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Selectively regulating gene expression is an essential molecular tool that is lacking for many pathogenic
gram-positive bacteria. In this report, we describe the evaluation of a series of promoters regulated by the
bacteriophage P1 temperature-sensitive C1 repressor in Enterococcus faecium, Enterococcus faecalis, and Staph-
ylococcus aureus. Using the lacZ gene to monitor gene expression, we examined the strength, basal expression,
and induced expression of synthetic promoters carrying C1 operator sites. The promoters exhibited extremely
low basal expression and, under inducing conditions, gave high levels of expression (100- to 1,000-fold
induction). We demonstrate that the promoter system could be modulated by temperature and showed rapid
induction and that the mechanism of regulation occurred at the level of transcription. Controlled expression
with the same constructs was also demonstrated in the gram-negative bacterium Escherichia coli. However, low
basal expression and the ability to achieve derepression were dependent on both the number of mismatches in
the C1 operator sites and the promoter driving c1 expression. Since the promoters were designed to contain
conserved promoter elements from gram-positive species and were constructed in a broad-host-range plasmid,
this system will provide a new opportunity for controlled gene expression in a variety of gram-positive bacteria.

The overuse of antibiotics has contributed to the emergence
and increasing prevalence of antibiotic-resistant bacteria.
Gram-positive cocci such as Staphylococcus aureus and entero-
cocci are the leading cause of hospital-acquired infections (39).
S. aureus causes a variety of infections ranging from localized
skin suppuration to life-threatening septicemia. Alarmingly, S.
aureus isolates resistant to vancomycin, the last effective anti-
biotic, are emerging worldwide (22). Enterococcus species are
a leading cause of urinary tract infection, nosocomial infection,
and surgical-wound infection (39). Enterococcus faecalis is re-
sponsible for the majority of enterococcal infections (26, 41)
and, for the time being, usually remains sensitive to at least one
antibiotic. In contrast Enterococcus faecium, which causes
fewer infections, is more likely to be resistant to all antibiotics.

The recent emergence of antibiotic-resistant gram-positive
bacteria has highlighted the need for genetic studies address-
ing the mechanism of bacterial pathogenesis. Regulated pro-
moters are essential for the functional analysis of genes
through expression studies (1) and reverse genetics. However,
only a few regulated promoters are available for use in entero-
cocci and streptococci. The tetracycline-regulated promoter
system has been shown to function in Streptococcus pneu-
moniae (47), Bacillus subtilis (11), and S. aureus (1, 25). In
addition, the xylose-inducible promoter system has been used
for B. subtilis and staphylococci (27, 52, 56). However, the
levels of regulation achieved with these systems are below
those obtained for gram-negative bacteria (33), and tight basal
expression is achieved at the expense of reduced inducibility
(11, 56). The most studied regulated promoter from gram-
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positive bacteria is the nis4 promoter, derived from the Lac-
tococcus lactis nisin gene cluster. For regulated expression, the
system requires coexpression of histidine protein kinase NisK
and response regulator NisR (6). Induction is achieved by the
addition of subinhibitory levels of the lantibiotic nisin. Con-
trolled gene expression over a 1,000-fold range in L. lactis has
been demonstrated (4). However, more-modest regulation has
been demonstrated in heterologous hosts (6) such as E. faecalis
(20-fold), Streptococcus agalactiae (10-fold), and Streptococcus
pyogenes (60-fold).

One of the reasons why there are fewer regulated promoters
for gram-positive species may be the more stringent control of
promoter usage in gram-positive species than in gram-negative
species. Multiple conserved regions, in addition to the —35 and
—10 hexamers, have been identified in promoters from gram-
positive species (14, 20, 50, 51). Consequently, well-character-
ized promoters from gram-negative species such as P. and
P,.. are inactive in gram-positive hosts even though they con-
tain consensus —35 and —10 hexamers (38).

The temperate bacteriophage P1 can infect and lysogenize
many gram-negative species (55). Stable lysogeny is main-
tained by the action of the components of the tripartite immu-
nity system (17). The C1 repressor protein acts as a central
regulator by controlling the expression of a variety of genes (3,
7, 18, 19) by binding to C1 asymmetric operator (7) sites
(consensus sequence, ATTGCTCTAATAAATTT). A bacte-
riophage P1-derived promoter in conjunction with the temper-
ature-sensitive C1 repressor (40) has been used to regulate
gene expression in gram-negative bacteria (45). In this report
we demonstrate that the P1 temperature-sensitive C1 repres-
sor can be used to control gene expression by using synthetic
promoters in the pathogenic gram-positive species E. faecium,
E. faecalis, and S. aureus. We compare the strengths of the
promoters in different species and show that the promoters
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Pro1, Pro2 or Pro3

lacZ

Pro2 CTAGTAAAAAGCTGTTGACATATTGCTCTAATAAATTTATTATAGCAAT

GATCATTTTTCGACAACTGTATAACGAGATTATTTAAATAATATCGTTA

Reporter Constructs
14928 bp

Pro3 CTAGTAAARAGCTGTTGACATATTGCTCTAATAATGTTATTATAGCAAT

GATCATTTTTCGACAACTGTATAACGAGATTATTACAATAATATCGTTA

pGB354
ORI

Psti
ProA GATCCAAAAAGCTGTTGACATAATCGAATTATTATGTTATAATAACATC ProA or ProB
p15A T BamHl
ProB GATCCAAAAAGCTGTTGACATTGTGAGCGGATAACAATATAATAACATC OR! TL17

FIG. 1. Construction of the temperature-sensitive Cl-regulated promoter system. (A) Topography and sequences of the promoters. Deter-
mined based on compilation analysis, the conserved promoter nucleotides from gram-positive bacteria are in boldface (14, 20). The synthetic
promoters (Prol, -2, and -3) consist of two partially overlapping C1 operators (top and bottom strands; underlined sequences). Prol carries two
C1 operator sites that match the 17-bp consensus (7, 18), while Pro2 and Pro3 deviate from the consensus by 1 and 5 nucleotides, respectively (large
font). Pro2 differs from Pro1 by a single nucleotide in the —10 hexamer (G versus the consensus T). Pro3 differs from Pro2 by 2 nucleotide changes
in the spacer region (AT versus the consensus TG). ProA and ProB, which drive c1 expression, differ in the nucleotide spacer sequence between
the —35 and —10 hexamers. (B) Map of the reporter plasmid and its relevant features. The lacZ reporter gene was placed under the transcriptional
control of a Cl-regulated promoter (Prol, -2, or -3; arrows denote direction). To control gene expression and to aid the binding of the repressor
to its operator site, the temperature-sensitive C1 repressor and Bof modulator were cloned 3’ of lacZ and placed under the transcriptional control
of either ProA or -B. The reporter construct contains the pl5A origin of replication, the origin of replication derived from pGB354, and the
chloramphenicol (Cm) resistance markers from pACYC184 and pGB354 (53).

exhibit extremely low basal expression and that the control of
regulation occurs at the level of transcription. Since the pro-
moter system was constructed in a broad-host-range plasmid
and contained conserved promoter elements, the system will
provide a new opportunity for controlled gene expression in
gram-positive bacteria.

MATERIALS AND METHODS

Strains and media. The bacterial strains used in this study were E. coli DH5«
($80dlacZAM1S recAl endAI gyrA96 thi-1 hsdR17 supE44 relAI deoR A(lacZYA-
argF)U169; obtained from Gibco-BRL), S. aureus RN4220 (restriction-deficient
strain kindly provided by Jean Lee, Channing Laboratory, Boston, Mass.), E.
faecalis ATCC 47077 (designation OG1RF), and E. faecium ATCC 12952. The
following growth media (Difco) were used: Luria-Bertani broth for E. coli, tryptic
soy broth for S. aureus, brain heart infusion broth for E. faecalis, and Todd-
Hewitt broth for E. faecium.

Reporter plasmid construction. The reporter plasmids were constructed in the
gram-negative and gram-positive species shuttle vector pAM401 (53). The lacZ
gene was amplified by PCR with pBHR/acZ (45) as the template and the
upstream primer 5'-AGGACGGTCGACTAAGGAGGTGAAAAGTATGGTC
GTTTTACAAGCTCG and downstream primer 5'-TCCTCCGCATGCTCCCC
CCTGCCCGGTTAT, which contained Sall and Sphl restriction sites (under-
lined) for cloning into the Sall and Sphl sites of pAM401. The upstream primer
also contained a ribosome binding site (RBS; 5'-TAAGGAGG) positioned 8 bp
upstream of a start codon (boldface) to initiate translation. The Cl-regulated
promoters (Fig. 1A; Prol, -2, and -3) were obtained by annealing complementary
oligonucleotides that contained partial and full Sa/l overhangs (5" and 3’, re-
spectively). The promoters were cloned (in the same orientation as lacZ) into the
Sall site of the lacZ construct, thereby re-creating the 3’ Sall site only. To
increase the number of cloning sites, the oligonucleotides also contained a Spel
site at the 5’ end. To reduce readthrough from cryptic promoters into the 5’ end
of the expression cassette, the TL,, transcriptional terminators (54) were cloned
into the Spel site. To prevent “runaway” transcription, the terminators were also
cloned at the 3’ end of the expression cassette (EcoRV site). To control gene
expression, the coding sequences for the c1 repressor and bof modulator were
inserted initially into the cloning vector pBluescript II SK(+) (Stratagene). The
forward PCR primers used to amplify c1 and bof contained both an RBS and
restriction endonuclease site. To incorporate both of these features, c1 and bof
were amplified by a seminested-PCR strategy. c1 was amplified by using the

thermosensitive P1 mutant as the template (40) (kindly provided by Michael
Yarmolinsky, National Institutes of Health, Bethesda, Md.) with the forward
primer 5-TAAGGAGGTGAAAAGTATGATAAATTATGTCTACGGC and
the reverse primer 5'-CTAGCTGAATTCCTATTGCGCGCTTTCGGGGTTG.
After 10 amplification cycles, an aliquot (1 pl) was reamplified with the forward
nested primer 5'-CGCAGTGAATTCTAAGGAGGTGAAAAGTATG and the
same reverse primer. The forward primers each contained an RBS upstream of
the start codon (boldface), and the reverse primer and the latter forward primer
contained EcoRI restriction sites (underlined sequences) for cloning into the
corresponding sites of pBluescript II SK(+). Similarly, the forward primer 5'-T
AAGGAGGTGAAAAGTATGAAAAAGCGATACTACACAG, reverse primer
5'-GTAGTAGCATGCGGTGAGCAAACAGCCAT, and nested forward
primer 5'-GCTAGGAAGCTTTAAGGAGGTGAAAAGTATG were used to
amplify bof with bacteriophage P1 DNA as the template. The bof primers con-
tained HindIII and Sphl sites (underlined). However, bof was cloned 3’ of ¢1 into
the HindIII and Hincll sites of pBluescript I SK(+). To drive expression of ¢1
and bof, complementary oligonucleotides containing promoter elements (Fig.
1A; ProA and -B) were cloned upstream of c1 and bof into the BamHI and Pst1
sites of pBluescript IT SK(+). The promoter c1.bof fragments with BarmHI/Sphl
overhangs were then cloned into the corresponding sites of pDAS101, pDAS111,
and pDASI121 to create the final reporter constructs (Fig. 1B and Table 1).

Transformation. E. coli was transformed as described by Sambrook et al. (42).
E. faecalis and E. faecium were electroporated as described by Friesenegger et al.
(9) except cells were resuspended at 1/100 of their original culture volume. S.
aureus was electroporated by the method described by Lee (31). Chloramphen-
icol was used to select for plasmids at the following concentrations: 25 pg/ml, E.
coli; 20 wg/ml, E. faecalis; 5 pg/ml, E. faecium; 15 wg/ml, S. aureus.

RNA extraction and slot blot hybridizations. RNA was extracted from E.
faecium, E. faecalis, and S. aureus by using the Qiagen RNeasy kit according to
the manufacturer’s instructions with the following modification: to break open
the bacterial cells, the samples were vortexed continuously for 10 min in the
presence of acid-washed glass beads (212 to 300 wm). RNA (up to 10 pg) was
vacuum blotted onto Duralon UV membranes (Stratagene) with a slot blot
apparatus (42). Two identical RNA blots were prepared for each species. Both
membranes were probed with a 3°S-tailed (Roche) oligonucleotide complemen-
tary to either lacZ (5'-CGCTCAGGTCAAATTCAGACGGCAAACGA) or a
conserved region of 16S rRNA (5'-CCAACATCTCACGACACGAGCTGACG
ACAA). Hybridization was performed in a mixture containing 1X Denhardt’s
solution, 4X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 50 pg
of poly(A)/ml, 500 wg of salmon sperm/ml, 10% dextran sulfate, and 45%
formamide at 37°C. Washing was performed at 37°C at a final stringency of 0.5X
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TABLE 1. Plasmids used in this study

Plasmid Description and relevant characteristics Origin or reference
pPAMA401 Gram-positive and -negative species shuttle vector 53
pDAS100 PAMA401 containing lacZ and transcriptional terminators This study
pDAS101 pDAS100 with Prol driving lacZ This study
pDAS102 pDAS101 with ProA driving c¢1 and bof This study
pDAS103 pDAS101 with ProB driving c1 and bof This study
pDASI111 pDAS100 with Pro2 driving lacZ This study
pDAS112 pDASI111 with ProA driving c¢1 and bof This study
pDAS113 pDAS111 with ProB driving c1 and bof This study
pDASI121 pDAS100 with Pro3 driving lacZ This study
pDAS122 pDAS121 with ProA driving c¢1 and bof This study
pDAS123 pDASI121 with ProB driving c1 and bof This study

SSC and 0.1% sodium dodecyl sulfate (SDS). The membranes were visualized
with a phosphorimager.

Reporter gene assays. B-Galactosidase (B-Gal) activity was assayed as de-
scribed by Miller (35) except that the cells were permeabilized with 4 drops of
chloroform and 2 drops of 0.1% SDS.

Nucleotide seq e accessi ber. The sequence of the reporter plasmid

pDAS112 has been deposited in GenBank under accession no. AY230218.

RESULTS AND DISCUSSION

Rationale for and characteristics of the reporter gene con-
structs. Controlled expression using a temperature-sensitive
Cl-regulated promoter system has been demonstrated previ-
ously for gram-negative bacteria (44, 45) by using a promoter
responsible for driving ban gene expression in bacteriophage
P1 (18). The ban promoter consisted of two overlapping Cl
operator sites, and, although it did not contain consensus —35
and —10 hexamers, it was highly active in enteric gram-nega-
tive bacteria (43, 45). However, reporter gene analysis indi-
cated that this promoter was inactive in the gram-positive spe-
cies E. faecalis and S. aureus (data not shown). Functional
promoters derived from gram-negative species are often inac-
tive in gram-positive species (21, 30, 36, 38), which may reflect
the fact that several conserved promoter elements (14, 20, 50,
51), in addition to the —35 and —10 hexamers, are required for
activity. Consequently, compilation analysis of promoters from
gram-positive species (14, 20) allowed three promoters (Prol,
-2, and -3) with conserved elements to be designed. The con-
served elements consisted of the —35 and —10 hexamers, an A
tract and T 5’ of the —35 hexamer, a TG dinucleotide 5’ of the
—10 hexamer, and two A nucleotides 3’ of the —10 hexamer
(Fig. 1A). The promoters differed by a single nucleotide within
the —10 hexamer (Prol versus Pro2) or by the addition of TG
nucleotides (Pro2 versus Pro3; Fig. 1A). The promoters were
also designed to contain two partially overlapping C1 operator
sites (7). Placement of the C1 operators downstream of the
—10 hexamer resulted in only partial repression in the pres-
ence of Cl in E. coli (data not shown); consequently the op-
erator on the top strand was placed between the —35 and —10
hexamers while the operator on the bottom strand completely
covered the —10 hexamer. In the presence of a repressor, this
placement was expected to more effectively prevent transcrip-
tion by exclusion of the RNA polymerase and/or by the mask-
ing of the promoter elements (18, 29). However, as a result of
the optimization of promoter elements, Pro3 and Pro2 carried
five and one mismatch to the consensus C1 operator sequence,
respectively. Nevertheless, these operator sites were expected

to be effective since functional C1 binding sites containing
mismatches to the consensus sequence have been identified
throughout the P1 prophage (3, 43).

The amount of repressor produced is crucial to the effec-
tiveness of a promoter system; small amounts of repressor can
result in partial repression, while too much repressor results in
the inability to achieve derepression (45, 46). Therefore, the c1
gene was placed under the transcriptional control of two pro-
moters (ProA and ProB; Fig. 1A) which have consensus —35
and —10 hexamers but which differ in their spacer sequences.
Since variations in the spacer sequence have been shown to
alter promoter strength by up to 400-fold (24), this was ex-
pected to provide differing amounts of C1 repressor. To en-
hance binding of the C1 repressor to its operator (49), the bof
gene was cloned 3’ of the c1 gene. The Bof protein does not
bind to C1 alone but binds to Cl1 operators by forming a
C1-Bof-operator DNA ternary complex (48). To ensure effi-
cient translation, the primers amplifying lacZ incorporated a
contrived RBS derived from gram-positive species (6). This
resulted in a 200-fold increase in B-Gal activity in E. faecalis
(data not shown) compared to that with the lacZ RBS (GGA
GGIN],ATG) used for reporter gene studies of gram-negative
bacteria (45); consequently, the former RBS was also incorpo-
rated into the forward primers amplifying c1 and bof. At the
permissive temperature, C1 binds to its operator sites and
prevents transcription from the reporter gene, while at the
nonpermissive temperature, C1 is thermally unstable, thereby
allowing transcription to proceed.

The reporter plasmids were constructed in pAM401, which
contains a pl5A replicon derived from pACYCI184 and a
pGB354 replicon derived from the broad-host-range gram-
positive-bacterium plasmid pIP501 (53). Consequently, the
plasmid can be used for studies of enteric gram-negative bac-
teria, Streptococcus species (8, 28), Enterococcus species (9),
Streptococcus gordonii (unpublished results), L. lactis (10), Lac-
tobacillus casei (12), and Pediococcus species (13). The copy
number of the pAM401 parental plasmid (pGB354) in strep-
tococci has been reported to be approximately 50 copies/cell
2).

Previous work using the parent plasmid pAM401 has dem-
onstrated transformation efficiencies of approximately 10° for
E. faecalis and E. faecium (9). Although the transformation
efficiencies were not measured in this report, it is expected that
similar transformation efficiencies can be obtained for the
larger reporter constructs since plasmids up to 25 kb can be
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TABLE 2. Basal and induced activities from lacZ fusions to Cl-regulated promoters in E. coli DH5o"

Promoter driving:

Avg activity in Miller units (=SD)

Construct

lacZ cl Basal (31°C) Induced (42°C)
pDAS100 4.2 (0.5) 6.0 (0.7)
pDAS101 Prol 1,117.5 (223.4) 2,197.1 (77.9)
pDAS102 Prol ProA ND ND
pDAS103 Prol ProB ND ND
pDAS111 Pro2 15,478.9 (675.7) 10,899.2 (531.1)
pDAS112 Pro2 ProA <0.25 15.9 (1.2)
pDAS113 Pro2 ProB <0.25 5.7(0.1)
pDASI121 Pro3 9,119.0 (272.4) 9,575.1 (666.2)
pDAS122 Pro3 ProA 2.8 (0.1) 2,386.1 (504.8)
pDAS123 Pro3 ProB 2.0 (0.3) 213.1 (11.1)

¢ Overnight cultures were diluted 1:100 and grown to an optical density at 600 nm (ODy) of approximately 0.1 at 31°C. The cultures were then divided equally and
incubated at 31 or 42°C for 95 min prior to being assayed for B-Gal activity (ODg of approximately 0.6). The control strain carried a plasmid (pDAS100) containing
a promoterless lacZ gene. Values are for multiple cultures (n = 3) assayed in triplicate. A value of <0.25 indicates activity below the limits of detection for the assay.

ND, not determined.

electroporated without any loss in transformation efficiency
(34, 37). In our experiments, the relative transformation effi-
ciency was slightly lower for S. aureus than for E. faecalis and
E. faecium (data not shown).

Plasmid maintenance studies were performed to test the
stability of pDAS122 in S. aureus, pDAS113 in E. faecium, and
pDASI113 in E. faecalis. Cultures (in triplicate) harboring the
plasmids were grown overnight in selective (chloramphenicol)
liquid media and then plated on nonselective or selective solid
media. The percentages of chloramphenicol-resistant colonies
obtained for E. faecalis, E. faecium, and S. aureus were 89, 77,
and 61%, respectively. Therefore, strains carrying the reporter
constructs were always grown under selective pressure.

Analysis of -Gal activity from the temperature-sensitive
Cl-regulated promoters in E. coli. Since E. coli is the preferred
host for cloning and propagation of plasmids, it is important to
know whether the regulated promoter is efficiently repressed in
this host; this may be essential if, for example, the gene of
interest encodes a toxic protein. Therefore, to demonstrate the
functionality of the promoter system, 3-Gal activity was mea-
sured initially in E. coli. B-Gal activity was measured by using
three Cl-regulated promoters driving lacZ at the permissive
(31°C) and nonpermissive (42°C) temperatures. In the absence
of C1, the activities of all three promoters were high, with Pro2
and Pro3 producing approximately 5- to 10-fold more Miller
units than Prol (Table 2). This was most likely due to the
nucleotide change from G to the consensus T within the —10
hexamers in Pro2 and Pro3 (Fig. 1A). Pro2 and Pro3 exhibited
similar activities, indicating that the TG dinucleotide had little
effect on promoter strength in E. coli. In the presence of C1
and at low temperature, B-Gal activity was significantly re-
duced, indicating that C1 can efficiently repress transcription
from these promoters. In particular, the basal expression of
Pro2 was much lower than that of Pro3, which was probably a
reflection of the number of mismatches in the C1 operator sites
(one and five mismatches, respectively) and hence the ability to
more effectively repress transcription. Interestingly, the basal
expression of Pro2 was also lower than that of the control
vector, which contained a promoterless lacZ gene (pDAS100).
This may be explained by the observation that, in E. coli,
repressor-bound operators can prevent the formation of active
complexes between RNA polymerase and promoters and also

terminate ongoing transcription (5). It also suggests that the
terminators used in the plasmid construction were not 100%
effective, leading to some promoter readthrough from the plas-
mid backbone. Little difference was observed in the basal levels
of expression from the Cl-regulated promoters when C1 was
expressed from ProA or ProB, suggesting that adequate
amounts of C1 were produced from both constructs to effec-
tively repress transcription. At the nonpermissive temperature,
B-Gal activity from the Cl-regulated promoters significantly
increased, although levels were still below levels obtained in
the absence of C1 (Table 2). Nevertheless, the range of regu-
lation was similar to that for the bacteriophage P1-derived
Cl-regulated promoter system in E. coli described previously
(44).

Analysis of 3-Gal expression using the temperature-sensi-
tive Cl-regulated promoters in E. faecium, E. faecalis, and S.
aureus. The Cl-regulated promoters in E. faecium, E. faecalis,
and S. aureus were analyzed (Table 3). In the absence of Cl1,
the activity of Prol was low to undetectable; therefore, con-
structs containing this promoter were not examined further.
However, Pro2 expression was high, indicating that the 1-nu-
cleotide difference between Prol and Pro2, in contrast to what
was found for E. coli, was essential for activity in these species.
The addition of the TG dinucleotide (Pro3) further increased
the strength of the promoter. In the presence of Cl1 at the
permissive temperature, the basal activity of Pro2 was reduced
to the background level displayed by the control strain carrying
the promoterless lacZ construct. This indicated that the Pro2
promoter was completely repressed in the presence of C1. In
E. faecalis and S. aureus, the basal level of expression was
below the limits of detection when c1 was expressed from
either ProA or ProB. In E. faecium, however, basal activity was
slightly higher when ProB, instead of ProA, was used to drive
c1 expression, suggesting that the ability to repress transcrip-
tion was dependent on the levels of C1 expressed.

Basal expression exhibited by Pro3 was generally higher than
that exhibited by Pro2 and was more dependent on the pro-
moter driving c1 expression and, presumably, the concentra-
tion of repressor present. The higher basal expression may be
a reflection of the increased number of mismatches in the C1
operator sites compared to that for Pro2 (five compared to
one), leading to less-efficient binding of the C1 repressor (18).
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TABLE 3. Basal and induced activities from lacZ fusions to Cl-regulated promoters in E. faecium, E. faecalis, and S. aureus®

Promoter driving:

Avg activity in Miller units (=SD)

Species and

construct lacZ cl Basal (31°C) Induced (42°C)

E. faecium
pDAS100 1.3 (0.1) 0.6 (0.03)
pDAS101 Prol 1.7 (0.4) 1.4 (0.35)
pDAS102 Prol ProA ND ND
pDAS103 Prol ProB ND ND
pDASI111 Pro2 1,769.9 (89.6) 3,849.2 (131.6)
pDAS112 Pro2 ProA 1.8 (0.3) 1.6 (0.1)
pDAS113 Pro2 ProB 3.4(0.2) 640.3 (14.5)
pDASI121 Pro3 2,344.6 (165.1) 2,564.3 (387.7)
pDAS122 Pro3 ProA 227.6 (10.8) 699.0 (57.2)
pDAS123 Pro3 ProB 825.1 (16.3) 1,528.1 (65.4)

E. faecalis
pDAS100 <0.25 <0.25
pDAS101 Prol <0.25 <0.25
pDAS102 Prol ProA ND ND
pDAS103 Prol ProB ND ND
pDASI111 Pro2 1,139.1 (23.6) 3,068.3 (119.7)
pDAS112 Pro2 ProA <0.25 <0.25
pDAS113 Pro2 ProB <0.25 269.0 (49.5)
pDAS121 Pro3 2,332.4 (54.6) 4,860.7 (149.8)
pDAS122 Pro3 ProA 2.83(1.4) 1,181.2 (59.5)
pDAS123 Pro3 ProB 884.0 (145.4) 1,120.5 (29.1)

S. aureus
pDAS100 <0.25 <0.25
pDAS101 Prol <0.25 <0.25
pDAS102 Prol ProA ND ND
pDAS103 Prol ProB ND ND
pDASI111 Pro2 76.1(7.9) 183.4 (35.5)
pDAS112 Pro2 ProA <0.25 <0.25
pDAS113 Pro2 ProB <0.25 4.6 (0.74)
pDAS121 Pro3 129.5 (16.8) 257.8 (55.1)
pDAS122 Pro3 ProA <0.25 26.4 (5.8)
pDAS123 Pro3 ProB 54.6 (3.8) 138.4 (9.1)

“ Overnight cultures were diluted 1:100 and grown to an optical density at 600 nm (ODy) of approximately 0.1 at 31°C. The cultures were then divided equally and
incubated at 31 or 42°C for 120 min (E. faecium), 95 min (E. faecalis), or 75 min (S. aureus) prior to being assayed for B-Gal activity (ODg, of approximately 0.6).
The control strain carried a plasmid (pDAS100) containing a promoterless lacZ gene. Values are for multiple cultures (n = 3) assayed in triplicate. ND, not determined.

Moreover, since the Pro3 promoter was generally stronger
than the Pro2 promoter, the higher expression may also reflect
the increased ability of RNA polymerase to compete with the
repressor for binding to the unoccupied promoters. Neverthe-
less, low basal expression was still observed in S. aureus and E.
faecalis when c1 was expressed from the ProA promoter.
Under inducing conditions when either the Pro2 or Pro3
promoter was used, striking differences in the levels of induced
expression were achieved depending on whether ProA or ProB
was used to drive c1 expression and which species was tested
(Table 3). Induction was not observed when the Pro2 promoter
in combination with the ProA promoter was used for any of the
species (pDAS112). In contrast, high induced activity was ob-
tained when Pro2 in combination with ProB was used to drive
c1 expression in E. faecalis, E. faecium, and, to a lesser extent,
S. aureus. Using the Pro3 promoter in combination with ProA
to drive c1 expression (pDAS122) resulted in regulated expres-
sion in E. faecalis and S. aureus only, while using Pro3 in
combination with ProB (pDAS123) did not result in regulated
expression for any of the species due to the high basal expres-
sion. Therefore, use of only some of the constructs resulted in
regulated expression. Moreover, the results suggested that dif-

ferences in C1 expression correlated with the ability to achieve
derepression. Partial derepression when the repressor is in
excess has been demonstrated previously for regulated pro-
moter systems in gram-negative bacteria (33, 45). Indeed,
ProA might be expected to be more active than ProB, resulting
in higher levels of C1 expressed, since it contains more con-
served nucleotides. However, low levels of basal activity and
elevated induced expression were obtained in S. aureus and E.
faecalis by using the Pro3 promoter in combination with ProA
to drive c1 expression. This suggests that induced expression
depends on both the interaction between the repressor and
operator site and the amount of repressor present. C1 has also
been shown to be more thermally stable when tightly bound to
DNA than it is in its unbound form, which can be dissociated
only by further temperature increases (16). It should be noted
that induced expression was achieved in E. coli with these
constructs irrespective of the promoters utilized (Table 2).
Nevertheless, these results demonstrated that a temperature-
sensitive Cl-regulated promoter can be effectively repressed to
levels comparable to those for the control vectors yet yield high
levels of induced expression. Induction/repression ratios for E.
faecium, E. faecalis, and S. aureus were approximately 200, and
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FIG. 2. Time course analysis of cell growth at 31 and 42°C. Over-
night cultures were diluted 1:100 and grown at 31°C to early log phase.
The cultures (S. aureus [squares], E. faecalis [triangles], and E. faecium
[circles]) were then divided equally and incubated at 31°C (open sym-
bols) or 42°C (solid symbols). Cell growth was monitored spectropho-
tometrically by measuring optical density at 600 nm (ODg).

at least 1,000, and 100, respectively. Consequently, these data
represent the first heterologous regulated promoter system to
be described for E. faecium and reflect a range of regulation in
E. faecalis which is similar to those for the promoter systems
described for E. coli (15). The level of regulation achieved for
S. aureus is comparable, if not better, than those for previously
described promoter systems (25, 56). In addition, since differ-
ent combinations of promoters were evaluated, constructs can
be selected depending on whether tight basal or highly induced
expression is preferred.

However, note that the level of B-Gal activity detected var-
ied by species and was highest in E. coli, followed by E. fae-
cium, E. faecalis, and S. aureus. In particular, B-Gal activity was
low in S. aureus, which may be due to weak promoter activity,
inefficient translation of the lacZ message, or poor stability of
the LacZ protein. Alternatively, it may reflect inefficient per-
meabilization of the S. aureus cells and hence a lower sensitiv-
ity of the B-Gal assay. However, since the promoters were
designed on the basis of conserved elements from gram-posi-
tive species and since the relative lacZ message levels were
similar, it is likely that the low expression levels were due to
weak translation and/or detection rather than poor promoter
activity.

To investigate the growth characteristics of E. faecalis, E.
faecium, and S. aureus under the same conditions that were
used for the promoter analysis, cell growth was monitored
spectrophotometrically at 31 and 42°C (Fig. 2). When the cul-
ture temperature was changed from 31 to 42°C, cell growth
rates increased. The increase in growth rate may result in
differences in the levels of expression for the different con-
structs that are independent of the temperature-sensitive C1
repressor and hence the regulated promoter system. For ex-
ample, in the absence of the repressor, activities from the
promoter constructs (pDAS111 and pDAS121) would be ex-
pected to be similar at both temperatures. However, except for
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FIG. 3. Slot blot analysis of lacZ expression in E. faecium, E. fae-
calis, and S. aureus. Overnight cultures were diluted 1:100 and grown
to an optical density at 600 nm of approximately 0.1. Cultures were
then divided equally and incubated at 31 or 42°C for 120, 95, and 75
min, respectively. Cultures carried either a promoterless lacZ construct
(pDAS100; lane 1); a reporter construct lacking the c1 repressor
(pDASI111 for E. faecium and E. faecalis and pDAS121 for S. aureus;
lane 2), or a Cl-regulated reporter construct (pDAS113 for E. faecium
and E. faecalis and pDAS122 for S. aureus; lane 3). RNA was extracted
from the cultures, blotted onto the membrane, and hybridized to either
a lacZ or 16S rRNA complementary oligonucleotide probe.

pDASI121 in E. faecium, the activities were approximately two-
fold higher at 42°C than at 31°C (Table 3). It is reasonable to
speculate that these differences can be attributed to the in-
creased growth rate at 42°C; although Miller units (B-Gal ac-
tivity) account for the number of cells assayed, they do not take
into consideration the growth rates of the different species.
Therefore, the actual level of induced expression and hence
the range of regulation may be slightly lower than the reported
values.

Transcriptional regulation of lacZ expression. To analyze
the regulation of lacZ expression at the transcriptional level,
slot blot analysis was performed (32). Since promoters were
located in both orientations in the plasmid, hybridizations were
performed with an oligonucleotide complementary to lacZ as a
probe. RNA was prepared from cultures carrying (i) promot-
erless lacZ control constructs, (ii) reporter constructs lacking
the c1 repressor, and (iii) reporter constructs under repressed
and derepressed conditions (Fig. 3). The blots were also hy-
bridized with a complementary oligonucleotide homologous to
a conserved region of 16S rRNA to verify equal loading of the
RNA. Levels of lacZ expression from the promoterless lacZ
control constructs and the constructs lacking c1 were low and
high, respectively, as expected (Fig. 3). Furthermore, the levels
of lacZ transcripts produced from the control vectors and re-
porter constructs under repressed conditions were similar, in-
dicating that C1 can efficiently repress transcription. In con-
trast, at elevated temperatures, lacZ expression from the
reporter constructs was significantly increased. The results are
therefore in agreement with enzymatic assays and confirmed
that the regulation of lacZ expression occurred primarily at the
level of transcription.

Modulation of B-Gal activity in E. faecium, E. faecalis, and S.
aureus. The ability to obtain different levels of expression by
partial induction of the promoter is an important feature of a
controlled expression system. Therefore, to assess the ability to
modulate the temperature-sensitive Cl-regulated promoter
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FIG. 4. Modulation of expression from the temperature-sensitive
Cl-regulated promoter in S. aureus (@), E. faecium (O), and E. faecalis
(A). Overnight cultures carrying the reporter construct were diluted
1:100 and grown at 31°C. The culture was then divided equally and
incubated for 75 (S. aureus), 120 (E. faecium), or 95 min (E. faecalis)
at the designated temperatures prior to assaying for B-Gal activity
(optical density at 600 nm at the time of harvesting, approximately 0.6).
Values (*+ standard deviations) are averages of triplicate cultures
assayed in triplicate. The reporter constructs used for S. aureus, E.
faecalis, and E. faecium were pDAS122, pDAS122, and pDAS113,
respectively.

system in E. faecium, E. faecalis, and S. aureus, B-Gal activity
was measured at different temperatures. The results indicated
that, by varying temperature, it was possible to modulate ex-
pression (Fig. 4). However, the degree to which the promoter
could be modulated was dependent on the host. For example,
in E. faecalis there was a steady increase in 3-Gal activity as the
temperature increased. In contrast, the level of B-Gal ex-
pressed in E. faecium remained relatively unchanged until
39°C. For all three species, maximal induction was achieved at
the highest temperature tested (42°C), which is in agreement
with previous results indicating C1 instability at 42°C and
above (16). Since enterococci can tolerate temperatures of
45°C (23), higher induced activities may be observed by a
further increase in temperature.

To examine the kinetics of induction, the cultures were
grown at low temperature and then induced at the elevated
temperatures. At the times indicated in Fig. 5, cultures were
harvested and B-Gal activity was measured. The kinetics of
induction for E. faecium, E. faecalis, and S. aureus were similar
and indicated that the temperature-sensitive Cl-regulated pro-
moter has a fast rate of induction. In addition, the results
indicated that incubation under inducing conditions need only
be maintained for 80 min to achieve maximal induction (Fig.
5).

In conclusion, we have demonstrated that the bacteriophage
P1 temperature-sensitive C1 repressor can be used to control
gene expression in clinically relevant gram-positive bacteria.
For all three species investigated, the promoters were shown to
be tightly repressed, an essential characteristic of a regulated
promoter system. In E. faecalis, the level of regulation was
1,000-fold, bringing a level of efficiency comparable to those
for promoter systems currently used in gram-negative bacteria.
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FIG. 5. Time course analysis of temperature induction of lacZ ex-
pression in S. aureus (@), E. faecium (O), and E. faecalis (A). Overnight
cultures carrying the reporter constructs were diluted 1:100 and grown
at 31°C to early log phase. Aliquots of the culture were then incubated
at 42°C for the indicated times prior to harvesting for B-Gal activity
(optical density at 600 nm was approximately 0.6). Values reported (*
standard deviations) are averages of duplicate cultures assayed in
triplicate. The reporter constructs used for S. aureus, E. faecalis, and E.
faecium were pDAS122, pDAS122, and pDAS113, respectively.

Furthermore, significant regulation was obtained in E. faecium,
a species for which no heterologous regulated promoter sys-
tems have been described.

The Cl-regulated promoters and promoters driving c1 ex-
pression were designed based on conserved gram-positive spe-
cies promoter elements and therefore should be active in a
wide variety of bacteria. The vectors were also constructed in a
broad-host-range vector capable of replication in gram-posi-
tive species as well as enteric gram-negative species. Tight
basal expression and controlled induction with the same re-
porter plasmid were demonstrated in both E. coli and gram-
positive species; these are features that may have many appli-
cations. Furthermore, as temperature is the inducer, the
promoter system is not dependent on exogenously supplied
inducers. For these reasons, we expect the temperature-sensi-
tive regulated promoter system to be useful for genetic studies
of both pathogenic gram-negative and gram-positive species.
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