, and 48 h, and lesions were biopsied
under general anesthesia induced by intramuscular injection of 250 ml of recon-
stituted Zoletil-100 (Reading Laboratories, Carros, France). Skin biopsies were
fixed in Bouin solution, paraffin embedded, cut in 4-mm-thick sections, and
stained with hematoxylin-eosin-safran-astra blue. The tissue sections were exam-
ined in a blind fashion.

RESULTS

Protein purification. Since the immunoprecipitation test di-
rected against LukS-PV and LukF-PV had indicated that other
antigenically related proteins were produced by S. aureus
ATCC 49775, these compounds were purified by use of a
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purification scheme analogous to that used for PVL. Two pro-
teins which were antigenically related to LukS-PV were found
to bind to the Sepharose SP Fast Flow column. The first was
eluted from the cation-exchange Mono S FPLC column with
335 mM NaCl, and the second was eluted with 450 mM NaCl.
In the final purification step (Alkyl-Superose FPLC), the first
was eluted with 1.2 M ammonium sulfate and the second was
eluted with 1.1 M.
The three proteins which eluted in the isocratic elution of

the Sepharose SP Fast Flow column were identified as LukF-
PV, a LukF-PV antigenically related protein, and LukS-PV.
They were eluted from the cation-exchange Mono S FPLC
column with 60, 130, and 200 mM NaCl, respectively, and were
purified to homogeneity after elution from the Alkyl-Superose
FPLC column at 980, 870, and 375 mM ammonium sulfate,
respectively.
There was no contamination of any of the five proteins by

any other synergistic component or by another toxin (such as
the alpha-toxin) with comparable physicochemical properties
because each protein component alone had neither leukotoxic
nor hemolytic activity. Sequencing of the 15 N-terminal amino
acids of the five proteins purified from S. aureus ATCC 49775
revealed that the first eluted LukS-PV-related protein has the
same sequence as that of HlgC (KGNDVEIIKRTEDKT), that
the second eluted LukS-PV-related protein has the same se-
quence as that of HlgA (ENKIEDIGQGAEIIK), and that the
LukF-PV-related protein has the same sequence as that of HlgB
(AEGITPVSVKKVDDK). In this new purification scheme,
LukS-PV and LukF-PV were identified by immunoprecipita-
tion with LukS-PV and LukF-PV affinity-purified antibodies;
these proteins are identical to the two PVL components puri-
fied previously in our laboratory (8). These LukS-PV and
LukF-PV proteins have N-terminal sequences (DNNIENIG
DGAEVVK and AQHITPVSEKKVDDK, respectively) that
differ from those of the three other purified proteins but are
identical to those described previously for these components
(31). This new purification procedure led to the purification of
12 mg of LukS-PV, 10 mg of LukF-PV and HlgB-like protein,
5 mg of HlgC-like protein, and 3 mg of HlgA-like protein from
2 liters of culture supernatant (Fig. 1). These amounts are in
accordance with the intensity of protein bands detected by

immunoblotting crude culture supernatant of S. aureus ATCC
49775.
Cloning and sequencing the genes encoding the SHT toxins

from S. aureus ATCC 49775. The results of protein purification
established that S. aureus ATCC 49775 is able to produce a
gamma-hemolysin or gamma-related hemolysin in addition to
PVL. This was confirmed by hybridization experiments. As
shown in Fig. 2A and B, oligonucleotide probes specific for
hlgA and hlgC bound to restriction enzyme-digested DNA frag-
ments of the same size for DNA isolated from S. aureus strains
ATCC 49775 and P83, the latter producing a toxin of the
gamma-hemolysin group.
(i) Genes coding for gamma-hemolysin. The three ORFs

constituting the hlg-like locus of S. aureus ATCC 49775 were
cloned in a 4.5-kb ScaI-ScaI DNA fragment into the pUC19
plasmid. This fragment hybridized with both hlgA and hlgC
probes (data not shown). Crude extracts of positive recombi-
nant E. coli NM522 were able to induce hemolysis of rabbit
erythrocytes at dilutions up to 1/800 and were leukotoxic at
dilutions up to 1/300, whereas crude extracts of E. coli trans-
formed with pUC19 alone had no hemolytic or leukotoxic
activity.
Of the cloned ScaI-ScaI DNA fragment, 3,763 bp were se-

quenced. Three ORFs, hlgA, hlgC, and hlgB, were identified
with the same genetic organization as the hlg-related genes
described previously (4, 12, 31). The two cotranscribed ORFs,
the hlgC- and hlgB-like ORFs, encoded proteins identical to
those encoded by lukR (31). Only two silent base substitutions
(alanine substituted by glycine at position 430 [A430G] and
T943C) differed in the genes. In the case of the hlgA-like ORF
(3), of the five point mutations observed (T481C, C767A,
G855A, T919A, A933C), only the third and the fifth were
responsible for amino acid substitutions (R258K and H284P)
as compared with those of lukR. The intergenic region between
hlgA and hlgC of the hlg-like locus of S. aureus ATCC 49775 is
528 bp long, whereas that of the hlg locus (4) from S. aureus
Smith 5R is 566 bp long. It is notable that a variable sequence
exists within a region extending from 100 to 200 bp down-
stream of the hlgA ORF. This variable sequence is responsible
for the size difference between the two intergenic sequences.

FIG. 1. Electrophoresis under reducing conditions of purified protein com-
ponents of SHT toxins from S. aureus ATCC 49775. The five protein compo-
nents of SHT toxins (1.4 mg of each loaded) produced by S. aureus ATCC 49775
have different apparent molecular masses, whereas their calculated molecular
masses are very similar. Lanes: 1, purified HlgA; 2, purified HlgC; 3, purified
LukS-PV; 4, protein molecular weight marker; 5, purified HlgB; 6, purified
LukF-PV.

FIG. 2. Southern blot analysis showing that total DNA from S. aureus ATCC
49775 hybridizes with the hlg-specific probes and with the luk-PV-specific probe,
whereas total DNA from S. aureus P83 hybridizes only with the hlg-specific
probe. (A) Hybridization with the hlgA-specific probe; (B) hybridization with the
hlgC-specific probe; (C) hybridization with the luk-PV-specific probe. Lanes: 1,
59-labeled BstEII-restricted DNA from bacteriophage lambda; 2 to 5, EcoRI-,
EcoRV-, AccI-, and ScaI-restricted DNA fragments from S. aureus ATCC 49775,
respectively; 6 to 9, EcoRI-, EcoRV-, AccI-, and ScaI-restricted DNA fragments
from S. aureus P83, respectively.
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(ii) Genes coding for PVL. Although the N-terminal peptide
sequences of LukS-PV and LukF-PV were determined, they
could not be used to clone the corresponding genes, first,
because a reasonably low number of oligonucleotides could not
be deduced from the N-terminal extremity of LukS-PV and,
second, because high sequence homologies existed between
the N-terminal extremities of LukF-PV and HlgB. Therefore,
an oligonucleotide probe was deduced from the N-terminal

peptide sequence of a trypsin-generated fragment of LukS-PV.
Hybridization of total DNA from S. aureus ATCC 49775 with
this specific oligonucleotide probe yielded DNA fragments
(Fig. 2C) different from those obtained by hybridization with
hlg probes (Fig. 2A and B). The two ORFs constituting the
luk-PV locus of S. aureus ATCC 49775 were cloned into the
pUC19 plasmid as an EcoRV-EcoRVDNA fragment of 6.5 kb.
The crude extract of E. coli carrying the recombinant plasmid

FIG. 3. Nucleotide sequence of lukS-PV (positions 1050 to 1993) followed by that of lukF-PV (positions 1995 to 2972) and deduced corresponding peptide sequences
from S. aureus ATCC 49775. The stop codon of lukS-PV is located 1 base upstream from the ATG codon of lukF-PV. Signal peptides of the two peptide sequences
are underlined. Putative consensus sequences (i.e., ribosome binding site [rbs] and promoter sequences) are also underlined. An inverted repeat sequence (positions
3039 to 3064) is indicated by arrows and is probably used as a transcription terminator for luk-PV. Other ORFs are underlined, and their orientations are indicated.
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was able to induce leukotoxicity (8) at dilutions up to 1/1,000
but did not exhibit any hemolytic activity, whereas that of E.
coli transformed with pUC19 alone did not show leukotoxicity.
The nucleotide sequence of 3,819 bp from the cloned DNA

fragment containing both lukS-PV and lukF-PV was deter-
mined (Fig. 3). Like the cotranscribed genes encoding other
SHT toxins, lukS-PV and lukF-PV ORFs were separated by
only one thymine. The lukS-PV ORF was 939 nucleotides long
(from positions 1055 to 1993), whereas the lukF-PV ORF was
978 nucleotides long (from positions 1995 to 2972). The G1C
contents of lukS-PV and lukF-PV were 31.5 and 30.3%, respec-
tively. Two identical putative ribosome binding sites, GAAAG
GA from positions 1039 to 1045 and the same from positions
1978 to 1984, were found 10 bases upstream from the ATG
codons of lukS-PV and lukF-PV, respectively. The putative
ribosome binding site of lukF-PV is thus included within the
lukS-PV ORF. Two putative transcription signals are proposed
to be located in the 80 bases upstream from lukS-PV. A 10-bp
inverted repeat was found 67 nucleotides (from positions 3039
to 3064) downstream from lukF-PV and may represent a tran-
scription terminator for the operon.
Whereas all previously sequenced hlg-like loci showed a

third ORF located approximately 550 bp upstream from hlgC-
like genes, no similar ORF existed in the 1,000 bp upstream

from lukS-PV. In this area, a small ORF without similarity to
any previously cloned gene was identified (from positions 231
to 680). Another small ORF without any similarity to any
previously known sequence was found 500 bp downstream
from lukF-PV.
Therefore, it appears that S. aureus ATCC 49775 encodes

PVL as well as a toxin of the gamma-hemolysin group. This
strain, able to produce three class S components and two class
F components, could generate six possible combinations of
class S and class F components. The precise biological activi-
ties of each of these combinations are investigated herein.
Transcription of the loci of SHT toxins from S. aureus ATCC

49775. Northern blot analysis confirmed that the hlg-like locus
consists of only two transcriptional units (Fig. 4, lanes 2 and 3):
the hlgA mRNA is detected as a 1,000-base-long nucleic acid
(lane 2), while hlgC-hlgB mRNA is 2,100 bases long (lane 3),
corresponding to the transcription of hlgC-like and hlgB-like
genes as a single mRNA. Similarly, lukS-PV and lukF-PV are
cotranscribed (Fig. 4, lane 4) as a unique 2,100-base-long
mRNA detected by the HincII-HindIII probe overlapping the
two genes. For the cotranscribed genes, no additional tran-
scription product which could correspond to the transcription
of hlgB or lukF-PV alone was detected.
Peptide sequence of PVL. As observed for the other bicis-

tronic operons of SHT toxins where the class S encoding genes
are transcribed first, lukS-PV is the first transcribed gene of the
operon. It encodes a 312-amino-acid protein with a calculated
molecular mass of 35,297 Da and a calculated pI of 9.1. This
protein is probably secreted after cleavage which occurs between
A-28 and D-29, as determined by the N-terminal sequencing of
the secreted protein. Therefore, the mature polypeptide of 284
amino acids has a calculated molecular mass of 32,374 Da and
a calculated pI of 8.95.
The second gene of the operon, lukF-PV, encodes a 325-

amino-acid protein with a calculated molecular mass of 37,012
Da and a calculated pI of 9.17. The N-terminal peptide se-
quence of the mature protein begins at A-25, giving a 301-
amino-acid polypeptide having a calculated molecular mass of
34,336 Da and a calculated pI of 9.02.
Therefore, both LukS-PV and LukF-PV are translated as

precursors and have signal peptides of 28 and 24 amino acids,
respectively, containing sequences typical of procaryote signal
peptides (36).
Protein alignments. As shown in Table 1 and 2, the peptide

sequences of all the proteins of the gamma-hemolysin group
described herein are very similar. Peptide sequences of the
HlgA, HlgC, and HlgB proteins had 96 to 99%, 97 to 100%,
and 95 to 98% identity, respectively.

FIG. 4. Northern blot analysis of expression products from hlg and luk-PV
loci among the total RNAs isolated from S. aureus ATCC 49775. Lane 1, pho-
tograph of electrophoresed total RNAs from S. aureus stained with ethidium
bromide. Lanes 2 to 4, Northern blot autoradiograph: 2, total RNAs hybridized
with a 32P-labeled 1,000-bp EcoRV-HindIII DNA fragment containing the struc-
tural gene hlgA; 3, total RNAs hybridized with a 32P-labeled 1,150-bp HindIII-
PstI DNA fragment containing hlgC and part of hlgB; 4, total RNAs hybridized
with a 32P-labeled 2,750-bp HincII-HindIII DNA fragment containing luk-PV.

TABLE 1. Identity scores of the different class S components of SHT toxins

Class S component

% Identity with

LukS-PV HlgC-ATCC
49775 HlgC-5R HlgC-P83 HlgC-MRSA HlgA-ATCC

49775 HlgA-5R HlgA-P83 HlgA-MRSA

HlgA-MRSA 62.8 65.4 66.0 65.4 65.4 99.0 99.6 99.0 100.0
HlgA-P83 62.8 65.1 65.8 65.8 65.2 100.0 99.0 100.0
HlgA-5R 62.8 65.4 66.0 65.4 65.4 99.0 100.0
HlgA-ATCC 49775 62.6 65.2 65.8 65.2 65.2 100.0
HlgC-MRSA 75.1 97.1 99.4 97.8 100.0
HlgC-P83 74.8 100.0 97.5 100.0
HlgC-5R 75.1 96.8 100.0
HlgC-ATCC 49775 74.8 100.0
LukS-PV 100.0
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Like HlgA proteins, which had only 66% identity with HlgC
proteins, LukS-PV differed markedly from the other class S
components, since it had nearly 75% identity with all HlgC-like
proteins and 62% identity with all HlgA-like proteins. The
difference between LukS-PV and the other S-related proteins
was significant since, of the 74 amino acid residues distinguish-
ing LukS-PV and HlgC of strain Smith 5R (HlgC-5R), only 31
(42%) were conservative modifications; similarly, of the 113
amino acid residues distinguishing LukS-PV and HlgA-5R,
only 44 (39%) were conservative modifications.
In the case of LukF-PV, this protein is approximately 68 to

71% identical to the other HlgB-like components. In fact,
LukF-PV and HlgB from strain 5R sequences differ by 97
residues, of which only 30 (31%) are conservative modifica-
tions. These differing residues are distributed throughout the
sequences (Fig. 5), and no putative domain could account for
the additional hemolytic activity of gamma-hemolysin com-
pared with that of PVL.
Hemolytic activity. As mentioned above, S. aureus ATCC

49775 could generate six pairs of SHT toxins when the five
protein components were secreted from the bacterium. The
biological activity on erythrocytes of each combination was
investigated. When assayed alone, none of the five proteins
induced detectable hemolysis, indicating that none of the pro-
teins was contaminated by any toxin having a lytic activity on
rabbit, human, or sheep erythrocytes.
As shown in Table 3, of the different combinations of class S

and class F components secreted by S. aureus ATCC 49775, all
those including either LukS-PV or LukF-PV had very low
hemolytic specific activities on rabbit erythrocytes except the
combination HlgA–LukF-PV, which exhibited significant he-
molytic activity. In contrast, the SHT toxin HlgA-HlgB had the
most potent specific hemolytic activity, being approximately 30
times more effective than the other combination, HlgC-HlgB,
constituting gamma-hemolysin.
When tested on sheep erythrocytes, only HlgA-HlgB had a

significant lytic activity [(1.6 3 106) 6 (3 3 105) U of each
component per mg]. Results were similar with human eryth-
rocytes, but these cells appeared less sensitive to HlgA-HlgB.
Leukotoxic activity. The six possible combinations of class S

and class F components (Table 4) were all able to promote lysis
of human glass-adherent leukocytes. The morphological
changes of PMN cells (8, 9) observed by phase-contrast mi-
croscopy were identical for all combinations tested and con-
sisted of a decrease in cell refringency, cell swelling, appear-
ance of rounded nuclei, and occasional bud-like formations.
When assayed alone, none of the five proteins induced de-

tectable leukotoxicity on glass-adherent leukocytes, indicating
that none of the proteins used were contaminated by any toxin
having lytic activity on human leukocytes.
PVL appeared to be the most leukocytolytic toxin, and all

combinations including either LukS-PV or LukF-PV had high
leukotoxic specific activities, ranging from 2 3 107 to 7 3 107

U/mg. The two SHT toxins resulting from the gamma-hemo-
lysin locus (HlgC-HlgB and HlgA-HlgB) appeared 30 and 100
times less active, respectively, than PVL.
Activity on rabbit skin of SHT toxins. None of the five

components alone had a macroscopic effect when injected in
rabbit skin. Only a high amount of protein (30,000 ng) induced
transient inflammatory lesions, which disappeared within 72 h.
Histological observation provided evidence that this dose
(30,000 ng) induced edema, dermal infiltration of PMN cells,
and caryorrhexis 4 and 24 h after the injections. These features
disappeared within 72 h.
Four combinations of the SHT toxins in equimolar concen-

trations, HlgC–LukF-PV, LukS-PV–HlgB, HlgC-HlgB, and

HlgA-HlgB, induced inflammatory lesions alone if 300 ng or
more of each component was injected. Intradermal injection of
30,000 ng of these combinations generated papules within 72 h,
but no skin necrosis was observed macroscopically or on the
histological sections. In contrast, HlgA–LukF-PV and LukS-
PV–LukF-PV (i.e., PVL) were the only two SHT toxins able to
produce localized acute inflammation associated with skin ne-
crosis in rabbits. However, PVL had the most potent dermo-
necrotic activity, since the association of as little as 300 ng of
each constitutive component was sufficient to induce skin ne-
crosis within 24 h as described previously (5). The HlgA–
LukF-PV combination was less potent since similar injuries
were obtained only within 72 h and required injection of at
least 3,000 ng of each of these components.
Injections in rabbits previously immunized with PVL toxoid

(6) showed that protection against skin necrosis was conferred,
since up to 30,000 ng of PVL was necessary to induce skin
necrosis, which was only observable 72 h after injection. Under
the same conditions, the inflammatory lesions induced by
HlgA–LukF-PV never produced necrosis, although amounts as
high as 30,000 ng of each component were injected. Therefore,
immunization of rabbits with PVL prevented necrosis by
amounts of toxin 100-fold greater than those necessary to in-
duce equivalent lesions in a nonimmunized animal.

DISCUSSION

The first synergistic bicomponent toxin to be reported in the
literature was PVL. Woodin (39) purified this toxin, which was
known to be produced by certain S. aureus strains (20). This
toxin, having a cytolytic effect on only human and rabbit PMNs
(8, 9), has been described recently as a marker of virulence,
since PVL-producing strains were strongly associated (5, 6, 22)
with necrotizing primary cutaneous infections, especially fu-
runcles, and vice versa. A second toxin, gamma-hemolysin, was
later identified as a bicomponent toxin (2, 10, 21, 33) having
lytic activity on erythrocytes from a wide range of animal spe-
cies. Its leukotoxic capacity (16) was not generally considered.
A third toxin, bovine leucocidin, which was considered to be
active essentially on bovine PMNs, was also characterized (29).
A fourth toxin has been studied more extensively by Noda et al.
(13, 17–19). This toxin was isolated apparently from the same
V8 strain as the toxin studied by Woodin and as such was
referred to as PVL. However, we find that the V8 strain
(ATCC 27733) from which Noda’s toxin was isolated is devoid
of any of the genes encoding PVL (Fig. 6, lane 2), whereas
another V8 strain (provided by Wellcome Laboratories) pro-
duces the toxin and was secondarily deposited as the ATCC
49775 strain. Furthermore, S. aureus ATCC 27733 possesses
the genes encoding a member of the gamma-hemolysin group.
One could imagine that the V8 strain recorded as ATCC 27733
was contaminated by another S. aureus strain. The sequence of

TABLE 2. Identity scores of the different class F
components of SHT toxins

Class F component

% Identity with:

LukF-
PV

HlgB-ATCC
49775

HlgB-
5R

HlgB-
MRSA

HlgB-
P83

HlgB-P83 71.2 100.0 97.2 94.7 100.0
HlgB-MRSA 68.4 94.7 97.2 100.0
HlgB-5R 70.2 97.2 100.0
HlgB-ATCC 49775 71.2 100.0
LukF-PV 100.0
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the toxin studied by Noda et al. has never been reported, so the
data published on the mode of action of this staphylococcal
leucocidin cannot be assigned to one of the well-characterized
toxins; however, it is likely that this toxin is a member of the
gamma-hemolysin group. The work of Kamio et al. (12, 23, 24)
reported the cloning and sequencing of the genes encoding yet
another leucocidin from an MRSA strain. This new toxin has
more than 95% identity with the gamma-hemolysin (4). No
comparative study of the biological properties of this leucoci-
din from the MRSA strain (12) with that from the S. aureus
ATCC 27733 strain (17) or with another SHT toxin was ever

reported. Here, we report a hemolytic activity on rabbit eryth-
rocytes for the two combinations derived from the gamma-
hemolysin entity from strain ATCC 49775, but it was not the
same (12) for the corresponding entity from the MRSA strain.
This discrepancy might be the result of divergent evolution of
genes or of point mutations. Nevertheless, both toxins gener-
ated by gamma-hemolysin are hemolysins and leucocidins.
The data presented in this report allow identification of five

different SHT proteins purified from the culture supernatant
of the reference strain S. aureus ATCC 49775 producing PVL.
Thus, six possible synergistic combinations with different bio-

FIG. 5. Alignment of peptide sequences of the known class S (A) and class F (B) components of SHT toxins from S. aureus. Asterisks indicate identical amino acids.
Horizontal dashes indicate the absence of amino acids.
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logical activities are thought to occur naturally. The genes
encoding each purified protein were cloned, sequenced, and
found to be organized as two distinct loci. The first locus,
containing two transcription units and three ORFs, encodes a
gamma-hemolysin-like toxin. The second locus encodes the
PVL and is organized as two tandemly cotranscribed ORFs.
On these loci, the genes encoding a class F component are
always located 1 base downstream from a gene encoding a class
S component, and these genes have no evident promoter, as
shown by the transcript analysis. As described in previous in-
complete data (31), the sequences of LukS-PV and LukF-PV
indicated that PVL and gamma-hemolysin are encoded by
different loci but belong to a single family of toxins. The se-
quencing data obtained in this work confirm that this toxin
belongs to the SHT family. Our results suggest a partitioning of
this family of toxins, since PVL was divergent from the gamma-
hemolysin group. Partitioning was also indicated by the distri-
bution of the corresponding genes among S. aureus strains (22)
and by the specific clinical association of PVL-producing
strains (5, 6, 8) with primary cutaneous lesions, whereas the
role of gamma-hemolysin in pathogenicity has never been
studied.
Study of the biological activities of the six combinations of

the SHT proteins also showed that each of the two combina-
tions from the gamma-hemolysin genes induced significant he-
molysis of rabbit erythrocytes. In contrast, none of the combi-
nations which included LukS-PV was hemolytic. Study of the
leukotoxic activities of the toxins indicated that combinations
including HlgA had the lowest activity on human glass-adher-
ent leukocytes. To further understand the role of the different
toxins, the binding of each component to target membranes
and kinetic studies of their biological activities are currently
being investigated. To determine whether the combination of
the five components produced by S. aureus ATCC 49775 led to
a further synergy, we tested amounts of proteins equal to the

various minimal doses necessary to obtain biological activity in
both in vitro and in vivo assays. The combination of the five
components led to a leukotoxic activity in the range of that
obtained with a single two-component combination. In hemo-
lytic and dermonecrotic assays, the same combination had bi-
ological activity identical to that obtained with the most potent
pair, i.e., HlgA-HlgB and LukS-PV–LukF-PV, respectively.
These observations reflect the specificity of SHT and may
indicate the absence of mobility of components after interact-
ing with membranes.
PVL (LukS-PV–LukF-PV) was found to be highly dermo-

necrotic for rabbit skin (5). However, of the heterologous pairs
naturally obtained from strains producing PVL and gamma-
hemolysin, HlgA–LukF-PV seems to induce lesions similar to
those induced by PVL but only with injection of higher amounts.
Therefore, it appears that all of the SHT toxins have distinct

biological effects. Furthermore, all of the SHT toxins seem to
have a potent inflammatory role since they induce leukocyte
infiltration into tissues as observed on histological sections. At
the molecular level, sublytic amounts of PVL (LukS-PV–
LukF-PV) have been demonstrated to induce granule secre-
tion (3) and to lead to the release of leukotriene B4 (11) and
interleukin 8 (27) from human PMNs. This may explain the
chemotaxism of PMNs and the inflammatory lesions observed
in the animal model when these toxins were tested in rabbit
skin. The activity of other SHT combinations at the molecular
level is currently being investigated.
As observed recently (22), all PVL-producing S. aureus

strains tested to date produce, in addition, the three compo-
nents of the gamma-hemolysin group, indicating that the gen-
eration of the six SHT pairs is not restricted to strain ATCC
49775 but could involve all of the PVL-producing strains (or
most of them). The ancient terms gamma-hemolysin and leu-
cocidin reflect the action of these toxins on selected models in

FIG. 6. Southern blot analysis showing that total DNA from S. aureus ATCC
27733 does not hybridize with the luk-PV-specific probes but does hybridize with
the hlg-specific probe, whereas total DNA from S. aureusATCC 49775 hybridizes
with both probes. Lanes: 1 and 4, 59-labeled BstEII-restricted DNA from bacte-
riophage lambda; 2, hybridization with the luk-PV-specific probe of the Acc1-
restricted DNA of ATCC 27733; 3, hybridization with the luk-PV-specific probe
of the Acc1-restricted DNA of ATCC 49775; 5, hybridization with the hlgC-
specific probe of the Acc1-restricted DNA of ATCC 27733; 6, hybridization with
the hlgC-specific probe of the Acc1-restricted DNA of ATCC 49775.

TABLE 3. Hemolytic specific activities on rabbit erythrocytes of
each possible pair of protein components constituting the

SHT toxins from S. aureus ATCC 49775

Component
in excessa

Sp act (U/mg)b when paired with:

LukS-PVc HlgC c HlgAc

LukF-PV ,2.102 ,2.102 2.2 3 104 (68 3 102)
HlgB ,2.102 1.6 3 106 (63 3 105) 5.2 3 107 (62 3 106)

a Amount of component in excess in the assay, 125 ng.
b Values indicate the means of quadruplicate assays (6 standard deviations).

One unit was defined as the limiting amount of class S component in the
presence of an excess of a class F component contained in dilutions producing
50% hemolysis.
c Limiting component.

TABLE 4. Leukotoxic specific activities on human PMN cells of
each combination of protein components of the SHT toxins

Component
in excessa

Sp act (U/mg)b when paired with:

LukS-PVc HlgC c HlgAc

LukF-PV 7.107 (6106) 2 3 107 (6106) 3 3 107 (6106)
HlgB 2.107 (6106) 2 3 106 (6105) 8 3 105 (65.104)

a Amount of component in excess in the assay, 50 ng.
b Values indicate the means of quadruplicate assays (6 standard deviations).

One unit is defined as the limiting amount of class S component in the presence
of an excess of class F component contained in dilutions producing 100% of the
morphological changes in 105 glass-adsorbed PMN cells.
c Limiting component.
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vitro but not their role in the virulence of S. aureus. Moreover,
different names were given to almost identical toxins (gamma-
hemolysin, leucocidin, and leucocidin R) and were sources of
confusion. Therefore, we proposed (31) to call these related
toxins by their common properties, i.e., SHT toxins, since they
act by two nonassociated protein components upon target cell
membranes. In addition, all 30 Staphylococcus intermedius
strains tested to date in our laboratory produce a new SHT
toxin (21a). Recently, a new protein that had a primary struc-
ture like a class S component (1) but was able to induce
biological activity when combined with another class S compo-
nent and not a class F component was described. The latter
data may provoke questions regarding the structural role in
pore formation of such a protein that remain to be studied.
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27. Schreiner, A., B. König, M. Köller, G. Prévost, Y. Piémont, J. E. Alouf, and
W. König. 1994. Activation of human effector cells by different bacterial
toxins (leukocidin, alveolysin, and erythrogenic toxin A): generation of in-
terleukin-8. Infect. Immun. 62:4831–4837.

28. Smith, M. L., and S. A. Price. 1938. Staphylococcus g-haemolysin. J. Pathol.
Bacteriol. 47:379–393.

29. Soboll, H., A. Ito, W. Schaeg, and H. Blobel. 1973. Leukocidin from staph-
ylococci of different origin. Zentralbl. Bakteriol. Hyg. I Abt. Orig. A 224:
184–193.

30. Southern, E. 1975. Detection of specific sequence among DNA fragments
separated by gel electrophoresis. J. Mol. Biol. 98:503–517.

31. Supersac, G., G. Prévost, and Y. Piémont. 1993. Sequencing of leucocidin R
from Staphylococcus aureus P83 suggests that staphylococcal leucocidins and
gamma-hemolysin are members of a single, two-component family of toxins.
Infect. Immun. 61:580–587.

32. Tabor, S., and C. C. Richardson. 1987. DNA sequence analysis with a
modified bacteriophage T7 polymerase. Proc. Natl. Acad. Sci. USA 84:4761–
4771.

33. Taylor, A. G., and A. W. Bernheimer. 1974. Further characterization of
staphylococcal gamma-hemolysin. Infect. Immun. 10:54–59.

34. Thomas, P. S. 1980. Hybridization of denatured RNA and small DNA
fragments transferred to nitrocellulose. Proc. Natl. Acad. Sci. USA 77:5201–
5205.

35. Towbin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose sheets: procedure and
some applications. Proc. Natl. Acad. Sci. USA 76:4350–4354.

36. Von Heijne, G. 1985. Signal sequences, the limits of variations. J. Mol. Biol.
184:99–105.

37. Ward, P. D., and W. H. Turner. 1980. Identification of Panton-Valentine
leukocidin as a potent dermonecrotic toxin. Infect. Immun. 28:393–397.

38. Woodin, A. M. 1972. The staphylococcal leukocidin, p. 281–289. In J. O.
Cohen (ed.), The staphylococci. Wiley Interscience, New York.

39. Woodin, A. M. 1960. Purification of the two components of leucocidin from
Staphylococcus aureus. Biochem. J. 75:158–165.

40. Woodin, A. M., and A. A. Wienecke. 1968. Role of leucocidin and triphos-
phoinositide in the control of potassium permeability. Nature (London)
220:283–286.

41. Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved M13 phage
cloning vectors and host strain: nucleotide sequences of the M13mp18 and
pUC19 vectors. Gene 33:103–119.

VOL. 63, 1995 SEQUENCE AND PROPERTIES OF PANTON-VALENTINE LEUCOCIDIN 4129


