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A 2,813-bp HincII-Clal DNA fragment encodes the two S and F components (LukS-R and LukF-R) of
leucocidin R (Luk-R) which are secreted by Staphylococcus aureus P83. The two genes (lukS-R and lukF-R)
belong to a single operon. Two peptidic sequences were deduced: LukS-R is a 35,721-Da polypeptide of 315
amino acids, including a signal sequence of 29 residues, and LukF-R is a 36,838-Da polypeptide of 325 amino
acids, including a signal sequence of 25 residues. LukS-R and LukF-R were expressed in Escherichia coli and
purified from the periplasmic space. Luk-R exerts biological activities on polymorphonuclear cells and on
erythrocytes from various animals. Comparison of the amino acid sequence of LukF-R with that of the B
component of gamma-hemolysin (HlgB), those of the F and S components of another recently sequenced
staphylococcal leucocidin, and those of a few peptides of the F component from Panton-Valentine leucocidin
suggests that all four toxins belong to a single, two-component family of toxins.

Leucocidins are toxins secreted by Staphylococcus au-
reus. They consist of two separate and synergistic compo-
nents. As emphasized by Gladstone and Van Heyningen (4),
leucocidins’ specific targets are monocytes, macrophages,
and polymorphonuclear cells (PMNs), but these toxins do
not induce significant hemolysis with the erythrocytes that
are usually tested (27). This characteristic allows us to
distinguish between leucocidins and staphylococcal gamma
hemolysin (6, 24), since the latter, also acting by means of
two separate components, is hemolytic and leukotoxic.

Up to now, two types of leucocidins have been reported.
Panton et al. (13) identified a toxin, known as Panton-
Valentine leucocidin (Luk-PV), in a supernatant of S. aureus
V8 which was isolated from a patient suffering from chronic
furunculosis. The biological activity of this toxin was studied
by Woodin (28, 29), who described the requirement of two
exoproteins, F and S (32 and 38 kDa, respectively), which
are separate but which nevertheless act synergistically upon
human PMNs. The combination of these components
(LukS-PV and LukF-PV) is not hemolytic with human
erythrocytes. These results, except for the molecular masses
of 38 and 32 kDa assigned to the F and S components,
respectively, were recently confirmed by Finck-Barbangon
et al. (2). The difference in masses was probably due to the
purification procedures used.

Noda et al. (11, 12) described extensively a seemingly
different leukotoxin also produced by strain V8 and which
also acts by means of two components, F and S (31 and 32
kDa, respectively), whose molecular masses were different
from those first described by Woodin (29). The activity of
this second toxin on erythrocytes has never been clearly
established. More recently, Rahman et al. (15, 16) reported
the sequences of the S and F components of a leucocidin
produced by a methicillin-resistant S. aureus (MRSA) strain
whose biological properties were not documented. How-
ever, Finck-Barbangon et al. (2) reported that many S.

* Corresponding author.

580

aureus strains produced exoproteins showing partial identity
to Luk-PV when immunoprecipitation was performed with
affinity-purified Luk-PV antibodies. These results suggested
that at least two kinds of leucocidin could be produced by S.
aureus strains.

Another leucocidin (leucocidin R) produced by S. aureus
P83 and isolated from an infected bovine udder was de-
scribed by Soboll et al. (19, 20) and further studied by
Loeffier et al. (9). It has been shown that this toxin, which
has never been highly purified, nevertheless has a specificity
toward bovine and human PMNs, the latter being less
sensitive. The activity of this toxin on erythrocytes has not
been assessed. By using affinity-purified Luk-PV antibodies,
we observed that a culture supernatant of S. aureus P83
contained products not identical but antigenically related to
LukS-PV and LukF-PV, as described earlier (2).

An oligonucleotide probe derived from the N-terminal
sequence of LukF-PV from S. aureus ATCC 49775 (V8
strain) hybridized with the total DNA of strain P83. This
probe allowed the purification of genes (iukS-R and lukF-R)
encoding the so-called leucocidin R (Luk-R) on a 2,813-bp
DNA fragment. We report here the sequence of these
components and their expression in recombinant Es-
cherichia coli. The two purified recombinant proteins
showed immunoprecipitation lines identical to those ob-
tained from a crude S. aureus P83 culture supernatant. They
produced, when acting synergistically, leukotoxicity with
PMNs from bovines and humans but also hemolysis with
erythrocytes from various species.

MATERIALS AND METHODS

Bacterial strains. S. aureus P83 producing leucocidin R
was a generous gift from N. L. Norcross (Cornell Univer-
sity, Ithaca, N.Y.). S. aureus V8 was kindly supplied by S.
Thornley (Wellcome Laboratories, London, United King-
dom) and deposited in the American Type Culture Collection
(ATCC 49775) because of its ability to produce Panton-
Valentine leucocidin. E. coli NM 522 [supE thi hsdR A(lac-
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proAB) (F' proAB lacI? ZM15)] was used as a host strain for
recombinant plasmid pUC19. The E. coli K-12 strain TG1
[A(lac-pro) supE thi hsdR (F' traD36 proAB lacI® ZM15)]
was used as a host for the replication of the bacteriophages
M13mp18 and M13mp19.

DNA screening and sequence determination. Restriction
endonucleases and enzymes modifying DNA were used as
recommended by the manufacturers (GIBCO-Bethesda Re-
search Laboratories; Appligéne, Strasbourg, France). For
the cloning of IukF-R, Clal DNA restriction fragments of
total DNA from S. aureus P83 spanning from 1.5 to 2.5 kb
were inserted into the Accl-linearized plasmid pUC19. For
the cloning of lukS-R, Hincll-Accl DNA restriction frag-
ments of total DNA from the same strain ranging from 1.5 to
2.2 kb were inserted into the Smal-Accl-linearized pUC19.
E. coli NM522 was transformed (10) by the constructed
plasmids, and the recombinant /ukF-R and /ukS-R clones
were screened by a previously described dot blot method
(17) with a 5'-labeled degenerated oligonucleotide probe.
This oligonucleotide probe (5'-GTAATTTTATC A/T AC
C/T TT C/T TT C/T TC-3') was deduced from the underlined
region of the N-terminal sequence of LukF-PV (AQHIT
PVSEKKVDDKI) and was complementary to the mRNA.
Hybridizations were performed overnight at 55°C in 6x
SSPE (1x SSPE is 0.18 M NaCl, 10 mM NaPO,, and 1 mM
EDTA [pH 7.7])-5x Denhardt’s solution (10)-0.1% (wt/vol)
sodium dodecyl sulfate (SDS). Then, membranes were
washed twice for 10 min at 45°C in 1x SSPE-0.1% (wt/vol)
SDS before being fluorographed (—80°C) with 3M films (type
RII). The nucleotide sequences of the cloned DNA frag-
ments were established by the dideoxy method with T7 DNA
polymerase (23). Both DNA strands were sequenced with
oligonucleotide primers deduced from previous sequencing
steps. Nucleotide sequences were examined and compared
by using DNASTAR software (DNASTAR, Ltd., London,
United Kingdom). Consensus sequence research was per-
formed by using the Consensus program from University of
Wisconsin Genetics Computer Group software.

Southern and Northern (RNA) blot analysis. Southern blot
analysis was performed as described earlier (21). For the
analysis of mRNAs, total RNA was prepared from S. aureus
P83 as described by Kornblum et al. (7), with modifications.
Briefly, a volume of culture medium containing 7.5 x 108
bacteria (late-exponential-phase growth) was centrifuged at
4,000 x g for 10 min at 4°C, and the pellet was washed once
in 5 ml of TES buffer (20 mM Tris-HCI [pH 8.0], 10 mM
EDTA-Na,, 50 mM NaCl). Bacteria were lysed in 250 pl of
TES buffer containing 20% (wtfvol) sucrose, 100 g of
lysostaphin (Sigma) per ml, and 40 U of RNase inhibitor
(Appligene) for 30 min at 0°C. After two phenol acid extrac-
tions at 65°C, one phenol-chloroform-isoamylic alcohol (49:
50:1) extraction, and one ethanol precipitation, DNA was
removed by a 30-min digestion procedure at room tempera-
ture with 50 pl of DNase buffer (50 mM Tris-HCl, 10 mM
MgCl, [pH 7.5]) containing 40 U of RNase inhibitor and 1 U
of DNase (RNase free) (Appligene). Total RNA was then
ethanol precipitated, and separation of the RNAs by agarose
gel electrophoresis was performed as previously described
(25).

Protein analysis. Recombinant clones were grown over-
night in 100 ml of 2x YT liquid medium (10) at 37°C. Bacteria
were harvested after 5 min of centrifugation at 4,000 X g at
5°C, and protoplasts were obtained by suspending the bac-
teria for 60 min at 0°C in 3 ml of 20 mM Tris-HCI [pH
8.0]-25% (wt/vol) sucrose containing 2 mg of lysozyme per
ml (Boehringer, Mannheim, Germany). Crude extracts were
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obtained by a 3-min sonication procedure at 0°C. Soluble
proteins were separated from cell debris by 10 min of
centrifugation at 5,500 X g at 4°C. The latter proteins were
separated by SDS-polyacrylamide gel electrophoresis
(PAGE), as described earlier (8), and then transferred (26)
onto Immobilon P membranes (Millipore). The F and S
components of leucocidins from Luk-R or Luk-PV were
identified by immunoblotting with LukF-PV and LukS-PV
affinity-purified antibodies, respectively.

Affinity-purified LukF-R and LukS-R were obtained from
S. aureus P83 crude supernatant by using affinity-purified
LukF-PV and LukS-PV antibodies, respectively. Recombi-
nant LukF-R and LukS-R were purified from E. coli
periplasm (5) by a procedure similar to one described earlier
(2), except that the Carboxymethyl trisacryl-M (IBF, Ville-
neuve-la-Garenne France) chromatography step was re-
placed by Alkylsuperose (Pharmacia, Uppsala, Sweden)
chromatography with an ammonium sulfate gradient in po-
tassium phosphate buffer.

Biological assays. The leukotoxicity to PMNs was tested as
previously described (2). Bovine PMNs were prepared from
blood collected into citric acid-citrate-dextrose solution by
the method of Roth and Kaeberle (18). Finally, bovine
PMNs were suspended at 2 X 107 cells per ml of Hanks
balanced saline solution without Ca?* or Mg?* (Flow Lab-
oratories, Irwine, Scotland). The latter concentration al-
lowed the adsorption of about 10° cells from 10 pl of the
preparation onto a 7-mm-diameter well formed in a Teflon
layer covering a glass slide.

Erythrocytes from humans or cattle were washed three
times and suspended in phosphate-buffered saline (PBS) to a
final concentration of 1.5% (vol/vol). The samples to be
tested for hemolytic activity were serially diluted twofold in
150 pl of PBS in round-bottom 96-well microtitration plates.
Fifty microliters of erythrocyte suspension was then added
to the wells, and the plates were incubated first for 60 min at
37°C and then for 18 h at 4°C. After centrifugation, hemolysis
was assessed visually.

Nucleotide sequence accession number. Leucocidin R se-
quences were recorded in the EMBL data base under
accession number X64389.

RESULTS

Cloning of IukS-R and [ukF-R and expression of genme
products. A 2.2-kb Clal DNA fragment from total DNA of S.
aureus P83 was inserted into Accl-cleaved pUC19 (Fig. 1B).
The crude extract of an E. coli recombinant clone hybridiz-
ing with the degenerated probe was examined by Western
blotting (immunoblotting) with affinity-purified Luk-PV an-
tibodies. It was also examined by determining its biological
activities upon human PMNSs after being combined with the
F or S component from Luk-PV. This recombinant clone
produced a protein antigenically related to the F component
of Luk-PV, as observed by immunoprecipitation and West-
ern blotting. The crude extract of this recombinant clone
also induced a leukotoxic activity with human PMNs when
combined with the S component of Luk-PV, whereas this
crude extract alone did not show any leukotoxic activity.
Sequencing of this DNA fragment (Fig. 2) demonstrated a
complete open reading frame (ORF) whose translation in
amino acids showed sequences homologous but not identical
to those of the peptides previously determined for LukF-PV
(Fig. 3). Therefore, the corresponding plasmid was called
pUC-lukF-R. Upstream from the ORF corresponding to
IukF-R, there was a truncated ORF whose amino acid
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FIG. 1. Cloning of [ukS-R and lukF-R. (A) After the library was screened with the oligonucleotide probe, a 1,537-bp Hincll-Accl DNA
fragment inserted in pUC19 containing /ukS-R (indicated by a horizontal arrow) and a part of lukF-R was selected. (B) After screening with
the same probe, a 2,099-bp Clal DNA fragment inserted in pUC19 containing [ukF-R and a fragment of /ukS-R (indicated by horizontal arrows)
was selected. (C) In order to obtain both /ukS-R and /ukF-R in the same DNA insert (D), the AccI-Sphl DNA fragment bearing /ukF-R was
ligated to Accl-Sphl-linearized pUC-lukS-R containing [ukS-R and the 5' end of lukF-R.

translation showed a sequence (MDVTHAIKRST) homolo-
gous to that (MDVTHATRRDT) of a previously sequenced
peptide (obtained after CNBr hydrolysis of the protein) of
LukS-PV. This suggested that this new sequence was part of
LukS-R, owing to the immunological relationship between
LukS-PV and LukS-R. This observation led us to clone in E.
coli a 1,537-bp Hincll-Accl DNA fragment containing the
whole gene of the S component and the 5’ end of lukF-R
(Fig. 1A). The corresponding crude extract of recombinant
E. coli contained a protein recognized by LukS-PV antibod-
ies which was also able to produce a biological activity with
human PMNs, but only when it was associated with
LukF-PV or recombinant LukF-R. The corresponding plas-
mid was called pUC-lukS-R. A third plasmid, called pUC-
luk(S + F)-R, was constructed (Fig. 1D) by the ligation of a
1,286-bp Accl-Sphl DNA fragment from pUC-lukF-R to
Accl-Sphl-linearized pUC-ukS-R (Fig. 1C and D). E. coli
transformed by pUC-luk(S + F)-R expressed proteins anti-
genically related to the S and F components of Luk-PV (Fig.
4).

S. aureus P83 encodes only one leukotoxin acting by means
of two components. Total DNA from S. aureus P83 was
hybridized at 60°C to the random-labeled Hincll-Accl
1,537-bp DNA fragment encoding /ukS-R and the 5’ end of
lukF-R and washed twice under the same conditions as those
described in Materials and Methods. P83 total DNA showed
a single, 4.2-kb Hincll DNA fragment (Fig. 5A, lane A) and
a single, 1.6-kb Accl-Hincll DNA fragment. Single DNA
fragments were also detected with Accl, BamHI, HindIlI,
and BamHI-HindIII restriction hydrolyses (Fig. SA, lanes B,
C, D, and E, respectively), indicating that there should not
be other genes closely related to leucocidin in strain P83.
CsCl-ethidium bromide centrifugation never revealed the
presence of plasmids in this strain, which is susceptible to
numerous antibiotics, including penicillin G. Additionally,
the lukS-R- and lukF-R-specific probe hybridized (Fig. 5B)
with an approximately 300-kb single DNA fragment obtained
after Smal restriction hydrolysis (Fig. 5B, lane D) and

pulsed-field gel electrophoresis of total DNA from S. aureus
P83 (lane B). This DNA fragment should be constitutive of
the chromosome only, since we demonstrated earlier (14)
that plasmids which are generally less than 40 kb in S. aureus
were lost during DNA preparation for pulsed-field gel elec-
trophoresis (PFGE) analysis.

Nucleotide sequence analysis. Sequencing of the 2,813-bp
HincllI-Clal insert (Fig. 2) of pUC-luk(S + F)-R evidenced
three ORFs. The first ORF of 948 nucleotides (lukS-R)
spanned from positions 221 to 1168, started with an ATG
codon, and ended with a TGA stop codon. Upstream from
this sequence, a ribosome binding site (RBS) consensus
sequence (GAAAGTG) was found at positions 208 to 214,
and promoter consensus sequences were located at positions
179 to 184 (TTTAAT) and at positions 163 to 168
(TAACGTC).

The second ORF (lukF-R) of 978 nucleotides extended
from position 1170 to position 2147, started with an ATG
codon, and ended with a TAA stop codon. An RBS consen-
sus sequence (GAAAGGA) was found at positions 1153 to
1159. The latter sequence might suggest that /ukS-R and
lukF-R are derived from two separate ancestral genes. No
promoter region was found in the upstream vicinity of
lukF-R. An inverted-repeat sequence consisting of a stem-
loop with a 12-bp arm appeared at positions 2153 to 2192. It
is probably used as a transcription terminator for uk(S +
F)-R mRNAs.

A third ORF of 492 nucleotides was found extending from
position 2690 to position 2199 in the DNA strand opposite to
that encoding leucocidin R. This gene started with an ATG
codon and ended with a TAA stop codon (Fig. 2). The
proposed consensus sequences are an RBS (GAAGC) at
positions 2704 to 2700 and promoter regions at positions 2718
to 2714 (TTAGA) and 2736 to 2731 (AATCAT). This gene
would use, as a transcription terminator, the same inverted-
repeat sequence (located at positions 2192 to 2153) as luk(S
+ F)-R. The corresponding ORF encoded a 163-amino-acid
protein called protein 3. From this primary structure, 101



VoL. 61, 1993 SEQUENCING OF Luk-R FROM S. AUREUS P83 583

1 GTCAACAATA CCAAGGTTTT ATTAACTATA TTTCTCACAA AATTAGCTTT TAGCATTCCA AACAAAAAAG GTTAAATTGA ACGGAATTAT GGCATTTTTA 100

101 ACTTAATTGT AAAAAAAGTT GATAATGGTC AATTGTTAAT GAACAGTTAA TTATAATAAC _GTCCAAAATA TATTATTAIL __TAATTAAGTT AAATAAAATT 200
=35 -10

201 ATAGAAAGAA AGTGAAAATT ATGCTTAAAA ATAAAATATT AGCTACAACT TTATCTGTAA GCTTACTTGC CCCTCTTGCC AATCCGTTAT TAGAAAATGC 300

1 rbs M L K N K I L A_T T L_S V. s L _L A P_L A N P L L E N A 27
301 TAAAGCTGCC AATGATACTG AAGACATCGG TAAAGGAAAC GATGTAGAAA TTATCAAAAG GACAGAAGAT AAAACAAGTA ATAAATGGGG CGTGACTCAA 400

28 K A A N D TE D I G K G N DV E I I K R T E D K T S N K W G vV T Q 60
401 AATATCCAAT TCGACTTTGT GAAGGATAAA AAATATAACA AAGATGCTTT GATCTTAAAG ATGCAAGGAT TCATTAGCTC TCGAACAACA TATTATAACT 500

61 N I Q F D F V K D K K Y N K D A L I L K M Q G F R T T Y Y N Y 94
501 ATAAAAAATA CAATCATATT AAATCTATGC GTTGGCCATT CCAATATAAT ATTGGTTTGA AAACAAATGA TAAATATGTT TCTTTAATCA ATTATTTACC 600

95 K K Y N H I K S MR W P F QY N I 6 L K T N D K Y V S L I N Y L P 127
601 GAAAAATAAA ATTGAATCTA CAAACGTAAG TCAGACATTA GGATACAATA TTGGTGGTAA TTTCCAATCA GCCCCATCAC TTGGTGGTAA TGGATCATTT 700
128 XK N K I E s T N V s Q T L G Y NI G G N F Q s A P S L G G N G S F 160
701 AACTATTCTA AATCGATTAG CTATACACAA CAAAATTATG TAAGTGAAGT AGAACAACAA AACTCAAAAA GTGTTTTATG GGGCGTCAAA GCGAATTCAT 800
161 N Y S K s I s Y T Q Q N Y V SBV‘EQQ N s K s vV L w G V K A N s F 19
801 TCGCCACTGA ATCAGGTCAA AAATCAGCAT TTGATAGCGA TTTATTTGTA GGCTACAAAC CTCATAGTAA AGATCCTAGA GATTATTTCG TTCCAGACAG 900
195 A T E s 6 Q K S A F D s D L F V G Y K P H S K D P R D Y F V P D s 227
901 CGAGTTACCA CCTCTTGTAC AAAGTGGATT TAACCCTTCA TTTATCGCAA CAGTATCTCA CGAAAAAGGT TCAAGCGACA CGAGCGAATT TGAAATCACT 1000
228 E L P P L V Q $§ G F N P S F I AT vV s H E K G s § DT S E F E I T 260
1001 TATGGAAGAA ATATGGATGT CACTCATGCC ATTAAAAGAT CAACACATTA TGGCAACAGT TATTTAGATG GTCACAGAGT CCATAATGCA TTTAAAAATA 1100
261 Y G R N M D V T H A I K R S T H Y G N S Y L D G H R V H N A F K N R 294
1101 GAAACTACAC TGTGAAATAT GAAGTCAATT GGAAGACTCA CGAAATCAAA GTGAAAGGAC AGAATTGATA TGAACATGAA TAAATTAGTC AAATCATCCG 1200
295 N Y T vV K Y E V N W K T H E I K V K 6 Q N M N M N K L V K s s v 11

rbs 315 1 .

1201 TTGCTACGTC TATGGCATTA TTATTACTTT CTAATACTGC AAATGCTGAA GGCAAAATCA CACCAGTTAG CGTCAAAAAA GTAGATGATA AAGTTACTTT 1300

12 A T S M A L L L L S N T A N A E G K 1 T P V S V K K vV D D K vV T L 44
1301 ATACAAAACT ACAGCTACAG CAGATTCAGA TAAATTCAAA ATTTCACAGA TTTTAACATT CAATTTCATC AAAGATAAAA GTTATGATAA AGATACTTTA 1400

45 Y K T T A T A D s D K F K I s Q1 L T F N F I K D K s Y D K D T L 77
1401 GTGCTTAAAG CTGCAGGTAA TATTAACTCA GGTTATGAAA GACCAAATCC ) TAAAGACTAC GACTTTTCAA AAATATATTG GGGTGCAAAA TACAATGTGT 1500

7 V L K A A G N I N s G Y E R P N P K D Y D F S K I Y w G A K Y N Vv s 111
1501 CTATCAGTTC ACAATCTAAT GATTCGGTTA ATGTAGTAGA CTATGCACCT AAAAATCAAA ATGAAGAATT TCAAGTTCAA AACACTTTAG GCTATACATT 1600
112 I s s Q s N D S VN V.V D Y A P K N Q N E E F Q vV N T L G Y T F 144
1601 TGGTGGTGAC ATCAGTATCT CTAATGGTTT ATCTGGCGGA CTTAACGGAA ACACTGCTTT TTCTGAAACA ATTAATTATA AACAAGAAAG TTACAGAACA 1700
145 G G D I s I s N 6 L s 6 G L N G N T A F S E T I N Y K Q E s Y R T 177
1701 ACATTAAGTC GCAACACAAA TTATAAAAAT GTCGGTTGGG GTGTAGAAGC ACATAAAATT ATGAATAATG GTTGGGGACC TTATGGACGA GATAGCTTCC 1800
178 T L S R N T N Y K N V G W G V E A H K I M N N G W G P Y G R D s F H 211
1801 ACCCAACATA TGGTMTGM’ CTCTTCTTAG CTGGCAGACA AAGCAGTGCA TACGCTGGCC AAAACTTCAT AGCGCAACAC CAAATGCCAT TATTATCTAG 1900
212 P T Y G N E L F L A G R Q S S A Y A G Q N F I A QH Q M P L L S R 244
1901 AAGTAACTTC AATCCAGAAT TTTTAAGCGT ACTATCACAC AGACAAGATG GCGCTAAAAA ATCTAAAATT ACAGTAACTT ATCAACGTGA AATGGATTTA 2000
245 S N F N P EF L s Vv L S H R Q D G A K K s K I T VT Y Q R E M D L 277
2001 TACCAAATTC GTTGGAATGG CTTCTACTGG GCAGGCGCGA ATTATAAAAA CTTTAAAACT AGAACATTTA AATCAACATA TGAAATTGAT TGGGAAAATC 2100
278 Y Q I R W N G F Y W A G AN Y K N F K T R T F K s T Y E I D W E N H 311
2101 ACAAAGTGAA ATTGTTAGAT ACAAAAGAAA CTGAAAACAA TAAATAACTA GTAAAACACG GTCGCCAACA GTAATTGTGA CGACCGTGTT TTGATTTATT 2200
312 XK V K L LD T K E T EN N K eeesceceaeos > Qomommmmmeeee ~ 325
2201 ATCTTAGTAA GACTGCCATT CTTTTTCTCA ATATGAGATA TAAAGGAATA GCTACAATTA AAGTGAATAT TACGCCTGGA ATCGCGTTTA ATAACACGAC 2300
2301 CCACACAGGT AAATTTAAAA TGACCGATAG TATCAATCTT GATACCAAAC TGCCTAATAC ACTTGCTAAA ACTAATGATA GTACATTTAT TTTCAATAAA 2400
2401 TAAACAACTG CAATAGCTAT AACTCTAAAT ATAATAGAAA TAATCACATT AATCGGATTA AATACGCCAA ATACTAGTAA TAATAGGCTA GATAATAATC 2500
2501 CACCTAAAAA GTACTTTTTA ATTCCAAAGA AAGCTAATAT CAATAATGCT GCTGGTGCAG ATAATTGAAA ATCTAATCCT GGTATAATGG ATGGTATTTT 2600
2601 CAAAACTGCC AAAATGGTTA AAATCGCAGC AATGACACTA ATTTGAGTAA TATCTTTTGA TGTCATACTA AAACCCCTAT ACCGTTTCAT AAACAACTTG 2700
2701 CTTCGGTGTG CTTICTAAAA ATGATATGTA ATGATTTAAA TCAATACGTA CGTCCACAAA TATTATTCTG CCTCCATATC TCGTATTAAC TGGTTTAATA 2800

rbs -10 =35

2801 TCAAATAATC GAT 2813

FIG. 2. Nucleotide sequence of /ukS-R followed by that of lukF-R and peptide sequences of LukS-R and LukF-R from S. aureus P83. The
stop codon of /ukS-R is located (positions 221 to 1168) 1 base upstream from the ATG codon of lukF-R (positions 1170 to 2147). Signal peptides
are indicated as underlined peptide sequences. Putative consensus sequences (i.e., RBSs) and promoter sequences are also underlined. An
inverted-repeat sequence (positions 2153 to 2192) is indicated by arrows and is probably used as a transcription terminator of both /uk-R and
a third ORF. This third ORF (positions 2690 to 2199) is encoded by the strand opposite to that encoding luk-R, and it as well as its own

consensus sequences is also underlined.

amino acids (62%) could be aligned (Fig. 6) with those
of the sequence of the expression product of bioX, a gene
of the biotin operon (22), from Bacillus sphaericus. More-
over, in this alignment, 58 amino acids (36%) were strictly
identical to those of BioX, and 43 positions (26%) were
conservative substitutions of residues of the same amino
acid family.

Transcription analysis. In order to determine whether
LukS-R and LukF-R are translated from one or two
mRNAs, a Northern blot analysis was performed with S.
aureus P83 total RNA (Fig. 7). The Hincll-Accl DNA
fragment from pUC-luk(S + F)-R was labeled by random
priming (10) and used as a probe for both /ukS-R and lukF-R

mRNAs. A single mRNA was detected; it was about 2,000 to
2,100 bases long, as determined from the migration of E. coli
16S and 23S rRNAs. The signal obtained was also located
between the positions of the S. aureus 16S and 23S rRNAs,
whose respective lengths are not precisely known. This
mRNA size was in agreement with the lengths of both /ukS-R
and IukF-R, including part of the promoter sequence of
lukS-R. This observation strongly suggested that lukS-R and
lukF-R are tandemly transcribed in a single mRNA. At the
translation level, the uk-R mRNA is translated into two
separate proteins, since the beginning of lukF-R is separated
from /ukS-R by a stop codon. Using immunoblots on crude
extracts from recombinant E. coli or S. aureus P83, we never
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LukF-R MNMNK LLLL TLYKTTATADSDKFKISQILTFNFI 67
I IIIIIIIII|IIH|HI| IIIlIIlIlIIIlIll|||l||||||ll|l||llIIIIIlIIHl
LukF (16) 'LYKTT! 'KISQILTFNFI 67
lIIIlllIIIIIIIIIIIIIIIIIIHIIIIIIIIIIIIIIIIlllIIIIHHIIIIIIIIIlI
Hlg B TLYKTTATADSDKFKISQILTFNFI 65
| IIIII [N
LukF-PV AQH ITPVSEKKVDDK
LukF-R KDKSYDKDTLVLKAAGNINSGY! DF SKIYWGAKYNVSI VDYAP! 134
FELRRRERERTERr bt e CEL R FE P R e e i
LukF (16) KDKSYDKDTLVLKATGNINSGFVKPNPNDYDFSKLYWGAKYNVSISSQSNDSVNAVDYAPKNQNEEF 134
ECELCERERE et e bbb e b e b e bt ek ety
Hlg B KDKSYDKDTLVLKATGNINSGFVKPNPNDYDF SKLYWGAKYNVSISSQSNDSVNVVDYAPKNONEEF 132
LukF-PV
LukF-R QVONTLGYTFGGDISISNGLSGGLNGNTAF SETINYKQESYRTTLSRNTNYKNVGWGVEAHKIMNNG 201
FEEREEERRER P e r e b e e e b v e e b et e e e
LukF (16) VONTLGY TFGGDI SI SNGLSGGLNGNTAF SETINYKQESYR-TLSRNTNYKNVGWGVEAHKIM-NG 199
IIIIIIIIIIIIIIHIIIIHIHIIIIIIIIIIIIIIIIl PECLERREREEREre e 1
Hlg B QVONTLGYTFGGDISISN 'SETINYKC TLSRNTN IMNNG 199
LukF-PV
LukF-R WGPYGRDSFHPTYGNELF LAGRQSSAYAGQNF IAQHQMP LLSRSNFNPEF LSVLSHRQDGAKKSKIT 268
||||||||||ll||||||||IIHIIIHIIIIIIIIIIIIIIIIIII FPERLRLIEEL Lreviny
LukF (16) FHPTYGNELF LAGRQSSAYAGQONF IAQHQOMPLLSRSNFNPRFLSVLSHRODAAKKSKIT 266
I|IHIIIIIIIIIIIIII|IIIIIIIllIIIIIIIIIIIll|IlIII TELLLLEEEL TTrng
Hlg B WGPYGRDSFHPTYGNELF LAGRQSSAYAGQNF IAQHOMP! 'NPEFLSVL KKSKIT 266
La [ [}
LukF-PV MPVLSGD FDPEFIGVVLSRKE
LukF-R LL 325
IIIIIlIIIIIIIIIIIIIIIIIIIHIIIIIHIHHIIIIIIIIIllIIIHII
LukF (16) VT YQIRWNGF 'KTRTFKSTYEI 323
IIlIII|IIlIHIIIIIIIHHIIIIIIIIIIIIIIIIIHIIIIIIIIIHII
Hlg B vT KTRTFKSTYEI LLDTKETENN 322
LukF-PV

FIG. 3. Alignment of the peptide sequence of LukF-R to those of
the F component of the Rahman et al. leucocidin (16), the B
component of gamma-hemolysin (3), and the known peptides of
LukF-PV.

detected a protein having the length of a possible precursor
for both LukS-R and LukF-R.

Luk-R analysis. The first ORF encodes LukS-R, which is a
315-amino-acid protein. The calculated molecular mass of
LukS-R is 35,721 Da, with a calculated pI of 9.37. This
component is secreted by S. aureus, and a signal peptide is
probably cleaved, as suggested by comparison of the trans-
lated ORF with the sequence of the N-terminal extremity of
LukS-R previously affinity purified from strain P83 crude
supernatant. The putative signal sequence of 29 residues
contained N-terminal positively charged amino acids fol-
lowed by hydrophobic amino acids. This signal peptide
structure is in accordance with those of the commonly
encountered signal sequences obtained for other bacterial

20_
14-

kDa

FIG. 4. LukF-R and LukS-R purified from periplasm of recom-
binant E. coli. Lanes: A, molecular weight markers consisting of
a-lactalbumin (14.4 kDa), soybean trypsin inhibitor (20.1 kDa),
carbonic anhydrase (30 kDa), ovalbumin (43 kDa), bovine serum
albumin (67 kDa), and phosphorylase b (94 kDa); B, purified
LukF-PV (38 kDa); C, purified recombinant LukF-R (37 kDa); D,
purified LukS-PV (32 kDa); E, purified recombinant LukS-R (35 and
32 kDa).
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FIG. 5. Evidence that S. aureus P83 encodes only one leukoci-
din. (A) Total DNAs from S. aureus P83 (lanes A to F) were
hybridized with a random-labeled Hincll-Accl DNA fragment en-
coding LukS-R and the first 123 residues of LukF-R. Lanes: A,
Hincll fragment; B, Accl fragment; C, BamHI fragment; D, HindIII
fragment; E, Accl-Hincll fragment; F, BamHI-Hincll fragment; G,
5!/-labeled bacteriophage lambda DNA digested with Bs¢EIlL. (B)
After Smal restriction, chromosomal DNAs from randomly selected
MRSA (lanes A and C) and from S. aureus P83 (lanes B and D) were
analyzed by PFGE. Lanes: A, Smal DNA fragments of the MRSA
strain (described previously as PFGE fingerprint 1 [14]) used as a
DNA ladder; B, Smal DNA fragments from S. aureus P83; C and D,
hybridization of Smal DNA fragments from the MRSA strain and
from S. aureus P83 with the HinclI-Accl probe (specific for lukS-R
and [ukF-R).

exoproteins. The mature protein, therefore, would contain
286 amino acids, for a calculated molecular mass of 32,689
Da and a calculated pI of 9.27. The LukS-R peptidic se-
quence does not reveal any cysteine residue and contains 4
tryptophan residues. There are 37 strongly basic residues
(lysine and arginine) and 29 acidic residues (aspartic and
glutamic acids). The basic and acidic amino acids are more
widely distributed in the extremities of the protein. Among
the 9 proline residues, 6 are encountered in a stretch of 26
residues (amino acids 214 to 239).

The second ORF encoded LukF-R, a 325-amino-acid
protein. This protein was translated from the same mRNA as
LukS-R, and a possible second RBS was found within the 3’
end of lukS-R. The native protein was supposed to be cut
after N-25 to give the secreted toxin, since the sequenced

10 20 30 40 50 60

1 1 ' 1 | 1

Prot 3 1 MKRYRGFSMTSKDITQISVIAAILTILAVLKIPSIIPGLDFQLSAPAALLILAFFGIKKY

[N e NN R N R R NN RS RN B N B

BioX 1 MRKFSFYDLAQISLLACLIIVTGMFKIPTGIPGSEFQLSAPIAVAIAAVFGFKRY
70 80 90 100 110 120

il ' 1 1 1 1

Prot 3 60 FLGGLLSSLLLLVFGVFNPINVIISIIFRVIAIAVVYLLKINVLSLVLASVLGSLVSRLI

[H NI N B N RN R R N R SR N IR A B B N

BioX 64 FLAGIIASLILFLLGIHSILNVEISIIFRLTVGLI IVLLGTSIPVLVVAGPIGTMVARLG

130 140 150 160

Ll i 1 1
LSVILNLPVWVVLLNAIE‘GVIFTLIVAIPLYLILRKRMAVLLR 163
f [ ERRE B B B I
LAFTLGTPFLPLFVLAIPGMVITAVSVYPITKHLYAINKKVAGDHHVRNVL 166

Prot 3 120

BioX 124

FIG. 6. Peptide sequence alignment of protein 3 (Prot 3) to BioX,
a product of the biotin operon from B. sphaericus. Vertical lines
indicate amino acids homologies, and double dots indicate conser-
vative substitutions of residues.
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ABCDE FG

FIG. 7. Evidence that lukS-R and lukF-R are transcribed by on
one mRNA. Lanes: A to G, total RNAs from 2.5 x 107, 1.25 x 10,
6 x 10% 3 x 10% 1.5 x 10% 8 x 10°, and 4 x 10° bacteria,
respectively, from S. aureus P83 hybridized with a 1,522-bp ran-
dom-labeled Hincll-Accl DNA fragment specific for both ukS-R
and lukF-R. The length of the detected mRNA (about 2,100 bases)
was estimated by comparing the mobilities of the 1,540-base 16S and
the 2,904-base 23S rRNAs from E. coli.

N-terminal extremity of the affinity-purified LukF-R was
AEGKITPVSVKKVDD. The 25-amino-acid signal peptide
so defined is constituted of 2 basic residues in the N-terminal
part followed by 8 hydrophobic residues in the last 15 amino
acids. This is also in agreement with commonly encountered
signal peptide structures for exoproteins of S. aureus and
other bacteria. The calculated molecular masses were 36,838
Da for the native and 34,203 Da for the mature LukF-R, with
calculated pI of 9.3 and 9.2, respectively. The mature protein
did not contain any cysteine residue and had 44 basic amino
acids and 31 acidic residues. It also contained 127 polar and
98 hydrophobic amino acids. Five of the 6 tryptophan
residues were distributed within the last 130 amino acids.
The total charge was calculated to be 7.9 at pH 7.0. A lot of
charged residues were encountered in the C-terminal ex-
tremity of LukF-R.

Comparison between purified Luk-PV and recombinant
Luk-R components. As shown in Fig. 4, the purified recom-
binant LukF-R (lane C) appeared as a single band in SDS-
PAGE. Its apparent molecular mass was estimated to be 36
kDa, which was a bit lower than that estimated for LukF-PV
(38 kDa) (Fig. 4, lane B). This molecular mass value for
LukF-R was between those calculated for the native and the
mature proteins (36.8 and 34.2 kDa, respectively). On the
basis of this sole SDS-PAGE observation, we have no
evidence that LukF-R matured or was glycosylated in E.
coli. This toxin component was recognized by affinity-
purified LukF-PV antibodies in immunoblot experiments
(data not shown) and seemed to have the same biological
activities as the corresponding exoprotein secreted by S.
aureus P83. For purified recombinant LukS-R (Fig. 4, lane
E), two proteins appeared by SDS-PAGE (Fig. 4) and were
also evidenced by immunoblot experiments (data not
shown). The protein with the lowest molecular mass (32
kDa) (Fig. 4, lane E) migrated as purified LukS-PV (lane D),
and the hypothesis that it was the mature protein was
formulated. It was presumed that the second protein, whose
molecular mass was approximately 34 kDa, was the native
form. These experimentally determined molecular masses
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TABLE 1. Toxic activities of components from
Luk-PV and Luk-R®

. Presence (+) or absence
Sp act (U/mg) with the (—) of hemolysis with

following type of the followi ¢
Component granulocyte € :r;t:w o
Human Bovine  Human Bovine Rabbit
LukF-PV 750 <750
LukS-PV <800 <750
LukF-R <860 <860
LukS-R <800 <800

LukF-PV + LukS-PV 7 x 107 <10*

LukF-PV + LukS-R  2.38 x 107 7.94 x 10*
LukF-R + LukS-PV 2 x 107 2 x 10°
LukF-R + LukS-R 2.58 x 10° 7.94 x 10°

+ 0
+ 0t

+

“ Components were taken both alone and in all (F + S) combinations.
Associations of the latter are 1/1 molar ratios.

for LukS-R were in good accordance with those calculated
for native and mature LukS-R from the lukS-R sequence.

Biological activities. Toxins in homologous and heterolo-
gous F + S combinations were tested with leukocytes and
erythrocytes (Table 1). With human PMNs, Luk-PV was
about 27 times more active (7 X 107 U/mg of each compo-
nent) than Luk-R (2.6 X 10° U/mg of each component).
Heterologous combinations (LukF-R + LukS-PV) and
(LukF-PV + LukS-R) showed intermediate biological activ-
ities with human PMNs compared with those of homologous
F + S combinations of Luk-PV or Luk-R. This indicated that
each component of Luk-PV potentiated the killing of human
PMNs when associated with either component of Luk-R.

Conversely, when tested with bovine PMNs, Luk-PV did
not produce any significant leukotoxicity, whereas Luk-R
had a similar activity with these bovine granulocytes and
human granulocytes, monocytes, and macrophages. More-
over, the combination of heterologous components brought
to light a more complex situation concerning the bovine
granulocytes: the heterologous combination (LukF-R +
LukS-PV) showed activity only four times less than that of
Luk-R, whereas the biological activity of the heterologous
(LukF-PV + LukS-R) association was 100 times less than
that of Luk-R.

As for hemolysis, the experiments showed that Luk-PV
and heterologous F + S combinations were not effective in
lysing erythrocytes. Only Luk-R induced hemolysis of hu-
man, bovine, and rabbit erythrocytes.

DISCUSSION

We report here the sequence of so-called staphylococcal
leucocidin R. The genes encoding the two components
(LukS-R and LukF-R) of this toxin were cloned on a
2,813-bp DNA fragment. We demonstrated that a single
mRNA, corresponding to the length of the two genes, was
transcribed in S. aureus P83. In accordance with this obser-
vation, possible promoter consensus sequences were found
only upstream from /ukS-R, and an inverted-repeat sequence
was found at the end of ukF-R, suggesting that the two
ORFs could be cotranscribed by staphylococcal RNA poly-
merase. Therefore, the leucocidin R genes constitute an
operon. The translation of lukF-R mRNA may occur by two
procedures. In the first, after the release of the 50S riboso-
mal subunit induced by the stop codon of ukS-R, the 30S
ribosomal subunit still remains attached to the mRNA and
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INFECT. IMMUN.

LukS-R MLKNKILATTLSVSLLAP LANP LLENAKAANDTEDIGKGSDIEI IKRTEDKTSNKWGVTONIQFDFVKDTKYNKDALILK 80
PECCERUEREEE e b bbb bbb e e 6 e b e e e e e
LLENAKARI

LukS (15) MLKNKILATTLSVSLLAPLANP
Luk-PV

LukS-R

\NDTEDIGKGNDVEI IKRTEDKTSNKWGVTONIQFDFVKDKKYNKDALILK 80
[
NNIENIGDGAEVV~-KRTED-TS

MQGFISSRTTYYNYKKTNHVKAMRWPFQYNIGLKTNDKYVSLINYLPKNKIESTNVSQTLGYNIGGNFQSAPSLGGNGSF 160

FEVRCERELER b R e e e b e e e e e b e e e
LukS (15) MQGFISSRTTYYNYKKYNHIKSMRWPFQYNIGLKTNDKYVSLINYLPKNKIESTNVSQTLGYNIGGNFQSAPSLGGNGSF 160

LukS-R NYSKSISYTQQONYVSEVEQQONSKSVLWGVKANSFATESGQKSAFDSDLFVGYKPHSKDPRDYFVPDSELPPLVQSGFNPS 240
FCEEEERLEEEE i e b e bbb e bbb e e e i el
LukS (15) NYSKSISYTQONYVSEVEQONSKSVLWGVKANSFATESGQKSAFDSDLFVGYKPHSKDPRDYFVPDSELPPLVQSGFNPS 240

LukS-R
LukS (15) FIATVSHEKGSSDTSEFEITY!

I | I | I |
Luk-PV

|
T

FIATVSHEKGSSDTSEFEITYGRNMDVTHAIKRSTHYGNSYLDGHRVHNAFVNRNYTVKYEVNWKTHEIKVKGON 315
PEEULEEEEET R e e e e e b b b L e e
GRNMDVTHAIKRSTHYGNSYLDGHRVHNAFKNRNYTVK

YEVNWKTHEIKVKGON 315

FIG. 8. Alignment of the peptide sequence of LukS-R to those of the S component of the Rahman et al. leucocidin (15) and some

sequenced peptides of LukS-PV.

can progress from the stop codon of /ukS-R to a downstream
ATG codon. Thus, the same 30S ribosomal subunit should
translate both LukS-R and LukF-R. If the first ATG codon
of the second ORF encountered (located 1 base after the stop
codon of ukS-R) is translated, cooperation with the RBS
located 10 bases upstream is likely to occur. If the first
translated codon is only the third codon of the lukF-R ORF,
translation remains possible, but cooperation with the RBS
should disappear because of the 17-nucleotide distance be-
tween the RBS and that ATG. The second procedure for
LukF-R translation could involve the release of the 30S
ribosomal subunit from the mRNA. In this case, the RBS
located upstream from ukF-R would be necessary for the
initiation of translation, and only the first ATG of the lukF-R
ORF should be used as the initiating codon because of its
optimal distance to the RBS. For these reasons, the first
ATG codon of the iukF-R OREF is likely to be the first codon
to be translated because of its markedly more favorable
situation.

However, as observed with the first of the two steps of the
cloning procedure, lukF-R alone could be expressed from
pUC-lukF-R in E. coli, although the promoter of the luk-R
operon was lacking. The major hypothesis which can explain
this observation is that transcription of lukF-R in E. coli is
mediated by the promoter of B-galactosidase from the plas-
mid pUC19.

The hybridization of a specific probe of lukS-R and lukF-R
(Hincll-Accl DNA fragment) with P83 total DNA as a single
band, even under low-stringency conditions, indicated that
S. aureus P83 likely encodes only one leucocidin. This
leucocidin appears to be chromosomally encoded for three
reasons: (i) preparation of S. aureus plasmids by a CsCl
gradient does not show any extrachromosomal genetic ele-
ment, (ii) the two genes encoding leucocidin R are located in
front of another ORF whose expression product has signif-
icant homologies with a chromosomally encoded protein
constitutive of the biotin operon from B. sphaericus (22), and
(iif) in PFGE experiments, hybridization with the specific
probe of ukS-R and ukF-R evidenced a single, 300-kb
chromosomal Smal DNA fragment (Fig. 5B) in strain P83.

The cloned genes encoded the two components of leuco-
cidin R, since their expression products induced the cell
death of bovine and human PMNs, according to previous
reports (20). Moreover, the biological activities of these
proteins were neutralized by Luk-PV antibodies. However,
the cell specificities of Luk-R and Luk-PV were different.
Luk-PV is toxic to human PMNs but not to bovine PMNs or
erythrocytes. In contrast, the purified recombinant Luk-R

had 27-fold less specific activity with human PMNs than that
of Luk-PV but also induced lysis of bovine granulocytes.
LukF-R seemed to be responsible for bovine leukocyte cell
specificity when combined with LukS-PV, whereas for hu-
man granulocytes, LukF-PV or LukS-PV was able to in-
crease the damage of glass-adsorbed granulocytes when
combined with LukS-R or LukF-R, respectively. Further-
more, only Luk-R was responsible for hemolysis of bovine,
human, or rabbit erythrocytes. The hemolytic activity of
Luk-R was not due to contaminating hemolysins since
recombinant Luk-R was used in these experiments and since
crude extract of pUC19-transformed E. coli was not hemo-
lytic. This hemolytic property had not yet been documented
(9, 19, 20), most likely because this toxin had never been
purified to homogeneity. Therefore, so-called leucocidin R
appeared to share many properties with the staphylococcal
gamma-hemolysin. This was confirmed by peptidic sequence
alignments (Fig. 3) of LukF-R to (i) the F component of the
Rahman et al. (16) leucocidin, (ii) the known sequence (3) of
the B component from gamma-hemolysin (HigB), and (iii)
the sequences of peptides from LukF-PV obtained after
cyanogen bromide hydrolysis. All four of these sequences
appeared to be closely related. Moreover, we also observed
a randomly selected, methicillin-resistant staphylococcal
strain which possessed a single set of genes hybridizing with
the lukS-R-ukF-R probe (Fig. 5B). Cloning of luk-PV is now
in progress in our laboratory, and data already available for
LukF-PV and LukS-PV indicate that the sequence for Pan-
ton-Valentine leucocidin diverges the most from these se-
quences. Moreover, it was shown by SDS-PAGE (Fig. 4)
that LukF-PV had a molecular weight higher than that of
LukF-R, HigB, or the F component of the Rahman et al. (16)
leucocidin. LukF-R differed from HigB by only 10 amino
acids and from the F component of a leucocidin from an
MRSA strain by 13 residues. Furthermore, the latter protein
was different from HigB by only 7 amino acids. Comparison
of a peptidic sequence (Fig. 8) of LukS-R with that of the S
component of another leucocidin (15) from an MRSA strain
(15) evidenced only 7 differing amino acids. However, the
hemolytic ability of the leucocidin (15) from the MRSA
strain was not reported.

These observations clearly demonstrate that staphylococ-
cal gamma-hemolysins and leucocidins constitute a single
family of toxins acting by means of two separate protein
components to damage the membranes of PMNs and mac-
rophages or those of PMNs, macrophages, and erythrocytes.
Therefore, the study of staphylococcal leucocidins (or gam-
ma-toxins) is required in order to assess the structural
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polymorphism of this family of toxins, as well as the spec-
trum of sensitive cells for each of these toxins. The name for
these toxins should also be modified to take into account the
fact that they act on cell membranes by means of two
separate and synergistic components. We propose to call
them synergohymenotropic toxins, because they act by the
cooperation of two components (synergy) and because they
are directed (tropism) against cell membranes (hymen). As
Luk-PV-producing strains are highly associated with furun-
cles and primitive cutaneous abcesses (1), the association of
the other staphylococcal two-component toxins with partic-
ular pathological features should also be determined.
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