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Summary

The sex pheromone cAM373 of Enterococcus faecalis
and the related staph-cAM373 of Staphylococcus
aureus were found to correspond to heptapeptides
located within the C-termini of the signal sequences
of putative prelipoproteins. The deduced mature
forms of the lipoproteins share no detectable homol-
ogy and presumably serve unrelated functions in the
cells. The chromosomally encoded genetic determi-
nants for production of the pheromones have been
identified and designated camE (encoding cAM373)
and camS (encoding staph-cAM373). Truncated
and full-length clones of camE were generated
in Escherichia coli, in which cAM373 activity was
expressed. In E. faecalis, insertional inactivation in
the middle of camE had no detectable phenotypic
effects on the pheromone system. Establishment of
an in frame translation stop codon within the signal
sequence resulted in reduction of cAM373 activity
to 3% of normal levels. The camS determinant has
homologues in Staphylococcus epidermidis, Bacillus
subtilis and Listeria monocytogenes; however,
corresponding heptapeptides present within those
sequences do not resemble staph-cAM373 closely.
The particular significance of staph-cAM373 as a
potential intergeneric inducer of transfer-proficient
genetic elements is discussed.

Introduction

The observation that Enterococcus faecalis strains con-
taining certain plasmids give rise to bacterial aggregates
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when mixed with plasmid-free cells led to the discovery
of bacterial sex pheromones (Dunny et al., 1978). These
small, hydrophobic, linear peptide molecules act as
signals that facilitate the conjugative transfer of a
specific category of plasmids referred to as pheromone-
responsive plasmids (for reviews on this subject, see
Clewell, 1993; 1999; Wirth, 1994; Dunny and Leonard,
1997). Pheromones secreted by plasmid-free cells can,
upon detection, induce a process in which plasmid-
containing cells become activated for both adherence to
potential recipients (those that produced and secreted the
pheromone) and plasmid transfer. Donor cells exposed to
culture supernatants of potential recipients respond by
undergoing a clumping response that serves as the basis
of a convenient assay for pheromone activity (Dunny
etal., 1979). Indeed, donor—donor transfer actually occurs
under these conditions (Clewell and Brown, 1980; De
Boever and Clewell, 2001).

Once a recipient cell acquires a given plasmid, the
corresponding pheromone is no longer detected in the
culture supernatant of the transconjugant because of
‘shutdown’ or ‘masking’ of the endogenous peptide,
although pheromones specific for unrelated plasmids con-
tinue to be secreted. The newly resident plasmid encodes
and directs the production of a small peptide that is some-
what similar to its cognate pheromone but acts as a com-
petitive inhibitor. This serves to prevent plasmid induction
caused by residual amounts of endogenous pheromone,
thus ensuring that induction takes place only in the pres-
ence of pheromone concentrations sufficient to indicate
that successful transfer to potential recipients is likely to
occur.

Pheromone-responding plasmids are highly transmissi-
ble between strains of E. faecalis and are believed to
contribute to the horizontal dissemination of antibiotic
resistance genes (Clewell, 1990) and virulence factors
such as cytolysin (Gilmore et al., 1994) and adhesins (Hirt
et al., 2000; Rozdzinski et al., 2001); the occurrence of
such virulence determinants in enterococci used as food
and dairy starter cultures has raised some concern (Eaton
and Gasson, 2001). Among medical isolates, the fact that
vancomycin resistance is prevalent (Arthur and Courvalin,
1993; Clark et al., 1993), often combined with multiple
antibiotic resistances (Murray, 1998), is of significant clin-
ical consequence. As opportunistic pathogens of growing
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concern, particularly with regard to nosocomial infections
involving urinary tract or wound infections, bacteraemia
and endocarditis (Huycke et al, 1998), enterococci
are also likely to serve as a potential reservoir of
genes available to other Gram-positive bacteria (Clewell,
1981).

The E. faecalis pheromone-responsive plasmid
pAM373, which has recently been sequenced in its
entirety (De Boever et al., 2000), has the unusual ability
to respond not only to a specific E. faecalis peptide,
cAM373, but also to peptides with similar activities
secreted by the non-enterococcal species Streptococcus
gordonii and Staphylococcus aureus (Clewell et al.,
1985). These activities were initially identified by their

ability to induce a clumping response in E. faecalis cells
harbouring pAM373. The staphylococcal peptide has
been identified (Nakayama et al., 1996) and differs from
the enterococcal peptide by only one amino acid — an
alanine rather than a serine at the carboxyl-terminus.
Although it is not known whether the peptides produced
by different genera actually represent sex pheromones
significant to these organisms, it is conceivable that they
could play a role in the acquisition of pAM373 and related
plasmids from enterococci. This interesting relationship,
between an E. faecalis conjugative plasmid and peptides
secreted by diverse species including the pathogen S.
aureus, prompted an effort to identify the genetic basis for
the production of the related pheromone activities.
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B Fig. 1. The nucleotide sequence of camE and comparison among strains.

A. Single-letter amino acid designations are shown below the codons of
the open reading frame (X represents a position that differs depending on

Variation in nucleotide bases among strains

Strain | Position

1 2 3 4 5 6 7 8
JH22] A C G C A T A G
OGIXl T T T C A C A A
DS16| T T T A A C G A
RC73] T T T A A C G A
V83| A T T C G T A A

the strain). Shine—-Dalgarno (SD), inverted repeat (IR) and promoter
elements (—35 and —10) are underlined. The transcription start site is
indicated by a rightward-pointing arrow. The cAM373 heptapeptide moiety
is boxed. Positions that exhibit strain differences in nucleotide base are
indicated by solid arrows (K=GorT,M=AorC,R=AorG,W=AorT,
Y = C or T). The site of mutation (adenine to cytosine) in pAM414 is
marked by an open arrow. The nucleotides corresponding to a hot-spot for
IS 10 integration (Halling and Kleckner, 1982) are indicated by a thick
shaded line.

B. The numbered positions correspond to those shown by solid arrows in
(A). Nucleotide variation results in amino acid variation at only two sites:
glutamic acid when guanine is at position 3 or aspartic acid when thymine
is at position 3, and lysine when adenine is at position 7 or glutamic acid
when guanine is at position 7.
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Since the initial observations of sex pheromone-
induced bacterial clumping, unsuccessful attempts have
been made to identify the chromosomally encoded
genetic determinants for pheromone production; however,
the abundance of genomic sequence data that have
recently become available has enabled detection of these
long sought after genes (Clewell et al., 2000). The present
study focuses on a characterization of the determinant
(camE) of cAM373 in E. faecalis as well as the identi-
fication of the staph-cAM373 determinant (cam$S) in
S. aureus.

Results
The camE gene of E. faecalis

The nucleotide sequence of the determinant for the pre-
cursor of cAM373 in E. faecalis, designated camE (for
cAMB373 of E. faecalis), is presented in Fig. 1. A 498
nucleotide (nt) open reading frame (ORF) is preceded by
a potential ribosome binding site (RBS) as well as —10
and —35 promoter elements. The sequences from five
non-isogenic E. faecalis strains are compared. JH2-2 and
OG1X are commonly used laboratory strains, whereas
DS16 and V583 are clinical isolates resistant to multiple
antibiotics. RC73 is the original source of the pheromone-
responsive plasmid pAM373. It is of interest to note that
complete sequence information for the region presented
in Fig. 1A is now available in the database of The Insti-
tute for Genomic Research (TIGR) for strain V583, which
matches exactly the sequence for V583 determined here.
There are seven positions within the ORF at which
nucleotide variation occurs. All but one involve the third
nucleotide of a codon, and nucleotide changes at only two
positions result in amino acid changes (Fig. 1B).

The ORF shown in Fig. 1A can be extended upstream
to an in frame start codon, which would add 10 amino
acids to the deduced peptide; however, because a related
RBS is not apparent, it is unlikely that translation could
begin at this site. Primer extension analyses of RNA tran-
scripts from strain JH2-2 placed the start of transcription
for camE 8nt away from the proposed —10 promoter
sequence (see Fig. 2).

The camE gene specifies a putative prelipoprotein of
18.2kDa (166 amino acids) including a typical hydropho-
bic signal sequence (Fig. 3A). A cysteine residue after the
signal sequence cleavage site, as well as the presence
of a leucine residue at the —3 position (L-x-x-cleavage-C),
is typical for lipoprotein signals of both E. coli (Wu, 1996)
and Bacillus (Nagarajan, 1993). The pheromone cAM373
(AIFILAS) corresponds to the last seven amino acids
of the carboxyl-terminal end of the signal sequence.
Database searches revealed no significant homologies
between the lipoprotein and other known proteins.

© 2002 Blackwell Science Ltd, Molecular Microbiology, 44, 803-817
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Fig. 2. Transcription start site of camE. DNA sequencing of
template pAM415 is shown in the lanes marked A, C, G and T.
Primer extensions using total cellular RNA templates are shown in
the lanes labelled with the appropriate strain name. Primer EF373-
8 was used. The promoter elements (—35 and —10) are underlined.
The arrows indicate the primer extension products. The adenine
residue marked with an asterisk represents the 3’ end of the primer
extension product and corresponds to the thymine residue
illustrated as the transcription start site in Fig. 1. Although the exact
start site is unclear in the case of the high-copy E. coli plasmid, the
alignment of the major product with that of E. faecalis, combined
with the lack of higher bands, indicates that the camE promoter is
driving transcription in E. coli.

Neighbouring determinants of camE

By compiling information from the TIGR database, the
local organization of the chromosome could be viewed in
the region of the camE gene in E. faecalis V583 (Fig. 4A).
The camE gene is just upstream of an ORF of 459 bp.
The location suggests that the two genes may be tran-
scribed as a unit, and a potential transcription terminator
appears immediately downstream, whereas no terminator
is evident directly after camE. Situated upstream of camE
are components that probably form an ATP-binding
cassette (ABC) transporter.

Cloning of camE in E. coli

The full-length camE gene, including the promoter region
preceded by an apparent intrinsic transcription terminator,
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Fig. 3. Physical characterization of CamE of E. faecalis JH2-2 and CamS of S. aureus 879R4S. Hydophilicity of each protein is plotted. The

amino acid sequence of the hydrophobic signal sequence is shown below.

A. The heptapeptide corresponding to pheromone cAM373, derived from the end of the CamE signal sequence, is underlined.
B. The heptapeptide corresponding to pheromone staph-cAM373, derived from the end of the CamS signal sequence, is underlined.

was amplified as a 0.9 kb fragment from E. faecalis JH2-
2 and cloned into pUC19 at the unique EcoRl site. Sur-
prisingly, ampicillin-resistant transformants were obtained
in very low numbers, and no clones were found with a
camE nucleotide sequence completely identical to wild
type. One isolate, pAM414, has only a single point muta-
tion (Fig. 1A) that does not alter the deduced product; the
transformant expressed cAM373 activity that could be
detected in culture supernatants at a titre of 16. The low
efficiency of transformation suggests that expression of
CamE may be detrimental to the E. coli host, with the
pAM414 derivative representing selection of a ‘tolerant’
host variant. Consistent with this was the observation that
several transformants had an IS70-R sequence (appar-
ently host derived) inserted in an 1IS70 hot-spot located
within camE (Fig. 1A).

An artificially truncated segment of camE was cloned
more readily, creating pAM415. By inclusion in the primer
design, the cysteine codon (TGT) immediately after the
pheromone-coding region was changed to a stop codon
(TGA), thereby eliminating the need for processing at the
carboxyl-terminal end of the heptapeptide. Orientation of
the insert is counter to the direction of transcription of -

galactosidase through the cloning site of the vector and,
in addition, an apparent intrinsic transcription terminator
that occurs naturally just upstream of the camE promoter
is included, which should prevent readthrough of any
vector-initiated transcripts. Primer extension analysis
indicates that transcription of camE in the E. coli clone is
driven by the natural promoter (Fig. 2). A high level of
cAM373 activity (titre = 2048) was expressed from this
isolate, indicating that production and export of CAM373
activity is not detrimental to E. coli.

Mutation of camE

Single cross-over mutants of camE in E. faecalis JH2-2
were generated by homologous recombination of the
chromosome with cloned fragments internal to camE
located on the suicide plasmid pAM434, as described in
Experimental procedures. Neither of the two separately
cloned segments involved the signal sequence encoded
by camE. The plasmids pAM434-380 and pAM434-250,
which are unable to replicate in E. faecalis, were intro-
duced into JH2-2 by electroporation, producing strains
SF380 and SF250 respectively. Integration generated an

© 2002 Blackwell Science Ltd, Molecular Microbiology, 44, 803-817
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Fig. 4. Genetic determinants in the area of camE (A) or camS (B). Functional designations are based on homology comparisons, at the
protein level, with entries in the GenBank database. Gene homologues among the genera are grouped by dotted lines. Only selected
transcription promoters and terminators are illustrated. Data for S. aureus strain COL is from the TIGR database, with an additional segment
illustrated (marked by an asterisk) for strain 879R4S (this study); E. faecalis strain V583 data are compiled from this study and from the TIGR
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are compiled from Petit et al. (1998) and from the SubtiList website (http://genolist.pasteur.fr/SubtiList/).

expected partial duplication of camE, with the partial gene
copies interrupted by the vector as shown by Southern
blot hybridization (Fig. 5), and resulted in gene disruption
affecting 8% or 25% of the 3" end of camE for isolates
SF380 and SF250 respectively. The greater disruption
was expected to result in certain elimination of a func-
tional gene product, whereas the lesser disruption was
designed specifically to test the importance of the 3 ter-
minal portion of the gene. Restoration of genomic DNA to
the wild-type pattern was seen in the case of representa-
tive revertants (Fig. 5).

The plasmid-free camE mutants and revertants were
found to produce normal amounts of CAM373 (Table 1),
as would be expected as one of the partially duplicated
gene segments should have a normal 5" end. The other
known pheromone peptides, cAD1, cCF10, cPD1 and
cOB1, were produced at normal levels as well, as shown
by mutant SF250 (Table 2). Upon introduction of pAM378
(pPAM373 carrying a tetracycline resistance marker), the
cAM373 pheromone activity was, like the wild-type JH2-
2, undetectable for the mutant and revertant strains
(Table 1). Each plasmid-containing strain exhibited a
typical clumping response to synthetic pheromone and
exhibited a normal donor potential, implying that the
camkE lipoprotein is not critical for normal plasmid trans-

© 2002 Blackwell Science Ltd, Molecular Microbiology, 44, 803-817
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Fig. 5. Southern blot hybridization showing integration of the
suicide vector pAM434 into camE of JH2-2 and subsequent
reversion to wild type. Genomic DNA from each strain (as labelled)
was digested with EcoRl and probed with a 398 bp PCR product
internal to camE (made using primers Ef373-2 and Ef373-3).
Fragment sizes were estimated by comparison of a
phosphorescent ruler image on the autoradiograph with a
fluorescent ruler image on the photograph of the gel, which
included a molecular weight marker ladder. Strain SF380 contains
=~ 0.4 kb more hybridizing DNA than the wild type because of
incorporation of the 380 bp homologous fragment on pAM434-380.
Strain SF250 contains about 0.5 kb more than the wild type
because two tandem copies of the 250 bp homologous fragment
are present on pAM434-250.
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Table 1. Phenotype of the camE mutants and revertants®.

Transfer frequency™

Pheromone Response to Inhibitor As recipient
Strain cAM373 titred pheromone®® iAM373 titre®' As recipient (+ pheromone) As donor
JH2-2 (wild type) 64-128 NA NA 42x102 8.8x 102 NA
SF380 64-128 NA NA ND ND NA
SF380R 64-128 NA NA ND ND NA
SF250 64-128 NA NA 5.6 x 102 ND NA
SF250R 64-128 NA NA ND ND NA
SF13R 2-4 NA NA 6.3x 107 1.4 x 10" NA
JH2-2/pAM378 <2 6.3, 12.5 16 NA NA 3.4x102
SF380/pAM378 <2 6.3, 12.5 16 NA NA ND
SF380R/pAM378 <2 6.3, 12.5 16 NA NA ND
SF250/pAM378 <2 6.3, 12.5 16 NA NA 5.0 x 102
SF250R/pAM378 <2 6.3, 12.5 16 NA NA ND
SF13R/pAM378 <2 6.3, 12.5 16 NA NA 2.8 x 102

a. All results are based on three independent tests. In some cases, a range of values is given; when one value is given, it represents the mean.
b. Transfer frequency (transconjugants/donor) in a 4 h broth mating involving JH2SS or JH2SS/pAM378. Pheromone, when added, was synthetic
cAM373 (50 ngml™).

c. NA, not applicable; ND, not determined.

d. The pheromone titre is the reciprocal of the highest dilution of culture supernatant producing clumping of responder FA373.

e. The response to pheromone is measured as the lowest concentration (ngml™) of synthetic pheromone for which clumping is observed. The
concentration of cAM373 is listed first, followed by the concentration of staph-cAM373. Note that pAM378 is not as sensitive to pheromone as
pAM373.

f. The inhibitor titre is calculated by testing clumping of a responder to synthetic pheromone. The clumping titre in the absence of test super-
natant divided by the clumping titre in the presence of supernatant is the inhibitor titre. The results were the same using synthetic cAM373 or

synthetic staph-cAM373.

fer. The cells also secrete normal levels of the inhibitor
peptide iAM373 (Nakayama et al., 1995).

Mutation that includes the camE signal sequence

Isolate SF13R was generated (as described in Experi-
mental procedures) with a translation stop codon result-
ing from a frameshift in the region of camE encoding the
signal sequence, but lacking any other alteration in the
camE gene. Despite the presence of the stop codon
immediately upstream of the pheromone-coding region,
low-level (3% of normal) cAM373 activity was observed,
whereas production of other pheromones was normal
(Table 2). The low-level clumping-inducing activity is prob-
ably produced from a different location (possibly involving
derivatives from signal sequences of other lipoprotein pre-
cursors), rather than residual activity from the camE gene

Table 2. Pheromone titres of culture supernatants®.

unless significant translational ‘slippage’ takes place in
the multiadenine region in which the deletion occurred,
thereby re-establishing the correct reading frame. Data
from Fig. 5 and additional hybridizations of a gene-
specific probe with total genomic DNA digested with a
variety of restriction enzymes (data not shown) rule out
the possibility of more than one copy of camE. There
exists a potential RBS (AGGAG) patrtially overlapping and
extending beyond the stop site. If translation begins again
at this location, it is possible that a shorter form of cAM373
could be produced starting with codon ATT that can be
used in some cases (Singleton and Sainsbury, 1996). The
short form would be a hexapeptide (MFILAS) and not
likely to be exported, as it would not be part of a signal
sequence. In addition, the hexapeptide was produced
synthetically and shown to lack clumping-inducing
activity (up to a concentration of 500 ngmi™).

Pheromone-responsive

Responder strain plasmid in responder strain JH2-2 titre SF250 titre SF13R titre
OG1X/pAM373 pAM373 128 128 4
OG1X/pAD1 pAD1 128 128 128
OG1SS/pCF10 pCF10 16 16 16

39-5 pPD1 16 16 16

5952° pOB1 0.8 0.8 0.8

a. The pheromone titre is the reciprocal of the highest dilution of culture supernatant inducing clumping of the responder strain.
b. Concentration (5x) of each test supernatant was necessary in order to observe clumping of 5952.

© 2002 Blackwell Science Ltd, Molecular Microbiology, 44, 803-817



In an attempt to identify additional prelipoprotein genes
encoding peptides with similarity to cAM373, a computer
search was performed of the E. faecalis V583 genome in
the TIGR database. The closest match found specifies a
heptapeptide sequence of AIFALGA (matching cAM373 at
four positions). This synthetic peptide was found to induce
clumping of FA373 only at extremely high levels (a
minimum of 500 ng mI™"), which are considered unlikely to
be produced in vivo.

The wild-type JH2-2 strain and the mutant SF13R
did not serve equally well as plasmid recipients, with
transconjugant frequency lowered by about one order of
magnitude in the case of the mutant (Table 1). However,
when mating mixtures were supplied with synthetic
pheromone, both the wild-type and the mutant strains
supported comparably high transfer frequencies, indicat-
ing that the mutant’s lowered recipient ability reflects poor
mating as a result of less pheromone production, not from
inhibition of plasmid entry or establishment. In this regard,
it is noted that the entire lipoprotein moiety of CamE
should be absent in the mutant. Introduction of pAM378
into the mutant strain resulted in cells that exhibited
normal clumping and donor potential, and the production
of iIAM373 was similar for both SF13R and the wild-type
host (Table 1).

The camS gene of S. aureus

Preliminary information from genome databases led to the
identification of a 1.2kb ORF in S. aureus strain 879R4S
encoding an apparent lipoprotein precursor with a signal
sequence containing staph-cAM373 (AIFILAA), the
staphylococcal version of cAM373, immediately adjacent
to a lipoprotein signal peptidase processing site (Fig. 3).
A potential RBS was found to precede two closely spaced
start codons. For the purpose of gene product descrip-
tion, the first start codon is presumed to be functional. The
ORF was designated camS (for cAM373 of S. aureus)
and is 1203bp long (data available in GenBank under
accession number AF435443). Sequence information is
available in the TIGR database for a similar gene from
S. aureus COL. Comparison of the two DNA sequences
showed nucleotide differences at 10 positions within the
ORF, with concomitant amino acid changes at two sites
(proline to serine at amino acid position 208, and
isoleucine to valine at amino acid position 329). These
may represent true genetic variations between strains;
however, it is noted that the TIGR data are, at present,
classified as part of an unfinished genome and may be
subject to change.

The mature forms of CamE and CamS share no
detectable homology except in the heptapeptide
pheromone regions. CamS exhibits homology (32% iden-
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tity) with the cryptic YerH of Bacillus subtilis (Petit et al.,
1998).

The camS locale and comparison of camS homologues

Information from the TIGR database was used to view the
local organization of the chromosome in the region of the
camS-like gene in S. aureus strain COL (Fig. 4). Direct
sequencing of the region around cam$S in S. aureus
879R4S revealed the presence of 1.8kb of DNA down-
stream of camS that is absent in strain COL (the 1.8kb
segment of 879R4S is found in place of a 10bp segment
of COL). Two major ORFs found in this ‘additional’
segment of 879R4S showed homologies with proteins in
the GenBank database: one with dioxygenase and the
other with a conserved but uncharacterized hypothetical
protein. No inverted or direct repeats were found flanking
this segment, indicating that it is probably not a mobile
DNA element. Genes for proline permease are found in
both strains; however, the inverted repeat apparently
serving as a bidirectional transcription terminator for the
opposing genes in COL, and associated with the proline
permease genes of other S. aureus strains (Wengender
and Miller, 1995; Schwan et al, 1998), is only found
adjacent to the camS gene in strain 879R4S, indicating
that 879R4S may be somewhat unique in this regard. The
organization of genes of the S. aureus chromosome
including camS and upstream regions bears striking simi-
larity to that of Staphylococcus epidermidis, Bacillus sub-
tilis and Listeria monocytogenes. The camS gene and its
homologues each appear to be positioned as the last
gene of similar operons that also encode DNA helicase
and DNA ligase. E. faecalis has ORFs similar to those
coding for DNA helicase and DNA ligase, but lacks a
camS homologue at this position. The absence of camS
in E. faecalis is also indicated by lack of gene-specific
polymerase chain reaction (PCR) amplification (see next
section). Thus, a ‘staph-cAM373-like’ activity does not
contribute to total pheromone activity in E. faecalis.

The camS homologues are not particularly alike in
regions encoding the signal sequences, and the hep-
tapeptides at the carboxyl-terminal ends of the signal
sequences are dissimilar. Amino acid sequence compar-
ison of the predicted gene products from S. aureus
879R4S and S. epidermidis RPS2A revealed only 32%
identity in the first 10% of the preprotein including the
signal sequence, compared with 85% identity in the
remaining portion. The seven amino acids just before
the cysteine residue in the S. epidermidis sequence are
ILLLLTA. This peptide was synthesized and tested for its
ability to induce clumping of strain FA373; however, no
clumping was observed even up to a concentration of
1000 ngml™'. The comparable heptapeptides of B. subtilis
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strain 168 (AVLMLSA) and L. monocytogenes strain 4-b
(LTLVLSG) were tested in a similar manner, and neither
showed activity up to and including concentrations of
1000 ngml™.

On the extent of occurrence of camE and camS in
other species

In addition to E. faecalis and S. aureus, other bacteria that
are known to produce cAM373-like activities include Ente-
rococcus hirae strain 9790 and S. gordonii strains Challis
and G9B (Clewell et al., 1985). Use of the same primers
that amplified a segment of camE from E. faecalis JH2-2
yielded no product from S. aureus 879R4S, E. hirae 9790
or S. gordonii Challis and G9B; likewise, primers that
successfully targeted camS of S. aureus 879R4S failed
to amplify E. faecalis JH2-2, E. hirae 9790 or S. gordonii
Challis and G9B (data not shown). These results indicate
that the gene or genes responsible for cCAM373-type activ-
ity in E. hirae and S. gordonii are not similar enough to
either camE or camS to support primer binding and, there-
fore, a third and possibly fourth unique gene must exist
that is capable of producing a peptide to which pAM373
responds.

Discussion

The genes encoding the production of sex pheromones
cAM373 in E. faecalis and staph-cAM373 in S. aureus
each specify a seven-amino-acid peptide derived from the
carboxyl-terminus of a signal sequence encoded as part
of a prelipoprotein. However, the camE and camS deter-
minants appear to be unrelated, with the heptapeptide
similarities being only coincidental. No doubt, within
enterococcal and other genomes, there exist multiple
determinants coding for lipoproteins serving a variety
of functions, and peptides processed from their signal
sequences may exist to fulfil functions other than, or in
addition to, conjugation-related signalling (Dunny et al.,
1979; Clewell et al., 1985).

Release of active pheromone molecules requires not
only processing of the signal sequence of the preli-
poprotein but cleavage at the site that becomes the
amino-terminus of the secreted peptide as well. The sex
pheromone cAD1 is processed from the signal sequence
of a prelipoprotein (An et al., 1999; An and Clewell, 2002)
and, in this case, the additional processing is believed
to depend on a metalloprotease referred to as Eep, which
is a member of a family of proteins that exhibit their activ-
ity within membranes (Brown et al., 2000). Eep was found
to be unnecessary for processing of cAM373 (An et al.,
1999); it is therefore reasonable to assume that an appro-
priate activity similar to Eep, at least in function, exists in
E. faecalis to process cAM373. Indeed, enzymes active

in intramembrane proteolysis are widespread throughout
nature (Brown et al., 2000).

Mutations of the lipoprotein-encoding portion of camE
had no effect on the production of cAM373 in plasmid-free
cells, on sensing of cAM373 or on production of the
inhibitor peptide iIAM373 when an appropriate plasmid
was present. Therefore, it does not appear that the CamE
lipoprotein is necessary for normal production and secre-
tion of cAM373 or iAM373, or for feedback regulation of
the pheromone system. Thus, the function of mature
CamE remains unknown.

The camE gene is situated near, but not transcri-
ptionally linked to, ORFs that appear by homology
comparisons to encode ABC transporter components.
Internalization of certain sex pheromones has been
shown (Leonard et al., 1996) to depend on an oligopep-
tide permease ABC transporter. It is conceivable that the
ABC determinants adjacent to camE facilitate the uptake
of cAM373 as part of some yet to be identified control
circuit.

The camS gene, producing staph-cAM373, appears to
be expressed as the last gene of an operon that also
includes DNA helicase and DNA ligase. The gene homo-
logues encoding DNA helicase (pcrA) in both S. aureus
and B. subtilis have been reported to be essential
(lordanescu, 1993; Petit et al., 1998); however, the only
camS homologue to be published, yerH of Bacillus, is
cryptic (Petit et al., 1998).

Differences were found in the signal sequences
encoded by camS homologues in S. aureus and S.
epidermidis, revealing that the amino acid sequence
required to produce staph-cAM373 is not present in the
S. epidermidis sequence. This difference may explain the
basis of the findings (Clewell et al, 1985; Muscholl-
Silberhorn et al., 1997) that staph-cAM373 pheromone is
secreted by most strains of S. aureus tested but not by
coagulase-negative staphylococci.

The fact that a conjugative E. faecalis plasmid can
sense and respond to a peptide signal produced by S.
aureus suggests the undesirable possibility that such sig-
nalling systems could facilitate the acquisition of entero-
coccal determinants, such as vancomycin resistance
genes, by staphylococci. Clinical S. aureus strains have
been isolated with low-level resistance to vancomycin
(Hiramatsu et al., 1997; Smith et al., 1999), in which resis-
tance apparently results from a thickening of the cell wall
or associated extracellular material. Thus far, high-level
vancomycin resistance caused by a determinant such
as enterococcal vanA has not appeared in S. aureus
but, with the ability to exploit a pheromone-based
transfer system, the spread of such determinants would
no doubt be enhanced considerably. Indeed, this scenario
becomes more plausible in view of a recent report
(Showsh et al., 2001) concerning a clinical E. faecalis
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isolate carrying vanA on a conjugative plasmid (pAM368)
that, like pAM373, responds to staph-cAM373 produced
by S. aureus. Although transfer of pAM368 was not
attempted, it was demonstrated that pAM373, in the form
of a co-integrate with a plasmid able to replicate in S.
aureus, can transfer conjugatively from E. faecalis into S.
aureus. Transfer of the co-integrate is specifically induced
by the pheromone staph-cAM373 (S. E. Flannagan,
unpublished observation).

Although Enterococcus is normally considered an
inhabitant of the intestinal tract and Staphylococcus is
considered to be predominant on the skin, they can be
found in close association. Enterococcus and Staphylo-
coccus have been found as co-contaminants on pro-
cessed poultry (Holder et al., 1997), and staphylococci
occur in the intestines of rats (Brunel and Gouet, 1989)
and rabbits (Canganella et al, 1992). Vancomycin-
resistant enterococci may have an opportunity to commu-
nicate with staphylococci in the human intestine as well,
particularly in the case of infants. Microbial colonization of
the human intestine begins shortly after birth with micro-
biota often derived from the mother’s flora (Kirjavainen
and Gibson, 1999). As vancomycin-resistant enterococci
become more common as colonizers of mothers, these
resistant organisms may also become more common in
infants. In addition, breast-fed infants continuously ingest
staphylococci from maternal skin while nursing. S. aureus
has been reported (Lindberg et al., 2000) to be a persis-
tent resident of the intestinal tracts of healthy infants and
can account for close to 5% of the facultative isolates in
neonatal faecal flora (Rotimi and Duerden, 1981).

Intergeneric exchange between Enterococcus and
Staphylococcus probably occurs in nature, and co-
integration of enterococcal and staphylococcal plasmids
is thought to be involved in the transfer of resistance
determinants between these two organisms (Bonafede
et al., 1997). A clearer understanding of all the mecha-
nisms involved in intergeneric genetic transfer is needed.
One such mechanism, described here, is the ability to
produce pheromones such as cAM373 and staph-
cAM373, which may play a role in the eventual acquisi-
tion of high-level vancomycin resistance by S. aureus.

Experimental procedures
Bacterial strains, plasmids and media

Bacterial strains and plasmids used in this study are listed in
Table 3. Todd—Hewitt broth (THB; Difco) was used for the cul-
tivation of E. faecalis, E. hirae, S. aureus and S. gordonii. LB
medium (1% tryptone, 0.5% yeast extract, 0.5% NaCl) was
used for the growth of E. coli When needed, the growth
medium was solidified by the addition of 1.5% agar (Fisher).
All cultures were incubated at 37°C. Antibiotics were obtained
from Sigma except as noted and used at the following
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concentrations: rifampicin (Calbiochem), 25ugmli™; fusidic
acid, 25 ug ml™'; streptomycin, 500 ug mi™'; tetracycline, 10 ug
mi™'; erythromycin, 10ugmli™ for E. faecalis, 200 ug ml™ for
E. coli; ampicillin, 50 ugml~". Common laboratory chemicals
and reagents were purchased from Fisher Scientific or
Sigma.

DNA manipulation

For the preparation of genomic DNA, cell lysates using
Sarkosyl L-30 (ICN Biochemicals) were prepared essentially
as described previously (Clewell et al., 1974) with the
following modifications. Cultures were grown aerobically
(however, S. gordonii was grown with reduced headspace
volume to restrict aeration of the medium) to mid-log phase,
at which time glycine was added to a final concentration of
3%. Cells were harvested after one additional hour of growth
and incubated at 37°C in a final concentration of 1 mgml™
lysozyme, 10 Uml™ mutanolysin and 20 ugml™ lysostaphin
(all from Sigma). Chromosomal DNA was purified by caesium
chloride—ethidium bromide gradient centrifugation in a
Beckman VC-53 rotor, extracted with saturated isopropanol,
dialysed against 1 mM EDTA and recovered by ethanol pre-
cipitation using standard protocols (Maniatis et al., 1982).

Plasmid DNA was purified using a Plasmid midi kit
(Qiagen) or by a small-scale alkaline lysis method as
described previously (Weaver and Clewell, 1988).

Restriction endonucleases (Invitrogen, New England
Biolabs, Roche) and DNA ligase (New England Biolabs) were
used according to each manufacturer’s recommendations.
Gels for DNA analysis typically consisted of 0.5% ultrapure
agarose (Invitrogen) plus 0.25% Synergel (Diversified
Biotech) in TAE buffer (Ausubel et al., 1996). For the obser-
vation of small fragments, gels were made using 3% Nusieve
GTG agarose (FMC Bioproducts) in TAE buffer. Recovery of
DNA fragments from a gel was accomplished using a Qiagen
gel extraction kit.

DNA amplification was routinely carried out using Ampli-
Tag DNA polymerase, PCR core reagents and a 480 thermal
cycler (all from PE Biosystems). In some cases, platinum Taq
DNA polymerase high fidelity (Invitrogen) was used. PCRs
were purified using Qiaquick columns (Qiagen) or by ethanol
precipitation.

Transformation of E. faecalis and E. coli by electroporation
was performed as described previously (Flannagan and
Clewell, 1991).

DNA sequencing and sequence analysis

Based on knowledge of the peptide sequence (AIFILAS)
of the pheromone cAM373 (Mori et al., 1986), preliminary
E. faecalis genome sequence data were obtained from
AstraZeneca (P. Barth, personal communication; Clewell
et al., 2000). A custom primer pair (Ef373-1, Ef373-4) was
designed for amplification of genomic DNA from various
E. faecalis strains. The amplified DNA was then sequenced
using primers (Ef373-1-b, Ef373-4-b) with binding sites just
within the amplified region.

The peptide sequence (AIFILAA) of the pheromone staph-
cAM373 is known (Nakayama et al., 1996). Based on pre-
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Table 3. Bacterial strains and plasmids used in this study.

Strain or plasmid?®

Description or relevant characteristics®

Reference

Strains
Enterococcus faecalis
JH2-2 Rf", Fa"
OG1X Sm', Gel”
DS16 Tc" (Tn916), carries pAD1 and pAD2 (Tn917, Em")
RC73 Tc' (Tn918), carries pAM373 and four or more additional plasmids
V583 Vm', carries three plasmids
0G1SS Sm'". Sp’
FA373 Rf, Fa’, Tc" (Tn918), carries pAM373
JH2SS Sm’, Sp’
39-5 Carries pPD1 and five additional plasmids
5952 Carries pOB1 and pOB2
SF380 Rf, Fa', Em', JH2-2 camE::pAM434-380
SF380R Rf, Fa', Em®
SF250 Rf, Fa', Em', JH2-2 camE::pAM434-250
SF250R Rf, Fa', Em®
SF13 Rf, Fa', Em', JH2-2 camE::pAM434-13
SF13R Rf', Fa', Em®, greatly reduced level of cAM373

Enterococcus hirae
9790 (ATCC)

Staphylococcus aureus
879R4S

Streptococcus gordonii
G9B
Challis (NCTC 7868)

Escherichia coli

Carries a cryptic plasmid

Sm', carries a cryptic plasmid

DH50. F~ $80d/acZAM15A(lacZYA-argF)U169 deoR recA1 endA1
hsdR17(rc",mg") phoA supE44 A~ thi-1 gyrA96 relA1
Plasmids
pAM373 Encodes response to cAM373
pAM378 pAM373::Tn918, Tc'
pAD1 Encodes response to cAD1
pCF10 Encodes response to cCF10
pPD1 Encodes response to cPD1
pOB1 Encodes response to cOB1
puUC19 E. coli cloning vector, Ap'
pAM414 Full-length camE cloned in pUC19
pAM415 Truncated camE cloned in pUC19
pAM434 Suicide vector in E. faecalis, Em', Ap®
PAM434-380 Internal 380 bp camE fragment of JH2-2 cloned in pAM434
pAM434-250 Internal 250 bp camE fragment of JH2-2 cloned in pAM434
pAM434-13 camE containing frameshift cloned in pAM434
pVA749 Em’
pBluescript-1l KS+ E. coli cloning vector, Ap'
pAM435 pBluescript-1l KS+ containing Notl, Ascl, Fsel sites
pAM432 Intermediate in construction of pAM434
pAM433 Intermediate in construction of pAM434

Jacob and Hobbs (1974)
lke et al. (1983)

Tomich et al. (1979)
Clewell et al. (1985)
Sahm et al. (1989)
Franke and Clewell (1981)
Clewell et al. (1985)
Tomich et al. (1980)
Yagi et al. (1983)
Oliver et al. (1977)
This study

This study

This study

This study

This study

This study

Clewell et al. (1985)

Schaberg et al. (1982)

Rosan (1976)
Clewell et al. (1985)

Invitrogen

Clewell et al. (1985)
Clewell et al. (1985)
Tomich et al. (1979)
Dunny et al. (1982)
Yagi et al. (1983)
Oliver et al. (1977)
Invitrogen

This study

This study

This study

This study

This study

This study

Macrina et al. (1982)
Stratagene

This study

This study

This study

a. Enterococcus faecalis was formerly Streptococcus faecalis; Enterococcus hirae 9790 was formerly Enterococcus faecium 9790; Strepto-
coccus gordonii G9B and Challis were formerly Streptococcus sanguis. ATCC, American Type Culture Collection; NCTC, National Collection of

Type Cultures.

b. Rf, rifampicin; Fa, fusidic acid; Sm, streptomycin; Em, erythromycin; Tc, tetracycline; Sp, spectinomycin; Vm, vancomycin; Ap, ampicillin; Gel,

gelatinase.

liminary data (P. Barth, personal communication), custom
primers were designed and used to amplify and sequence
the appropriate region from the genome of S. aureus
879R4S.

DNA sequencing was performed at the University of Michi-
gan DNA sequencing core facility using purified plasmid or
PCR templates. DNA sequence data and deduced protein
products were analysed using MACVECTOR 6.0 software
(Oxford Molecular Group).

Comparative sequence information was acquired from the
GenBank database of the National Center for Biotechnology
Information (NCBI; http://www.ncbi.nlm.nih.gov) and from the
unfinished genome database of The Institute for Genomic
Research (TIGR; http://www.tigr.org).

Oligonucleotide primers
The custom oligonucleotides and primers used for vector
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construction, PCR amplification, DNA sequencing and RNA
primer extension analyses were obtained from the University
of Michigan DNA synthesis core facility or from Invitrogen.
Not all primers are listed; however, those of greater signifi-
cance to the results of the study are as follows. Ef373-1,
5’-ATCGAATTCACGGGATTATTTTGATTGTAATTAG-3;
Ef373-1-b, 5-CCTGCCCGAATGGCAGCGAAA-5", Ef373-2,
5’-ATCGAATTCAGATGCTGTCACTGATACTAAGTAC-3’;
Ef373-3, 5-ACTGAATTCTTTTAACATCTACTGTATAAACAA
G-3; Ef373-4, 5-ACTGAATTCTTACTTAAAAGAATGAAAT
TGGGAC-3’; Ef373-4-b, 5-TAGGTTCTGTCCCAAAGAGTA-
3’; Ef373-5, 5-ACTGAATTCAACTAGCTAAAATAAAAATAG
CTCC-5; Ef373-6, 5-ATCGAATTCTGAAATCTATGAAAAA
GAAGCTGGC-3; Ef373-7, 5-ACTGAATTCTTCTTTTTTT
GCTTTGGCTAAAACG-3"; Ef373-8, 5-GCCACAACTAGCT
AAAATAAAAATAGCTCC-3'.

Strain construction

pAM414 was constructed using high-fidelity DNA polymerase
with primers Ef373-1 and Ef373-4 to amplify camE from JH2-
2 on a 0.9kb fragment, which was then ligated to pUC19 at
the unique EcoRl site and used for transformation of DH5¢.
Primers Ef373-1 and Ef373-5 were used to amplify a short
segment of JH2-2 containing the camE promoter region and
5’ end of the gene. After ligation to pUC19 at the EcoRl site
and transformation of DH5c, an isolate was selected
containing a plasmid designated pAM415. Aside from the
engineered translation stop codon specified by Ef373-5, the
cloned portion is free from mutations.

DNA segments of 380bp (using primers Ef373-2 and
Ef373-3) or 250bp (using primers Ef373-6 and Ef373-7) of
the internal portion of the JH2-2 camE gene were generated
by PCR and individually cloned into pAM434 at its unique
EcoRl site, producing pAM434-380 and pAM434-250 respec-
tively. These plasmids, which are unable to replicate in E.
faecalis, were introduced into JH2-2 by electroporation pro-
ducing strains SF380 and SF250 respectively. Expression of
erythromycin resistance from the vector was used to select
for integration of each construct into the chromosome. A
revertant of each mutant was chosen (designated SF380R
and SF250R) by screening for erythromycin-sensitive iso-
lates after excision of the vector during serial passage growth
in the absence of antibiotic.

A full-length clone of the camE gene from JH2-2, with a
random point deletion, was fortuitously generated by PCR
using primers Ef373-1 and Ef373-4. The deletion of an
adenine residue, from within the run of seven soon after the
start codon of camkE, resulted in a frameshift and the appear-
ance of a translation stop codon (TAG) situated just upstream
(with 2 bp intervening) of the pheromone-encoding segment.
From the pUC19-based clone in which it was identified, the
frameshifted gene was subcloned into the suicide vector
pAM434 at its unique EcoRlI site. The integrity of the sub-
cloned insert was verified by sequencing, and the new con-
struct, termed pAM434-13, was used to transform E. faecalis
JH2-2. An erythromycin-resistant transformant, SF13, was
then grown by serial passage in the absence of antibiotic
with periodic screening for erythromycin sensitivity. Over the
course of 26 days, a total of 13 erythromycin-sensitive iso-
lates were obtained. Eight of these produced cAM373 activ-
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ity at normal levels, but five (from the same plating) produced
activity at a greatly reduced level. Three of the five, along
with SF13, were analysed by sequencing of a PCR-amplified
fragment encompassing the promoter region and the entire
camE ORF. As expected, a mixed sequence showed the
presence of two alleles in SF13, but the erythromycin-
sensitive isolates exhibited only the sequence containing the
frameshift, verifying gene replacement by allelic exchange.
No other alteration in the gene was present. One of these
isolates, designated SF13R, was chosen for further analysis.

To evaluate effects on plasmid-related functions, pAM378,
a pAM373 derivative with tetracycline resistance, was used
as a selectable marker. The plasmid was conjugatively trans-
ferred to each appropriate strain from donor JH2SS/pAM378
with selection on rifampicin, fusidic acid and tetracycline, fol-
lowed by verification of the plasmid by agarose gel elec-
trophoresis (data not shown).

Construction of suicide vector pAM434

Plasmid pAM434 (Fig. 6) was created as a vehicle to intro-
duce cloned gene portions into the E. faecalis chromosome
in order to interrupt the camE gene. A small, ampicillin-
sensitive vector with several cloning sites and a marker
selectable in both E. coli and E. faecalis was desired to
facilitate cloning and integration without the possibility of
introducing a B-lactamase-producing component into the E.
faecalis background. pAM434 is a small (3410 bp) ampicillin-
sensitive, erythromycin-resistant suicide vector with multiple

SalIXhoI

Apal
Kpnl
[, T3 promoter

341071

3 Kb

1 Kb

2 Kb MN\T7 promoter

Sacl / Sstl
Sacll / Sstll
BstX1
Eagl
Spel Notl
EcoRV Pstl | pumpr Xbal \ Ascl

Hindlll EcoRl Smal/ Xmal Fsel

Fig. 6. Suicide vector pAM434. All restriction sites shown are
unique. Base #1 is defined as the first guanine residue in the Sall
site (GTCGAC). The pAM434 sequence is available under
GenBank accession number AF435436.
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unique cloning sites, including sites that occur rarely in E.
faecalis to facilitate cloning of gene portions or entire genes
by PCR amplification. It replicates at high copy number in
E. coli [growing on 200ugmi~™ Em; minimum inhibitory
concentration (MIC) > 5000 ug mi~'], but does not replicate in
E. faecalis. It contains the ColE, origin of replication from the
Stratagene vector pBluescript-Il KS+ and the erm gene
from pVA749 (Macrina et al., 1982) (originally from pAMB1;
Clewell et al., 1974). It can be integrated into the E. faecalis
chromosome by homologous recombination with a cloned
segment, where it expresses erythromycin resistance
(integrants selected on 10 ugml™ Em; MIC > 3000 ug ml™).

pAM434 was constructed as follows. A cassette of rarely
occurring sites (Notl, Ascl and Fsel), bordered by Xbal sites,
was made from complimentary oligomers and inserted into
pBluescript-Ill KS+ at the Xbal site, creating pAM435.
pAM435 was digested with BsrDI and Pvul, and the largest
resulting fragment was ligated to itself. The Pvul site (atbp
500 on the pBluescript-ll map, GenBank accession no.
X52328) and the BsrDI site (atbp 2107 on pBluescript-l) are
compatible and were ligated together. This removed ampi-
cillin resistance because only 132bp (15%) of the distal
portion of bla remains. This construct was a replicon, but had
no selectable marker; it existed only transiently during the
construction of pAM432. The replicon was opened with
Hindlll at its unique site, and pVA749 was cut at its unique
Hindlll site; the two were ligated together, resulting in
pAM432. pAM433 was derived from pAM432 by cutting with
Notl and ligating. This combined two Notl sites into one and
removed an intervening Xbal site, resulting in a plasmid with
unique Notl and Xbal sites. pAM434 was derived from
pAM433 by digesting with Clal and ligating the largest frag-
ment to itself. This removed the Gram-positive origin of repli-
cation. (Note that pAM434 cannot be cut with Clal because
of imprecise regeneration of the recognition sequence at the
ligation site.) pAM434 was sequenced in its entirety on both
strands.

Hybridization analyses

Southern blotting of gels onto supported nitrocellulose mem-
branes (Schleicher and Schuell BAS-NC, 0.2 um) was carried
out by standard procedures (Maniatis et al., 1982). Radio-
labelled DNA probes and molecular weight markers were
prepared using a nick translation kit from Invitrogen and [o.-
#p]-dATP from Amersham. Hybridization using standard pro-
tocols (Maniatis et al., 1982) was carried out at 65°C and
made use of a Hybaid mini oven MK I, followed by exposure
to Kodak X-OMAT film. Screening of multiple isolates was
accomplished by lifting colonies onto a supported nitrocellu-
lose membrane (Schleicher and Schuell Optitran, 0.45um),
followed by lysing of the cells and fixing of the DNA onto the
membrane by standard protocols (Ausubel et al., 1996), and
hybridization with a radiolabelled probe as above.

Microtitre assays

Production of pheromone activity, production of inhibitor
activity and response to pheromone were tested using
microtitre twofold dilution assays as described previously

(Dunny et al., 1979; Ike et al., 1983) with some modifications
as follows. Todd—Hewitt medium was used in all tests involv-
ing growth or response of E. faecalis, and LB medium was
used for growth of E. coli. To prepare culture supernatant for
testing of pheromone or inhibitor activity, 5 ml cultures with a
1:100 inoculum were grown to very early stationary phase,
pelleted, and the supernatant was passed through a Millipore
0.22 um membrane filter and heated in a boiling water bath
for 15min. FA373 (a 10-fold dilution in fresh broth of an
overnight culture) was used as the responder strain unless
otherwise noted. Synthetic peptides were obtained from the
University of Michigan protein core synthesis facility, Penin-
sula Laboratories or PeptidoGenic Research.

Primer extension analyses

Total RNA was prepared as described previously (Bastos
et al., 1998) except that the cultures were grown at 37°C.
Primer end-labelling with [y-2P]-ATP (Amersham) and DNA
sequencing (for primer extension comparisons) were carried
out using an fmol sequencing system kit from Promega.
Extension of RNA transcripts was performed using a Super-
script first-strand synthesis system for reverse transcriptase
(RT)-PCR from Invitrogen. Extended products were
analysed by denaturing PAGE using 7.5% acrylamide
(Roche), 7.5M urea (Fisher) and 0.5x TBE buffer (Maniatis
et al., 1982) followed by exposure to Kodak X-OMAT film.

Accession numbers

GenBank accession numbers for submitted sequences are
as follows: pAM434, AF435436; camE gene of JH2-2,
AF435437; camE gene of OG1X, AF435439; camE gene of
DS16, AF435440; camE gene of RC73, AF435441; camE
gene of V583, AF435442; camS gene of 879R4S, AF435443.
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