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Expression of conjugative transfer and virulence functions of the Enterococcus faecalis antibiotic resistance plasmid pCF10 is
regulated by the interaction of the pheromone receptor protein PrgX with two DNA binding operator sites (XBS1 and XBS2)
upstream from the transcription start site of the prgQ operon (encoding the pCF10 transfer machinery) and by posttranscrip-
tional mechanisms. Occupancy of both binding sites by PrgX dimers results in repression of the prgQ promoter. Structural and
genetic studies suggest that the peptide pheromone cCF10 functions by binding to PrgX and altering its oligomerization state,
resulting in reduced occupancy of XBSs and increased prgQ transcription. The DNA binding activity of PrgX has additional indi-
rect regulatory effects on prgQ transcript levels related to the position of the convergently transcribed prgX operon. This has
complicated interpretation of previous analyses of the control of prgQ expression by PrgX. We report here the results of in vivo
and in vitro experiments examining the direct effects of PrgX on transcription from the prgQ promoter, as well as quantitative
correlation between the concentrations of XBSs, PrgX protein, and prgQ promoter activity in vivo. The results of electrophoretic
mobility shift assays and quantitative analysis of prgQ transcription in vitro and in vivo support the predicted roles of the PrgX
DNA binding sites in prgQ transcription regulation. The results also suggest the existence of other factors that impede PrgX re-
pression or enhance its antagonism by cCF10 in vivo.

Expression of genes required for conjugative transfer of Entero-
coccus faecalis plasmid pCF10 is controlled by cell-cell signal-

ing. The plasmid encodes a sensing system to increase expression
of the prgQ operon, which encodes the transfer machinery, in
response to the peptide mating pheromone cCF10 (LVTLVFV)
(16). cCF10 is excreted into the growth medium by plasmid-free
E. faecalis cells that can serve as conjugative recipients for pCF10
transfer. Since cCF10 production is chromosomally encoded,
pCF10 carries genes whose products block self-induction of donor
cells by endogenous pheromone. These include prgY, whose pro-
tein product reduces pheromone production by the host cell (7),
and prgQ, which encodes a 22-amino-acid polypeptide that is pro-
cessed to an exported 7-amino-acid inhibitor peptide, iCF10 (AI
TLIFI) (25). The iCF10 peptide can be imported into donor cells,
where it competitively inhibits binding of cCF10 and serves to
neutralize any residual endogenous pheromone that escapes PrgY
inhibition. For further review of pheromone peptide signaling in
E. faecalis, see references 16 and 13.

Recent studies have implicated the prgQ promoter as the reg-
ulatory target for pheromone signaling in the pCF10 system, as
illustrated in Fig. 1A. In the present model, transcription from the
prgQ promoter PQ is repressed by PrgX. PrgX dimers bind specif-
ically to two “operator” DNA binding sites (XBS1 and XBS2) in
the intergenic region between prgX and prgQ (3). The lower-affin-
ity XBS2 site overlaps PQ, and PrgX occupancy of XBS2 is pro-
posed to inhibit transcription by steric hindrance of RNA poly-
merase (RNAP) binding to PQ. While XBS2 can be bound by a
PrgX dimer in the absence of XBS1, our data (3) suggest that the
affinity of the PrgX-XBS2 binary interaction is so low that it would
not allow PrgX to compete effectively with RNA polymerase for
binding to this region of pCF10 and repress prgQ transcription
initiation. Genetic and structural data (19, 20, 27) suggest that
protein-protein interactions between pairs of PrgX dimers bound
to the XBSs and the resulting DNA loop formation may favor a

repressing structure (state iv) shown in Fig. 1A. Both iCF10 and
cCF10 bind to the same region of PrgX, and binding of either
peptide has no direct effects on the structure of the DNA binding
domain. Instead, the peptides have different effects on the struc-
ture of the C terminus of PrgX that cause opposing changes on the
PrgX oligomerization state. It has been suggested that the repress-
ing tetramer structure is enhanced by iCF10 binding, while cCF10
binding is predicted to favor conversion of tetramers to dimers
and ultimately reduce PQ repression (20, 27).

In the absence of pheromone, PrgX repression of prgQ operon
transcription is incomplete, allowing for a basal level of expression
of an �380-nucleotide (nt) RNA (Qs) whose 5= segment encodes
iCF10; induced cells contain increased levels of Qs, and longer
transcripts that encode the conjugative transfer machinery (5, 9).
The mRNA from which PrgX is translated is transcribed from a
promoter (PX) located about 250 bp downstream of the prgQ tran-
scription start site, but on the opposite strand: the first �100 nt of
this countertranscript are processed into a stable small RNA that
affects termination of nascent prgQ transcripts (4, 18, 28). Our
cumulative results suggest that three important regulatory circuits
act in this system: (i) repression of the prgQ promoter PQ by PrgX,
(ii) RNA-RNA interactions between nascent and mature tran-
scripts from the two opposing promoters, and (iii) interference
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resulting from collisions between opposing transcription com-
plexes from the two promoters. Recently published mathematical
modeling and quantitative analyses of the effects of each of these
regulatory mechanisms on prgQ and prgX transcript levels suggest
that they are all required for the system to function as a robust
biological switch (8). Validation of this model requires accurate
determination of the relative importance of each of these mecha-
nisms in control of the system, necessitating development of ex-
perimental approaches to study each mechanism in the absence of
the others. This has been particularly challenging in the case of
control of prgQ promoter activity by PrgX, the mechanism that is
directly impacted by the signaling peptides.

Problems with PrgX stability and with the solubility of both
PrgX and the peptides in aqueous solutions, as well as nonspecific
binding of all of these molecules to inert surfaces such as affinity

matrices and dialysis membranes, have interfered with attempts to
use biochemical approaches to confirm the features of the model
for PrgX control of PQ. Furthermore, in vivo analyses of prgQ
expression and its control by PrgX have been complicated by the
fact that PrgX has a positive autoregulatory effect on expression of
its own transcript (1, 19) and by the fact that prgQ expression is
also controlled posttranscriptionally (18, 28). The purpose of the
studies reported here was to determine quantitatively how PrgX
occupancy of XBS1 and XBS2 affects prgQ transcription directly in
the absence of other regulatory circuits. Since PrgX repression of
PQ is the only regulatory mechanism directly controlled by phero-
mone binding, addressing this question is critical. We used elec-
trophoretic mobility shift assays (EMSAs) to examine the interac-
tions of PrgX with DNA probes containing various combinations
of wild-type and mutated XBSs and compared these results with

FIG 1 Regulatory circuits controlling the initiation of the E. faecalis pheromone response in the pCF10 system. (A) Potential states of occupancy of the PrgX
DNA binding sites (XBSs) in the prgQ promoter region. (i) No PrgX present and maximum expression of prgQ. (ii) For a DNA target containing both binding
sites, at low PrgX concentrations, dimers bind first to the higher-affinity site (�100� higher than the affinity of PrgX for XBS2) XBS1, but occupancy of this site
has no direct effect on PQ. (iiia) Occupancy of both XBSs is predicted to reduce prgQ transcription by steric hindrance of RNA polymerase binding, but affinity
for XBS2 is �1/100th that of the affinity for XBS1 (3). (iiib) Since PrgX tetramers have been observed in crystals (20, 27), it is theoretically possible to have XBS1
bound by a tetramer. (iv) Protein-protein interactions between pairs of PrgX dimers bound to the two XBSs results in a DNA loop that increases the stability of
the repressing complex. Data presented in this paper and elsewhere (3) suggest that the affinity of the PrgX dimer for XBS2 is sufficiently low in the absence of
DNA looping, that conversion between states ii and iv occurs rapidly, and states iiia and iiib, or a structure where only XBS2 is bound, probably do not exist at
sufficient levels to be biologically important. Pheromone (cCF10) and inhibitor (iCF10) peptides do not directly alter the DNA binding regions of PrgX; instead
they appear to affect the PrgX oligomerization state, with iCF10 predicted to drive the system toward state iv, with cCF10 having the opposite effect (20, 27). (B)
Linear templates for in vitro transcription. The positions of the ends of the templates relative to the “�1” nucleotide of prgQ mRNA are indicated along with the
locations of the XBSs and PQ regions. The long template (LT) contains both XBSs, whereas the short template (ST) contains only XBS2. The runoff transcript in
both cases is 114 nt. (C) Sequences of the XBS regions of pCF10. Mutations used in this study are shown in boldface, and the sequence coordinates relative to the
experimentally determined “�1” nucleotide of the prgQ transcript are indicated. WT, wild type.
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analyses of prgQ transcription from the same templates using run-
off in vitro transcription (IVT) assays. We also examined direct
effects of PrgX on prgQ transcription in vivo using Northern blot
analysis of mRNA from E. faecalis strains carrying plasmids con-
taining the DNA templates used for in vitro studies. For the in vivo
studies, PrgX was provided in trans from a constitutively ex-
pressed prgX allele integrated into the chromosome to eliminate
complicating effects of PrgX autoregulation.

MATERIALS AND METHODS
Strains, plasmids, and growth media. The bacterial strains used in this
study are listed in Table 1. E. faecalis strains OG1Sp (21) and 100-5 (14)
were used for Northern analyses and for determination of intracellular
PrgX concentrations and plasmid copy number. Strains were grown at
37°C in M9-YE (12) or on Todd-Hewitt agar plates supplemented with
antibiotics at the following concentrations: chloramphenicol, 20 �g/ml;
tetracycline, 10 �g/ml; spectinomycin,1,000 �g/ml; and fusidic acid, 25
�g/ml. Escherichia coli strain DH5� (Gibco, BRL) was used for plasmid
propagation in Luria broth (LB) supplemented with antibiotics at the
following concentrations: chloramphenicol, 20 �g/ml; erythromycin, 10
�g/ml. X-Gal (5-bromo-4 chloro-3indolyl-�-D-galactopyranoside) was
used at a concentration of 40 �g/ml (Gold Biotechnology). Synthetic
cCF10 was purchased from New England Peptides. The plasmids used in
this study are listed in Table 1.

Generation of templates for in vitro and in vivo transcription exper-
iments. (i) Linear templates. Linear long templates (LTs) (including
pCF10 nt 8014 to 8290, i.e., 	163 to �114 relative to the prgQ transcrip-
tion start site) and short template (ST) (pCF10 nt from 8109 to 8290; 	66

to �114 relative to the prgQ transcription initiation site) were generated
by PCR using plasmid templates containing the prgX/prgQ region of
pCF10 and primers complementary to the ends of the pCF10 sequences to
be amplified. Binding site mutations (Fig. 1) were generated using overlap
extension PCR. All templates generated were sequenced to confirm that
no additional mutations were introduced during PCR amplification.

(ii) Plasmid templates. The prgX terminator (pCF10 nt 6998 to 7049;
accession no. AY855841) was PCR amplified and was introduced into
pGEM-T Easy after the addition of 3=-dATP using Taq polymerase (NEB)
to yield pGEMTerm8. This construct was digested with PstI and XhoI, and
the 100-bp prgX terminator fragment was cloned into the same sites of
pCI3340 (17), generating pCI3340Term3. In order to remove an addi-
tional EcoRI site that was introduced upstream of the terminator frag-
ment, pCI3340Term3 was digested with NotI and SpeI and the ends were
filled in with DNA polymerase I, treated with Klenow fragment (NEB),
and self-ligated, to yield pDM1. DNA segments corresponding to the lin-
ear templates described above were then inserted adjacent to the termina-
tor segment after each of the templates were cloned into pGEM-T Easy,
digested with EcoRI, gel purified, and cloned into the same site in pDM1
to generate pDM1.1 to pDM1.8, corresponding to binding site mutations
in (Fig. 1). The resulting plasmids were sequenced to confirm that they
contained the desired inserts for analysis of prgQ transcription.

Construction of an E. faecalis strain carrying an rpoC allele with a
10-His tag. We amplified �1-kb segments of genomic DNA extending in
both directions from the 3= end of the rpoC gene (EF3237) using partially
overlapping outward-reading primers containing restriction enzyme
cleavage sites at their ends. These primers were engineered to add an
in-frame 10-His tag to the 3= end of rpoC and also contained BsaI sites.
Following amplification, we digested the products of the initial PCRs with
BsaI and ligated them into pGEM-T Easy and then recloned the insert
from pGEM-T Easy into pCJK47 digested with XbaI and XmaI. This plas-
mid was then used to exchange the tagged allele for the wild-type allele in
strain OG1F, which was made by selecting for spontaneous mutants on
Todd-Hewitt broth (THB) plates containing 50 �g/ml fusidic acid. The
resulting strain was designated DM105. The correct DNA sequences of the
cloned DNA in the integration vector as well as the sequence of the EF3237
region of OG1F was confirmed experimentally. His-tagged purification of
E. faecalis RNA polymerase purification was similar to that of B. subtilis
RNA polymerase (RNAP) (26). Overnight cultures of DM105 were di-
luted 1:100 in 750 ml M9-yeast extract Casamino Acids (M9-YE CAA)
and grown to an optical density at 600 nm (OD600) of �1.4. Cell pellets
were resuspended in 10 ml lysozyme buffer (10 mM Tris [pH 8.0], 50 mM
NaCl, 25% sucrose, 30 mg/ml lysozyme [Sigma], 250 U mutanolysin
[Sigma]) for 20 min at 37°C. Cells were pelleted at 4°C and resuspended in
15 ml ice-cold yeast protein extraction reagent (Y-PER; Thermo Scien-
tific) containing sonication buffer (SB) (50 mM Tris [pH 7.8], 300 mM
NaCl, 5 mM MgCl2, 20% glycerol). We then added 1.0 ml Complete Mini,
EDTA-free protease inhibitor tablet (Roche) dissolved in SB and soni-
cated. Sonicated cells were immediately pelleted at 13,000 rpm for 20 min
at 4°C. We transferred the cleared lystate at 4°C to 1.5 ml of Ni-nitrilotri-
acetic acid (NTA) His bind resin (EMD) equilibrated with 3 volumes of
SB. The column was washed with SB (8 volumes) and SB containing 60
mM imidazole (8 volumes). RNAP was eluted with 3.0 ml of 400 mM
imidazole in SB (0.250 ml � 12). We collected two 0.5-ml fractions (frac-
tions 1 and 2), four 0.250-ml fractions (fractions 3 to 6), and two 0.5-ml
fractions (fractions 7 and 8). The column was capped and incubated 5 min
before collection of fractions 2 and 3 and 2 min before collection of frac-
tion 4. We added an equal volume of 60% glycerol to fractions 1, 7, and 8
and incubated the mixture at 	20°C. Fractions 2 through 6 were dialyzed
using Slide-A-Lyzer minidialysis devices, with a 3,5000-molecular-weight
cutoff (MWCO) (Thermo Scientific) in 300 ml 2� storage buffer (20 mM
Tris [pH 8.0], 20 mM MgCl2, 2 mM EDTA, 200 mM KCl, 20% glycerol)
for 1 h (3 times) at 4°C. We stored dialyzed RNAP in an equal volume of
60% glycerol at 	20°C.

TABLE 1 Bacterial strains and plasmids used in this studya

Strain or
plasmid Relevant feature(s)

Source or
reference

Strains
E. coli DH5� Cloning host Lab stock

E. faecalis
OG1Sp Spr 21
100-5 Spr; carries chromosomal copy of prgX 14
DM105 Fusr; rpoC::His allele This study

B. subtilis rpoC::His 26

Plasmids
pGEM-T Easy Crbr; TA cloning vector Promega
pCF10 Tcr; cCF10 conjugative plasmid 12
pCI3340 Camr; vector used for all plasmids below 17
pBK1 Camr

pBK2 Camr

pDM1 pCI3340 with prgX terminator This study
pDM1.1 pDM1 carrying LT 	163 to �114 This study
pDM1.2 pDM1 carrying LT with B1m1 mutation This study
pDM1.3 pDM1 carrying LT with B1m2 mutation This study
pDM1.4 pDM1 carrying LT with B2m1 mutation This study
pDM1.5 pDM1 carrying LT with B2m2 mutation This study
pDM1.6 pDM1 carrying LT with B1m1 and

B2m1 mutations
This study

pDM1.7 pDM1 carrying ST 	68 to �114 This study
pDM1.8 pDM1 carrying ST with B2m1 mutation This study

a The pDM1.1 to -1.8 plasmids contain cloned pCF10-derived DNA fragments that
were also used as templates for in vitro transcription. The sequences of the PrgX
binding sites, as well as those of the B1 and B2 mutations analyzed in these studies, are
shown in Fig. 1C.
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EMSAs. DNA templates containing both binding sites or mutations to
one or both binding sites and the PCR products from the reactions de-
scribed above were purified, and the 3= end was labeled with digoxigenin
(DIG [DIG-11-ddUTP]) according to the DIG gel shift kit instructions
(Roche). EMSAs were performed using the DIG gel shift kit according to
the manufacturer’s instructions. Labeled probe (2.5 nM final concentra-
tion) was mixed with purified histidine-tagged PrgX (His-PrgX) at final
concentrations of 0, 10, and 125 nM protein, and the reaction mixture was
incubated at room temperature for 15 min. DNA/protein complexes were
separated using 5% polyacrylamide gels containing 1� Tris-borate-
EDTA (TBE; pH 7.9) at room temperature for 2 h at 140 V and transferred
to nylon membranes (Roche) using the Genie electrophoretic blotter
(Idea Scientific). DIG-labeled DNA was detected according to the immu-
nological detection protocol provided by the manufacturer, using anti-
DIG Fab fragments and CDP-STAR chemiluminescent substrate.

Qualitative and quantitative Western blot analysis. Purified His-
PrgX and cell lysates were subjected to denaturing electrophoresis on 12%
polyacrylamide gels (SDS-PAGE) and transferred onto 0.2 �M nitrocellulose
membrane (S&S) using Towbin buffer at 90 V for 70 min at 4°C. PrgX was
detected by using the His-PrgX polyclonal antibody (1) at a dilution of 1:1,500
and horseradish peroxidase (HRP)-goat anti-rabbit IgG (Zymed) at 1:5,000.
Detection was performed using SuperSignal West Pico chemiluminescent
substrate according to the manufacturer’s (Thermo Scientific) instructions.
PrgX concentrations from the chemiluminescent autoradiographs were de-
termined for the cell lysates from the smooth cubic spline standard curves
(r � 0.97), generated by the Spot Densitometry software on the AlphaImager
2200 (Alpha Innotech, Inc.). The intensities of immunoreactive PrgX bands
from lysates were compared to those from standardization lanes containing
30, 20, 10, and 5 ng of purified His-PrgX. For each strain, cell lysates were
isolated at least three times and the concentration was determined 4 times or
more.

Plasmid copy number determination. We used quantitative PCR
(qPCR) to quantify plasmid copy number by comparing the amount of
amplified product generated from genomic DNA from strain 100-5 (with
a prgX gene in the chromosome) to that from isogenic strains carrying
various plasmids containing the same prgX gene as described by Cook et
al. (11). Cells were grown overnight (16 h) in M9-YE at 37°C with antibi-
otics. The next day, they were diluted 1:10 in fresh M9-YE with antibiotics
and grown for 2.5 h at 37°C. For real-time qPCR, DNA was isolated from
100-5, OG1Sp(pCF10), OG1Sp(pBK2), and OG1Sp using the DNeasy
blood and tissue kit according to the Gram-positive isolation procedure
(Qiagen). DNA was digested completely with EcoRI (New England Bio-
Labs) and precipitated prior to quantification of the concentration using
the Quant-iT PicoGreen double-stranded DNA (dsDNA) kit (Invitro-
gen). Fluorescence of triplicate DNA samples was read on a Modulus
Microplate reader (Turner Biosystems) using optical kit blue (excitation,
490 nm; emission, 510 to 570 nm).

Analysis of transcription in vivo by RT-PCR. We used previously
published primers to quantify levels of prgX (11) and gyrB (6) mRNA. Real-
time qPCR amplification and analysis were performed using the iQ5 cycler
(Bio-Rad) with Optical System software version 2.0 (Bio-Rad) as described by
Cook et al. (11). The real-time qPCRs were prepared using the Bio-Rad DNA
Master SYBR green kit (Bio-Rad). Ten-fold serial dilutions of 100-5 were used
to generate standard curves for prgX (pCF10 nt 7687 to 7874) and gyrB rang-
ing from 3.3 � 10	7 to 3.3 � 10	3 copies/�l and the no-template control.
Each reaction was run in triplicate, and the mixtures contained target samples
OG1Sp(pBK2), OG1Sp(pCF10), and OG1Sp; serial dilutions ranged from 10
to 1.0, 0.1, and 0.01 ng. The range of slopes for the qPCR assays was from	3.7
to 	3.9 (�80% efficiency), and linearity (r2) values were all �0.99. A melting
curve was run to confirm that a single PCR product was amplified and sam-
ples were also analyzed on 2% agarose gel to confirm size.

Analysis of transcription in vivo by Northern blotting. Cells were
grown overnight in M9-YE, diluted 1:10 in fresh medium, and allowed to
grow for 2 to 2.5 h. RNAprotect bacterial reagent (Qiagen) was added to
stabilize RNA before cell pellets were frozen at 	80°. Prior to RNA isola-

tion using the RNeasy RNA kit (Qiagen), cells were treated with 30 mg/ml
lysozyme (Sigma) and 500 U/ml mutanolysin (Sigma) in 10 mM Tris HCl
(pH 8.0)–1 mM EDTA (pH 8.0) for 15 min at 37°C. RNA samples were
separated on 5% Criterion TBE-urea gels (Bio-Rad) and transferred to
positively charged nylon membranes (Roche) using a Trans-Blot SD
semidry electrophoretic transfer cell (Bio-Rad) at 395 mA 20 V for 15 min.
The blots were probed with DIG-labeled anti-prgQ �1 to �110 probe,
which was generated by in vitro transcription with SP6 RNA polymerase
(Promega) according to the DIG RNA labeling kit (Roche). CDP-Star
chemiluminescent substrate (Roche) was used for detection of RNA. Syn-
thetic DIG-anti-5S oligonucleotide was purchased from Integrated DNA
Technologies. AlphaImager 2200 software was also used for quantitative
densitometric analysis of relative levels of in vivo prgQ transcripts in the
Northern blots from the same templates in isogenic strains differing only
in expression of PrgX; we used quantitative densitometry, and normalized
loading by also quantifying relative levels of 5S RNA in different lanes. For
each template, analysis of at least 3 independent cultures was carried out.

Runoff in vitro transcription assays. To examine effects of PrgX
binding on transcription from the prgQ promoter in vitro, we employed
runoff transcription assays in 35-�l volumes with the linear, double-
stranded DNA templates described above containing the prgQ promoter
and various combinations of wild-type and mutated XBSs. For most as-
says, we used B. subtilis RNA polymerase purified by NTA-Ni2� affinity
chromatography (26) and reaction conditions essentially identical to
those described previously (23, 29). The significant differences in the pro-
cedures used here included the substitution of the dinucleotide ApU
(matching the first 2 bases of prgQ mRNA) as opposed to the ApC dinu-
cleotide previously employed for transcription from the glyQS promoter.
The storage buffer required to keep purified His-PrgX in concentrated
solutions contains HEPES, LiCl, �-mercaptoethanol, EDTA, and Triton
X-100 (3); to control for potential inhibitory effects of this buffer, each
reaction mixture contained a 1/35 dilution of the PrgX storage buffer. For
each reaction, all components of the IVT reaction mixture except the RNA
polymerase were mixed at room temperature to allow for PrgX binding to
template DNA. A 1-�l aliquot of RNA polymerase was then added to start
the IVT reaction; each reaction was allowed to proceed for 15 min, before
it was stopped by phenol-chloroform extraction, and the labeled RNA
products were analyzed by denaturing polyacrylamide gel electrophoresis
as previously described (23, 29). Nonlinear regression analysis was used to
determine the concentration required for half-maximal termination
(Graphpad Prism version 4.00 for Windows; Graphpad Software).

RESULTS
Effects of mutations in prgQ operator sequences on PrgX bind-
ing to IVT templates. Our previous studies employed electropho-
retic mobility shift assays (EMSAs) and DNase footprinting to
identify the two XBSs and site-directed mutations to confirm the
importance of specific nucleotides in the binding interactions (3).
In order to determine the direct effects of PrgX occupancy of XBSs
on prgQ transcription, we prepared linear, double-stranded DNA
templates carrying either both XBSs (LT) (Fig. 1A) or only the
secondary XBS (ST). Both templates contained the functional
wild-type PQ and were predicted to generate identical 114-nt run-
off mRNA products when transcribed (Fig. 1B). In addition to
the templates carrying wild-type XBSs, we generated deriva-
tives of LT and ST containing selected mutations in one or both
XBSs (Fig. 1C).

We initially used EMSAs to ensure that XBS mutations had the
expected effects on PrgX binding in vitro to the same DNA tem-
plates used for IVT studies. (The DNA fragments used in previ-
ously published studies [3] contained the same XBS regions but
were different in size from the LT and ST). The PrgX-mediated
shift in the electrophoretic mobility of the LT probe is shown in
Fig. 2A. At PrgX concentrations in the range of 5 to 25 nM, a
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prominent shifted band (I) that is likely to represent the probe
with one PrgX dimer bound to XBS1 (corresponding to state ii in
Fig. 1A) was clearly evident. As the PrgX concentration was in-
creased, a “supershifted” band (II) became more apparent. The
supershifted band probably represents a probe molecule with two
sets of PrgX dimers bound and in which the DNA has formed a
loop via protein-protein interactions between the bound dimers
(state iv in Fig. 1A). We believe that unlooped complexes in which
both binding sites are occupied (state iiia in Fig. 1A) or in which a
PrgX tetramer is bound to the primary binding site (state iiib in
Fig. 1A), would be much less stable and would be unlikely to
contribute significantly to the shifted probe bands seen in the
assays; this is supported by the lack of larger shifted species with
intensities more than 5% those of bands I and II in any reactions.

We also compared PrgX binding to the wild-type LT probe to
that of probes with XBS mutations. The electrophoretic mobility
of these probes was determined (i) in the absence of PrgX; (ii) at a
concentration (10 nM), where about half of the wild-type LT
probe XBS1 was shifted; and (iii) at 125 nM, where all of the LT
probe was shifted. As seen in Fig. 2B, the B1m1 mutation had only
a minor effect on PrgX binding to LT, with a slightly lower ratio of
shifted/supershifted probe at both PrgX concentrations (lanes 4 to
6), while the B1m2 mutation (lanes 7 to 9) had a stronger impact
on the occupancy of XBS1, as indicated by the relative ratios of I to
unshifted and band I to II at 10 nM PrgX; however, at 125 nM
PrgX, the majority of the probe was in the band II form, similar to
the pattern observed with the wild-type LT probe. Neither muta-
tion in XBS2 (lanes 10 to 15) affected the transition from unshifted
to band I, but substantially inhibited the supershift, consistent
with a minimal impact of the mutations on PrgX binding to XBS1,
but a substantial reduction in the conformation where both sites
are bound due to decreased affinity for XBS2. Mutation of both
XBSs (Fig. 2B, lanes 16 to 18) resulted in decreases in the propor-
tion of both shifted and supershifted probes, with the largest im-
pact on the supershift, consistent with the results obtained with
probes containing single XBS mutations. When the interaction of
PrgX with an ST probe was examined (Fig. 2C), we found only a
shifted species representing occupancy of XBS2 by a PrgX dimer,
as expected, and this shift was reduced by the B2m1 mutation.
(Note the differences in the relative amounts of band I between
lanes 2 and 5 and the differences in the relative amounts of un-
shifted probe between lanes 3 and 6.) At 125 nM PrgX, we ob-
served a reproducible smear of shifted material migrating more
slowly than band I with both the ST and ST:B2m1 probes (Fig.
2C); this material might represent an unstable complex in which a
PrgX tetramer was bound to XBS2 via one dimer pair.

Effects of PrgX on transcription of prgQ in vitro. We next
examined effects of PrgX on prgQ transcription in runoff IVT
assays using purified B. subtilis RNA polymerase. Some of our IVT
experiments included a reaction in which a linear double-
stranded template of B. subtilis DNA was used that contained the
well-characterized glyQS promoter (15) and produced a 119-nt
runoff product; as expected, addition of PrgX to IVT reactions
using this template did not inhibit transcription significantly (not
shown). To ensure that inhibitory effects were due to PrgX itself
rather than the storage buffer, we developed a protocol (Materials
and Methods) that incorporates an equivalent dilution of PrgX
buffer in all reactions, including the positive-control reaction
mixture containing no PrgX. One microliter of the appropriate
PrgX dilution was added to reaction tubes containing the DNA
template, and a mixture containing the RNA polymerase and the
other components of the reaction was then added to start tran-
scription. Analysis of runoff transcripts produced in vitro from a
typical experiment examining the effects of PrgX on transcription
from the PQ promoter in the LT is shown in Fig. 3. In the absence
of PrgX, an abundant runoff product of the expected size was
produced, demonstrating the promoter activity of this template
with B. subtiilis polymerase. PrgX reduced the amount of prgQ
transcript in a dose-dependent fashion. Inhibition was observed at
PrgX concentrations in the 10 nM range, and 50 nM PrgX resulted
in 60 to 70% inhibition. Assuming that repression requires occu-
pancy of both binding sites by PrgX dimers, the molar ratios of
protein to binding sites were in the range of 1:1 at the low end of
the inhibition curves and about 25:1 at the upper end. We carried

FIG 2 Binding of purified PrgX to pCF10 DNA templates as determined by
electrophoretic mobility shift assay (EMSA). Binding reaction mixtures con-
tained 2.5 nM digoxigenin-labeled DNA probes and various PrgX concentra-
tions. In all three gels shown, “U” indicates the position of the unbound probe,
“I” represents a shifted complex, and “II” represents a supershifted complex.
Band I probably represents a PrgX dimer bound to XBS1, whereas band II
represents a looped probe molecule with both XBSs occupied by a dimer. (A)
Binding of PrgX to wild-type LT. Concentrations of PrgX (nM) are indicated
below the respective lanes. (B) Binding of PrgX to LT derivatives with XBS
mutations (indicated below the lanes). For each DNA, the mobility shifts were
determined at PrgX concentrations of 0, 10, and 125 nM (indicated by the
triangles above each set of 3 lanes run with the same DNA probe), since these
produced, respectively, no shift, partial shift, and nearly complete shift of the
LT probe. (C) Binding of PrgX to ST and ST:B2m1 probes (indicated below
each lane). The same DNA and PrgX concentrations were used as those in
panel B.
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out multiple replicate assays of the effects of PrgX on transcription
of LT and ST and derivatives containing the same set of XBS mu-
tations used in the EMSAs. The relative amounts of runoff prod-
ucts were quantified and averaged to generate inhibition curves.

When the various templates containing XBS mutations or de-
letions were compared to the LT, we found that all of them showed
decreased susceptibility to PrgX inhibition (Fig. 4). Although the

IVT assays are not completely comparable to the EMSAs, the ef-
fects of the mutations on the ability of PrgX to repress prgQ tran-
scription in vitro were consistent with the effects of the same mu-
tations on DNA binding (Fig. 2). When the relative amounts of
PrgX inhibition of transcription in concentrations between 25 and
50 nM (50% inhibition of transcription from LT was observed
consistently in this concentration range) were compared for dif-

FIG 3 Effects of PrgX on prgQ transcription in vitro. Results of a typical IVT reaction with the LT template and various PrgX concentrations ranging from 0 to
1,374 nM. The picture on the left shows the gel, with PrgX concentrations indicated at the bottom of each lane and the 114-nt runoff transcript appearing as a
distinct single band in the central region of the gel in each lane (arrowhead at left), while the plot on the right shows the inhibition curve generated from
IMAGEQUANT analysis of the scanned gel. (The 1,374-nM PrgX concentration is not shown.)

FIG 4 Effects of XBS mutations on PrgX repression. The inhibition curves for various templates containing the indicated XBS mutations relative to that observed
for the wild-type LT as determined by IMAGEQUANT analysis are shown in the left panel. The right panel shows the relative inhibition obtained with LT, ST,
and the B2m1 mutation in the ST context. These curves were generated by nonlinear regression analysis from multiple replicate reactions and the bars represent
the standard deviations.
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ferent templates, all of the XBS mutations reduced PrgX inhibi-
tion by at least 60% (Fig. 4, left panel). PrgX inhibition of tran-
scription from ST containing the wild-type XBS2 was comparable
to that of the most severe single XBS mutations in LT (compare
left and right panels for Fig. 4). The B2m1 mutation in the context
of ST essentially abolished PrgX repression (Fig. 4, right panel),
whereas this mutation reduced repression of transcription from
LT by 60 to 70% (Fig. 4, left panel). When the LT contained one
mutation at each XBS, repression was also abolished (not shown;
see next section). Taken together, these results suggest that coop-
erative interactions between the DNA/protein complexes at the
two binding sites partially overcame the deleterious effects of an
XBS2 mutation when the template also contained wild-type XBS1.

We attempted several experiments to examine the effects of the
cCF10 pheromone and iCF10 inhibitor peptides on PrgX repres-
sion in vitro with the expectation that iCF10 would enhance re-
pression and cCF10 would block repression. We did not obtain
meaningful results due to nonspecific inhibition of RNA polymer-
ase activity from residual organic solvents used to dissolve these
extremely hydrophobic peptides, and we were unable to use dial-
ysis or other methods to completely remove the organic solvents
while keeping the peptides in solution (data not shown).

PrgX repression of prgQ transcription in vivo. In order to
examine direct effects of PrgX binding to the XBSs on prgQ tran-
scription in vivo, we constructed plasmids carrying DNA tem-
plates containing the same pCF10 sequences used for the in vitro
studies described above and used quantitative Northern blot anal-
ysis to measure prgQ transcription in E. faecalis cells. Because run-
off transcript analysis is not feasible in vivo, we isolated a strong
transcription terminator sequence derived from the 3= end of the
prgX gene, attached it to the templates used for the in vitro studies,
and cloned the constructs into a plasmid vector that is stably
maintained in E. faecalis (Materials and Methods). Isogenic
strains carrying all of the plasmids used in these studies (pDM1.1
to pDM1.8) (Table 1) produced PQ-derived mRNAs of identical
size in vivo; based on comparisons to RNA size standards, the
transcripts produced from the plasmid templates were of a size
(�197 nt) expected from the addition of the prgX terminator to
the prgQ DNA templates used in the for IVT reactions. To deter-
mine the effects of PrgX on transcription of these templates in
vivo, we compared prgQ RNA levels produced from each plasmid
in strain OG1S to those obtained in the isogenic strain 100-5,
which expresses PrgX constitutively from the chromosome (8). In
order to minimize effects of random variation of replicate cul-
tures, RNA isolation, loading of gel lanes, and efficiency of transfer
of RNAs from gels to hybridization membranes, we isolated RNA
from multiple cultures of each strain and ran multiple gels with
each RNA sample, varying the lanes in which samples were loaded.
In all cases where PQ was active, we detected a single hybridizing
band of �200 nt, suggesting that in vivo termination was efficient
and there were not high levels of processed prgQ transcripts; our
blots were also probed for 5S rRNA to normalize for loading dif-
ferences. The upper part of Fig. 5 shows a typical Northern blot
analysis of prgQ expression from templates containing the XBS
mutations in LT that were used for IVT, and the cumulative results
for in vivo effects of PrgX on transcription of all the templates are
shown in the lower portion of the same figure. In the presence of
PrgX, transcription from LT was reduced by over 90%, an effect
comparable to the strongest repression observed in vitro at very
high PrgX concentrations. Interestingly, mutations of XBS1 in LT

had less dramatic effects on PrgX repression in vivo than in vitro,
but the XBS2 mutations had similar effects in both assays.

In order to relate the prgQ expression levels determined in vivo
to those observed in IVT experiments, we also determined intra-
cellular levels of PrgX (using quantitative Western blot analysis)
and plasmid copy numbers (using qPCR analysis) in the strains
described above as well as in strains carrying pCF10. For plasmid
copy number determination, we used prgX-specific primers for
PCR and normalized the products obtained from strains carrying
prgX-containing plasmids to those obtained from strain 100-5, in
which the prgX gene exists in single copy in the chromosome. This
eliminated variations due to loss of plasmid DNA by random
nicking during isolation, as well as potential differences in effi-
ciencies of PCR amplification that might occur when using differ-
ent plasmid-encoded and chromosomal genes as starting tem-
plates for qPCR. The results of these studies are summarized in
Table 2. This analysis showed that the PrgX concentrations in the
strains used for the in vivo studies (recall that these strains con-
tained an integrated prgX allele whose expression was driven by a
constitutive promoter) were very similar to those found in cells
containing pCF10, while the template concentrations were some-
what lower than those used in the IVT reactions. The in vivo PrgX
concentrations were much higher than the concentrations that
produced complete inhibition of transcription in vitro, making
the in vitro assays more sensitive indicators of the effects of XBS
mutations on PrgX repression. However, when we ranked the rel-
ative effects of various XBS mutations on PrgX DNA binding in

FIG 5 Effects of XBS mutations on PrgX repression of prgQ transcription in
vivo. (Top) Appearance of a typical Northern blot used for this analysis. Each
blot was probed for 5S RNA and the predicted prgQ transcript. No bands other
than those shown in the figure were ever detected, so the region of the gel
between these two bands was deleted in the photograph. “200nt” designates
the relative migration of a 200-nt digoxigenin-labeled RNA marker. The tem-
plates are listed across the top of the gel. Expression from each template was
assayed in isogenic E. faecalis cells either expressing PrgX (�; strain 100-5) or
not (	; strain OG1Sp). (Bottom) Quantitative analysis of effects of XBS mu-
tations on PrgX repression, as determined by densitometric scanning of the
prgQ transcripts in each strain. Transcripts from each template were isolated
from at least two independent cultures and were run in multiple gels with 2 to
6 replicates analyzed to generate the data shown.
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vitro and prgQ transcription repression in vitro and in vivo, all
three assays gave similar results.

Since the experimentally determined levels of PrgX in pCF10-
containing cells were very high (�3 �M), and certain templates
(e.g., ST) seemed less susceptible to inhibition in vivo than in vitro,
we considered the possibility that B. subtilis RNA polymerase
might be inherently more susceptible to PrgX inhibition than the
native E. faecalis polymerase. Therefore, we generated an E. faeca-
lis strain containing an rpoC allele encoding a 10-His tag, purified
active RNA polymerase from this strain as described in Materials
and Methods, and used it in IVT assays. In these experiments (not
shown), PrgX concentrations in the range of 62.5 to 250 nM in-
hibited transcription in vitro from the LT by 70 to 90%, which was
nearly identical to the results obtained with B. subtilis polymerase,
and additional experiments examining PrgX effects on transcrip-
tion by the E. faecalis RNA polymerase from templates containing
XBS mutations also gave similar results to those obtained with B.
subtilis polymerase. Therefore, it is unlikely that the differences in
PrgX repression in vitro versus in vivo are due to differences in the
RNA polymerases.

DISCUSSION

The available genetic and biochemical data (1–3, 19, 20, 27)
strongly implicate PrgX-mediated repression of transcription ini-
tiation from the PQ promoter as the primary determinant for con-
trol of pheromone-inducible conjugative transfer of pCF10; it is
also likely that other pheromone-inducible enterococcal conjuga-
tion systems are controlled in a similar fashion (10). In spite of this
evidence, the multiple regulatory mechanisms that impact expres-
sion of the prgQ operon (13) and limitations in enterococcal bio-
chemical and genetic tools have precluded thorough examination
of the direct effects of PrgX on the prgQ promoter. In the present
study, we used both in vitro and in vivo systems to determine the
effects of PrgX binding to specific DNA target sites on transcrip-
tion from PQ. These data demonstrated direct PrgX-mediated re-
pression of prgQ transcription and implicated the two XBS se-
quences identified previously as the functional targets for the PrgX
binding activity required for repression. Since in vitro transcrip-
tion systems employing E. faecalis RNA polymerase have not been
previously reported, we initiated IVT studies using B. subtilis RNA

polymerase; PQ proved to be a good substrate for transcription
initiation with this enzyme, and the PrgX-mediated repression of
this promoter observed in vitro was very similar to those with B.
subtilis and E. faecalis RNA polymerases. These data support pre-
vious suggestions (3, 27) that PrgX repression involves steric hin-
drance of RNA polymerase binding via PrgX occupancy of XBS2.
The results reported here also suggest potential cooperativity be-
tween PrgX molecules bound to the two XBS operator sites, in
agreement with a DNA-looping model for PQ repression by PrgX
based on previous genetic, molecular, and structural data (27).
Structural studies suggested that Apo-PrgX has repressor activity,
in agreement with the in vitro results presented here. (Previous
structural studies also indicated that PrgX purified from E. coli
contains no bound peptides.) We predict that iCF10 would en-
hance this repressor activity, while cCF10 would inhibit it. Unfor-
tunately, the IVT system used here did not allow us to directly
assess the functional effects of the cCF10 pheromone and iCF10
inhibitor peptides on PrgX function since the addition of either
peptide abolished the activity of the RNA polymerase nonspecifi-
cally. It is possible that a different method of preparing PrgX/
peptide complexes could circumvent this problem, and experi-
ments to test this possibility are under way. Another interesting
question that emerges from these results relates to the high level of
sensitivity of E. faecalis donor cells carrying pCF10 to induction by
exogenously supplied cCF10. Initial studies of the sensitivity of
these cells to synthetic cCF10 suggested that a detectable response
could be observed at concentrations corresponding to �5 mole-
cules of cCF10/responder cell (24), and this was confirmed in
subsequent studies (22). Quantitative analyses of the PrgX con-
centrations and PrgX repression reported here indicate a remark-
ably high intracellular concentration of PrgX and high molar ra-
tios of PrgX to XBSs in cells carrying the plasmids used for our in
vivo studies. Thus, in donor cells exposed to low pheromone con-
centrations, there should still be significant pools of apo-PrgX
available for prgQ repression, even if all of the exogenous phero-
mone were efficiently internalized and bound to PrgX. We pro-
pose that this suggests the existence of unknown features of the
system that could serve to amplify the effects of pheromone on
induction. These could include subcellular localization of re-
pressed PrgX/pCF10 complexes to sites where pheromone is im-
ported, targeted degradation of PrgX molecules following phero-
mone binding, or additional host or plasmid factors associated
with repression of PrgX/pCF10 complexes that enhance the dis-
ruption of these complexes by cCF10.
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