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ABSTRACT 

 Enterococcus faecalis is an increasingly significant pathogenic bacterium in 

humans, as well as a commensal member of the intestinal flora. Pheromone-responsive 

plasmid systems play an important role in the dissemination of antibiotic resistance 

among this and other species. pCF10 is a well-characterized member of this class of 

plasmids, and allows for transmission of tetracycline resistance in E. faecalis. The 

experiments described in this thesis were designed to assess the effects of three genes 

thought to be important for the response of plasmid pCF10 to the peptide mating 

pheromone cCF10 in E. faecalis: 1) the chromosomal locus responsible for pheromone 

production- ccfA, 2) the plasmid-encoded negative regulator prgY thought to be 

responsible for sequestration of endogenous pheromone at the cell surface, and 3) the 

plasmid-encoded positive regulator prgZ, an oligopeptide permease subunit A homolog 

responsible for specific import of pheromone. In this study transcription emanating from 

regulatory regions of this plasmid was characterized over time using reverse transcription 

quantitative polymerase chain reaction (RT-qPCR). Results from these assays were 

confirmed using phenotypic analysis and Northern blotting. Expression of ccfA was 

shown to be important to moderate the pheromone response. This moderation effect is 

believed to be the result of basal induction of donor cells, resulting in production of the 

peptide inhibitor iCF10 from the plasmid. As the first study to probe PrgY function at the 

level of transcription, RNA quantitation revealed that levels of endogenous pheromone 

cCF10 resulting from processing of the CcfA lipoprotein precursor are insufficient to 

fully induce a conjugation response in the absence of negative regulator PrgY, suggesting 

secondary negative regulation. Finally, PrgZ was shown to be important for regulated 



 

iv 

 

shutdown of the conjugation response in addition to initiation. This lends evidence to 

previous research suggesting specific import of inhibitor iCF10 by PrgZ. Probing the 

effects of these regulators over time in strains that differ in their ability to secrete 

pheromone allows us to paint a more complete regulatory picture of this complex and 

dynamic system. 
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INTRODUCTION 

Medical relevance of Enterococcus faecalis and conjugative plasmids 

Enterococcus faecalis is a gram-positive, facultative anaerobe found commensally 

in the gastrointestinal tract of humans. It is non-motile, ovoid in shape and typically 

observed as diplococci, in short chains, or singly. E. faecalis is of growing medical 

significance, as it is implicated in infections of the urinary tract, bloodstream, heart 

valves, and indwelling catheters (Devriese et al. 2006). While E. faecalis is not known as 

a pathogenic bacterium in healthy individuals, it has several characteristics which allow it 

to opportunistically infect individuals whose bodily defenses are compromised. These 

include plasmid-encoded cytolysin and aggregation substance which act as virulence 

factors (Charles et al. 2001). Enterococci exhibit intrinsic resistance (i.e. resistance 

resulting from factors encoded in the core genome) to several classes of antibiotics. Some 

of these resistance factors include penicillin-binding proteins (PBP’s), which confer 

resistance against beta-lactams (e.g. cephalosporins, penicillins). The utilization of pre-

formed folic acid prevents bacteriostatic inhibition of folate synthesis by trimethoprim or 

sulfonamides (Murray, 1990). In addition, E. faecalis and the enterococci as whole show 

at least partial resistance to a wide variety of antibiotics including aminoglycosides, 

macrolides, and nalidixic acid (a quinolone) (Jett et al. 1994). 

Enterococci obtain extrinsic antibiotic resistance (i.e. resistance resulting from 

factors that are encoded outside the core genome) through multiple mechanisms of gene 

transfer including conjugative transposons, phages, plasmids with a broad host range, and 

narrow-range pheromone-inducible conjugative plasmid systems. These mechanisms also 

allow E. faecalis to transfer antibiotic resistance to other gram positives as well as gram 
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negative bacteria, such as Staphylococcus aureus and Escherichia coli, respectively 

(Paulsen et al. 2003). Therefore E. faecalis constitutes a significant player in the 

transmission of antibiotic resistance to a wide variety of recipient bacterial species.  

 Conjugative transposons (also called “integrative conjugative elements; “ICE”) 

comprise a particular class of transposable elements that are excised from their site of 

integration in the genome to be transmitted via conjugation at rates in the range of 10
-8

- 

10
-6

 transconjugants per donor cell (Clewell and Flannagan, 1990). They often contain 

genes conferring antibiotic resistance, but this is not so in all cases. Conjugative 

transposons can also exhibit an extremely broad host range (Clewell et al. 1995). Tn916 

is an example of such a transposable element. Tn916 was the first of its kind to be 

discovered, making it among the most well-characterized conjugative transposon to be 

studied. It is 16.4 kilobases in length and contains a gene (tetM) that encodes for 

tetracycline resistance. The host range for Tn916 includes both gram-positive and gram-

negative species, and elements with homology to Tn916 are found in 24 genera of 

bacteria (Clewell et al. 1995). This example illustrates the role of both conjugative 

transposons and E. faecalis in the dissemination of antibiotic resistance among 

pathogenic bacteria. 

 E. faecalis contains numerous conjugative plasmids with a similarly broad host 

range. Such plasmids require their host to be in direct physical contact with a viable 

recipient cell in order to successfully complete the conjugal transfer process. Broad host 

range conjugative plasmids cause their own conjugal transfer at a relatively low 

frequency (10
-6

 to 10
-3

 transconjugants per donor cell). The plasmid pAMβ1 is a well-

characterized example of a broad host range plasmid. pAMβ1 is 26.5 kilobases in size 
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and confers constitutive erythromycin resistance. It was discovered in E. faecalis but has 

subsequently been observed in other genera including Lactobacillus, Streptococcus, 

Staphylococcus, Bacillus, and Clostridium (Jett et al. 1994). 

 E. faecalis and closely related species also incur extrinsic antibiotic resistance 

through narrow host range, pheromone-inducible conjugative plasmids such as pCF10. 

These plasmids transfer at a higher frequency than the broad host range plasmids; in the 

case of pCF10, in the range of 10
-5

 to 10
-2

 transconjugants per donor cell (Francis and 

Gordon, 1990). Plasmids of this type encode a response to chromosomally-encoded 

oligopeptide pheromones (typically 7-8 amino acids in length) which are exported and 

subsequently imported into donor cells and are specific for particular plasmids. Donor 

cells containing a pheromone-inducible conjugative plasmid respond to the presence of 

the corresponding pheromone by expressing a suite of plasmid-encoded genes that allow 

binding and conjugal transfer. Aggregation substance (AS) is expressed on the donor cell 

surface which enhances efficiency of conjugation in liquid suspension. This is in contrast 

to broad host range plasmids which require co-cultivation on a solid surface. AS on the 

donor cell binds to binding substance (BS) on the recipient cell to allow conjugation to 

proceed, while a surface exclusion protein Sec 10 (encoded by prgA on the plasmid) acts 

to prevent redundant conjugation between donor cells. Attachment between donor and 

recipient cells in broth culture results in macroscopic cell aggregates that can be 

visualized via a clumping assay. AS has been shown to act as a virulence factor in a 

cultured renal tubular cell model (Kreft et al. 1992), as well as increasing virulence in a 

rabbit endocarditis model (Schlievert et al. 1998). 
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Regulation of pCF10 by peptide pheromones in Enterococcus faecalis 

 The 67.7 kilobase plasmid pCF10 is among the conjugative plasmids able to 

transfer efficiently to recipient cells through the use of peptide pheromones. The 

pheromone cCF10 (LVTLVFV) induces conjugal transfer of its cognate plasmid pCF10. 

This pheromone is the processed product of the lipoprotein precursor encoded by the 

chromosomal gene ccfA. In cells lacking the plasmid, the CcfA lipoprotein precursor is 

secreted across the cell membrane, where it is cleaved by the Eep (enhanced expression 

of pheromone) protease. This cleavage results in the export of mature cCF10. cCF10 is 

then re-imported through specific binding to the extracellular lipoprotein PrgZ. PrgZ is 

encoded in the plasmid, and acts to direct pheromone in the extracellular environment to 

the oligopeptide permease (Opp) transmembrane transport system. This is due to 

homology between PrgZ and the OppA peptide binding subunit of this multi-subunit 

permease. Opp alone can transport cCF10 but does so less efficiently. The plasmid-

encoded negative regulator of induction called PrgY is localized to the cell membrane of 

pCF10-containing cells and is believed to degrade or sequester endogenous cCF10 to 

prevent self-induction by plasmid-containing cells. This regulatory system of conjugation 

in pCF10 is exquisitely sensitive to the presence of cCF10; a concentration as low as 

2x10
-12

 M (2 pM) is sufficient to initiate conjugation. 

Once imported, cCF10 binds to the negative regulator PrgX (also encoded on the 

plasmid). In the uninduced state, PrgX forms a tetramer in association with an inhibitor 

peptide, iCF10 (AITLIFI). This tetramer binds to a primary binding site located 110 bp 

upstream of the prgQ promoter, and a weaker secondary binding site overlapping the -35 

region of PQ. The process of bringing XBS 1 and 2 into proximity is thought to form a 
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DNA loop that inhibits initiation of RNA Polymerase (RNAP) on the prgQ promoter. 

This inhibition is incomplete, and allows some transcription to occur through prgQ. 

Binding of cCF10 to PrgX disrupts this tetramer and, by preventing loop formation, 

allows RNAP to bind to the prgQ promoter. 

Transcription from prgQ is also negatively regulated via anti-sense RNA 

interactions through a small RNA known as Anti-Q (Bae et al. 2004). Over a length of 

223 bp, RNA polymerase complexes transcribing prgX and prgQ converge, since these 

genes are encoded by opposite strands. Anti-Q forms from the 5’ end of the prgX 

transcript, and therefore is complementary to the corresponding section of prgQ. Anti-Q 

is 104 nt, and is believed to act on an inverted repeat sequence (IRS) known as IRS1 

located in the nascent transcript from prgQ (Johnson, 2011). Base complementarity in the 

convergent region favors terminator formation at IRS1 and results in a truncated 

transcript known as QS (short). In the absence of Anti-Q, nascent prgQ transcripts form 

an antiterminator that prevents formation of IRS1. This allows transcription to continue 

into downstream genes encoding conjugative functions. The RNA transcript formed by 

antitermination at IRS1 is called QL (long). Moreover, the complementarity between 

prgQ and prgX allows prgQ transcripts to negatively regulate expression from prgX by 

antisense RNA interactions. These paired RNA complexes are subject to cleavage by 

RNase III (Johnson, 2011).  

Thus regulation of pCF10 conjugation occurs at many levels: 1) countertranscript-

driven attenuation by anti-Q via direct RNA-RNA interactions (Johnson et al. 2010), 2) 

post-transcriptional modification of the prgX mRNA caused by binding of QS (Johnson, 

2011), 3) the DNA-binding protein PrgX blocking initiation by RNAP at the prgQ 
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promoter (Bae et al. 2002), 4) transcriptional interference via collisions of RNA 

Polymerases on the converging prgQ and prgX genes (Chatterjee et al. 2011), and 5) the 

protein-protein interactions between pheromone, inhibitor, and PrgX (Bae et al. 2004). 

This multi-level reciprocal regulation between the prgQ and prgX operons creates a 

robust yet sensitive biological switch (Chatterjee et al. 2011). 
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Figure 1. Gene map of conjugative plasmid pCF10, from H. Hirt et al. (2005). Tn925, 

the transposon responsible for conferring resistance to Tetracycline and the largest 

constituent gene on the plasmid, is depicted at left. Clockwise from this gene is prgZ, 

responsible for specific import of cCF10. Downstream is prgY, the surface protein 

responsible for preventing auto-induction, followed by the prgX/prgQ regulatory region. 

Conjugation genes are encoded downstream from the prgQ locus. These include prgA, 

which encodes the surface exclusion protein Sec10, and aggregation substance Asc10 

encoded by prgB. 
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Figure 2. The prgQ/prgX regulatory region of plasmid pCF10. Plasmid DNA is depicted 

as a thick double line with features. The prgX and prgQ open reading frames are 

represented by thick open arrows; terminators are shown as lollipops. Promoters for these 

genes are located on opposing strands and are indicated with bent arrows. Binding sites 

for PrgX are shown as open crosses. RNA transcripts are shown as wavy ribbons, while 

peptide products are chevrons.  The orientation of genes is indicated via an arrow at their 

3’ ends. 
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Figure 3. Sequence of the regulatory regions of prgQ/prgX in pCF10, from C. Johnson 

(2011). prgQ and prgX sense strands (top and bottom, respectively) are numbered 

indicating position relative to their transcriptional start sites. -10 and -35 promoter 

regions are indicated with brackets. Transcriptional start sites are represented with bent 

arrows. The prgQ open reading frame is shown, including the region encoding inhibitor 

peptide iCF10 (AITLIFI). The 3’ end of the prgX open reading frame is omitted. PrgX 



 

10 

 

binding sites are indicated with black bars. IRS1 is depicted. Its regions of 

complementarity are shown with converging arrows. 
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Figure 4. Intra- and intercellular regulatory circuits in E. faecalis with pCF10.  

4A. A donor cell containing pCF10 (thin oval) is shown in an uninduced state. cCF10 is 

indicated with hearts. iCF10 is indicated with crossed circles. Protein products of pCF10 

genes are depicted in bold (X, Y, and Z). The bacterial chromosome is shown as a thick 

line. Two genes relevant to plasmid regulation are shown (eep, ccfA). Transcription start 

sites are indicated with bent arrows, while the prgQ ORF is shown as an open curved 

arrow. IRS1 is depicted as a lollipop. The hairpin structure of anti-Q is depicted as such 

at right. Concentrations of pheromone and inhibitor are not to scale. Thickness of arrows 

indicates their relative strength in maintaining a state of conjugative repression. 

4B. A donor cell (center) is induced via exogenous pheromone from a pCF10- recipient 

cell (upper right). Aggregation substance (Asc10) encoded by prgB is indicated by a 

triangle at the surface of the donor cell.  
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Previous characterization of prgY 

 It has been previously shown that disruption of prgY via Tn917 insertion results in 

enhanced transfer ability in mutant plasmids (Christie and Dunny, 1986). PrgY 

homologue TraB in plasmid PAD1 was similarly shown to negatively regulate production 

of its cognate pheromone cAD1 (An and Clewell, 1992). Sequence analysis predicted a 

hydrophobic 43.4 kDa protein product with a particularly hydrophobic C-terminus, 

suggesting localization to the cell membrane (Ruhfel et al. 1993, Chandler et al. 2005). 

However, the negative regulation of conjugation caused by PrgY is not due to the 

prevention of pheromone export, since concentration of pheromone in culture supernatant 

is similar between cells that contain pCF10 and those that do not (Nakayama, 1994). 

PrgY can also be complemented in trans (Hedberg, 1996). It was shown that cell 

membrane-associated cCF10 was decreased relative to wildtype plasmid in the presence 

of a plasmid with a Tn917 insertion in prgY that abolished PrgY function (pCF389) 

(Buttaro et al. 2000). Amino acid residues 125 to 241 of PrgY are required for specific 

recognition of pheromone (Chandler and Dunny, 2008).  

 

Previous characterization of prgZ 

 Sequence analysis has revealed that PrgZ shows a high degree of homology to 

TraC, a gene found on the conjugative plasmid pAD1 which is responsible for binding 

pheromone cAD1. PrgZ also shows homology to the protein-binding A subunit of the 
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Opp homolog Spo0K in Bacillus subtilis (Ruhfel et al. 1993). PrgZ was shown to itself 

bind pheromone cCF10 by showing that a Tn5 insertion disrupting the prgZ locus could 

reduce pheromone binding as observed via aggregation assays, while cells possessing a 

multicopy plasmid containing prgZ were able to decrease pheromone titers of the 

supernatant relative to cells carrying pCF10. PrgZ can similarly bind inhibitor iCF10. 

However, the relative affinities of PrgZ for pheromone and inhibitor are not known 

(Ruhfel et al. 1993). From the genetic sequence Ruhfel and coworkers were also able to 

predict a 61 kDa peptide product from prgZ, with a hydrophilic carboxy-terminus, and a 

hydrophobic amino-terminus. Although no membrane spanning domain was predicted, a 

lipid-binding motif similar to that of SpoOKA was observed. A knockout construct of 

prgZ containing a lac operon reporter downstream of prgQ revealed via β-galactosidase 

assay that PrgZ is not necessary for induction, but serves to specifically enhance the rate 

of pheromone import by the Opp transport mechanism. This conclusion was supported by 

the fact that an excess of an unrelated pheromone in the culture supernatant was able to 

inhibit pheromone response in PrgZ- cells while pheromone response in PrgZ+ cells was 

not inhibited. At physiological concentrations of pheromone however, the higher-affinity 

PrgZ appears to be critical for induction. (Leonard et al. 1996). Affinity chromatography 

also showed that PrgZ binds to the N-terminus of cCF10, as pheromone bound to 

sephadex beads by the N-terminus cannot bind PrgZ. Amino residue changes in cCF10 

also disrupt inductive function (Chandler and Dunny, 2004).  
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MATERIALS AND METHODS 

Bacterial strains and plasmid constructs 

 Bacterial strains used for this study are listed in Table 1. Plasmid constructs are 

listed in Table 2. Plasmids were grown in E. coli strain DH5α (Life Technologies) in 

Luria Bertani (LB) broth (Life Technologies). Plasmid DNA was then extracted from 

overnight cultures using the QIAGEN plasmid purification kit, following manufacturer’s 

instructions for gram-positive bacteria. For consistency, strain CK104 was used as the 

ccfA+ control rather than parent strain OG1RF as the ccfA- strain JRC101 was derived 

from the former. 

 

Transformation 

 1µg plasmid DNA was transformed into E. faecalis strains via electroporation 

using a Bio-Rad Gene Pulser electroporator (1.6 kV, 25 μFD, 200 ohms) in a 0.2 cc 

electroporation cuvette. Electroporated cultures were recovered at 37°C for 2 hours in 1 

mL Todd Hewitt broth (THB) (Difco Laboratories) supplemented with 0.25 M Sucrose 

(STHB). Transformants were selected by plating on THB plates with 2% agarose 

supplemented with 200 μg/mL Rifampicin (Rif) and 10 μg/mL Tetracycline (Tet) for all 

strains used in this study. 
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Bacterial culture, media, and induction 

 For time course experiments frozen cultures were plated onto THB and 2% 

agarose (ISC BioExpress) plates supplemented with 200 μg/mL Rif and 10 μg/mL Tet. 

Individual colonies were then picked and grown overnight at 37°C in MM9YEG  (M9) 

medium. This is a semi-defined medium consisting of M9 salts supplemented with 0.2% 

glucose, 0.3% yeast extract, 1% casamino acids, 0.1mM CaCl2, and 1mM MgSO4 

(Dunny and Clewell, 1975). Following overnight incubations, cultures were diluted 1:10 

into fresh M9 medium. 

Cultures were then incubated for 1 hour at 37°C. An OD600 reading between 0.5 

and 1.0 was observed for all cultures. Cultures were induced with 0, 0.1, 1, or 10 ng/mL 

of peptide pheromone cCF10. Immediately following induction, cultures were incubated 

at 37°C for 15 minutes. 0.6 mL of culture was then collected and RNA was preserved 

using 1.2 mL (2 volumes) QIAGEN RNAProtect Bacteria reagent according to 

manufacturer’s instructions. Remaining cultures were returned to 37°C incubation for an 

additional 45 minutes, then sampled similarly using RNAProtect reagent at 60 minutes 

post-induction. Samples were centrifuged and cell pellets were flash frozen in an ethanol/ 

dry ice bath before being stored at -80°C until RNA was extracted. 

 

Cell aggregation assay 

 To perform cell aggregation assays, cells were first cultured overnight in M9. 

Overnight cultures were diluted 1:5 in fresh M9, and inoculated into a 96-well microtiter 

plate. Twofold dilutions of peptide pheromone cCF10 were added to each well beginning 

with a final concentration of 50 ng/mL per well in column 1 (1:1 dilution) and resulting 
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in a final concentration of 48 pg/mL per well in column 11 (1:1024 dilution). The 

microtiter plate was then incubated at 37°C with shaking and photographed at 2, 3, and 4 

hours post-induction. Assays were performed in triplicate.  Results of the assays are 

depicted in Figure 2. 

Table 1. Bacterial strains used in this study. 

Strain Relevant Characteristics Reference or Source 

E. coli   

     DH5α transforms with high efficiency Bethesda Research Lab 

E. faecalis   

     OG1RF Rif resistant, ccfA+ parent strain Murray, et al. 1993 

     CK104 upp-, ccfA+, Rif resistant Kristich, et al. 2005 

     JRC101 upp-, ccfA-, Rif resistant Chandler, et al.  2005 
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Table 2. Plasmid constructs used in this study. 

Plasmid Relevant Characteristics Reference or 

Source 

pCF10 pheromone-responsive conjugative plasmid, 

tetracycline resistant 

Dunny, et al. 1981 

pCF389 

(pCF10ΔprgY) 

Tn917 insertion in prgY, 

prgY-, prgZ+, tet resistant  

(pCF10 derivative) 

Christie and Dunny, 

1986 

pCF10ΔprgZ Allelic exchange knockout of prgZ, 

prgY+, prgZ-, tet resistant  

(pCF10 derivative) 

Johnson, C. M., 

2011 

 

 

 

 

 

 

 

 

 



 

18 

 

 

 

 

 

 

 

RNA preparation 

 Cell pellets were lysed using lysozyme (30 mg/mL) and mutanolysin (500 

units/mL) in TE buffer. Whole cell RNA was extracted using a QIAGEN RNEasy Mini 

kit following manufacturer’s instructions. RNA was then subjected to DNase treatment 

using an Ambion TURBO DNA-free kit, again following manufacturer’s instructions.  

 

Reverse transcription and cDNA preparation 

 First strand synthesis of complementary DNA (cDNA) was achieved using an 

Invitrogen SuperScript III first strand synthesis kit (SS3), following manufacturer’s 

instructions. RNA samples were thawed on ice and quantified using 2 μL of sample on a 

NanoDrop ND-1000 photospectrometer. Reactions were multiplexed using 1.5 μg RNA 

and 3 μL of 2 uM gene-specific reverse primer per 30μL reaction for each of three 

mRNA transcripts to be probed: gyrase-B (gyrB), QL (prgQ), and prgX. Trial qRT-PCR 

reactions were performed in advance to confirm that multiplexing would not alter final 

cDNA quantities. Following the reverse transcription (RT) reaction, cDNA was subjected 

to RNase H treatment as part of the SS3 kit. All incubations required as part of the SS3 

protocol were performed in an Eppendorf Mastercycler thermocycler.  
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qRT-PCR primer design 

 Oligonucleotide PCR primer sequences and annealing temperatures are listed in 

Table 3. The prgX primers 8338_F and 8042_R were designed using Invitrogen’s online 

primer design suite and purchased from Invitrogen. Amplification efficiency of primer 

sets was determined by the quantitative amplification of a DNA standard (linearized 

pCF10) of a known concentration in 10-fold serial dilutions. 

 

qRT-PCR conditions and gel visualization 

qRT-PCR was performed in a Bio-Rad iQ5 multicolor real time PCR detection 

system. A single denaturation step was performed at 95°C for 3 minutes. Next, a cycle 

consisting of a 10 second denaturation step followed by a 30 second annealing step 

corresponding to the primer annealing temperature noted in Table 3 was repeated for 35 

cycles. Finally, a melt curve was performed consisting of 81 cycles of progressively 

higher temperatures, beginning at 52°C and increasing in 0.5°C increments to a final 

temperature of 95°C. All plate, protocol, and data files associated with the iQ5 system 

were accessed and analyzed via proprietary Bio-Rad iQ5 software. The Livak (2
-ΔΔCT

) 

method was used for calculation of gene expression relative to the common reference 

gene gyrB, which encodes the B subunit of DNA gyrase. 

 

Northern blot analysis 

1 μg of each RNA sample was combined with Gel Loading Dye II (Ambion) and 

ethidium bromide (EtBr) for a final volume of 10 μL containing 100 ng/μL RNA and 10 
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μg/mL EtBr. Samples were electrophoresed on Criterion pre-cast 5% TBE-urea 

polyacrylamide gels (Bio-Rad). The gels were stained in 0.5X TBE + 0.5 μg/mL EtBr for 

20 minutes followed by destaining in 0.5X TBE for an additional 20 minutes. The gels 

were visualized via UV transillumination on a FluorChem FC3 chemiluminescent gel 

dock (Cell Biosciences) using Alphaview control and visualization software for PC 

Table 3. PCR primer sequences and annealing temperatures used in this study. 

Name Source Sequence Annealing 

temp. 

gyrB_F Bourgogne, et al., 

2007 

CAAGCCAAAACAGGTCGCC 62°C 

gyrB_R Bourgogne, et al., 

2007 

ACCAACACCGTGCAAGCC 62°C 

QL2_F Chatterjee, A. CATGTATATGTTCCCCGCTTTT 55°C 

QL2_R Chatterjee, A. CGGCTCTTACGAGTAGTTCCA 55°C 

8338_F This study TTAACTGCCCCCTAGGATTG 62°C 

8042_R This study AGACCTAAAATTCGATAAACTA 62°C 
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(Cell Biosciences). Gels were blotted onto a positively charged nylon membrane (Roche) 

on a Semi-Dry Blotter (Bio-Rad) using the Southern procedure. Blotting conditions were 

optimized by increasing transfer time to 15 minutes at 395 mA (~20V).  

Gels were probed with a Digoxigenin (Dig)-labeled RNA probe with sequence 

complementarity to the region immediately downstream of IRS1 known as QE (prgQ 

transcript, extended). Loading and transfer conditions were controlled for using a similar 

probe specific to the bacterial 5s ribosomal subunit. Probe sequences and incubation 

temperatures are listed in Table 3.  

Membranes were first pre-hybridized in DIG Easy Hyb buffer (Roche) for 30 

minutes in roller bottles. Incubations were performed in a HO4000 hybridization oven 

(GeneMate). Hybridization was then performed overnight using 100 ng/mL Dig-labeled 

probe (denatured at 95°C before use) in pre-warmed DIG Easy Hyb buffer solution. The 

following day, QE-probed membranes were washed twice at room temperature with 2X 

SSC buffer (300 mM NaCl, 30 mM Na3C6H5O7), pH 7.0/ 0.1% SDS for 15 minutes per 

wash. They were then washed twice with 0.1X SSC, pH 7.0/ 0.1% SDS for 15 minutes at 

65°C. 5s-probed membranes were instead washed twice with 6X SSC, pH 7.0/ 0.1% SDS 

for 15 minutes at 50°C, then washed twice in identical solution for 2 minutes at 66°C.  
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 Detection of probes was performed using a Wash and Block Buffer set (Roche), 

Anti-Dig-AP Fab fragment (Roche), and CDP-star chemiluminescence reagent (Roche) 

following manufacturer’s instructions.  

 

 

 

RESULTS 

Phenotypic analysis via cell aggregation assay 

To determine the sensitivity of E. faecalis strains CK104 (ccfA+) and JRC101 

(ccfA-) containing either wildtype pCF10, pCF10ΔprgY, or pCF10ΔprgZ to exogenous 

pheromone concentration, cell aggregation assays were performed. Strain CK104 was 

shown to be inducible by pheromone, as expected. The titer for this combination was 32. 

When wildtype pCF10 was replaced with pCF10ΔprgY, a constitutively clumpy 

phenotype was observed. The prgZ- plasmid pCF10ΔprgZ in CK104 required a larger 

concentration of cCF10 to exhibit aggregation at 4 hours post-induction and a titer value 

of 8 was observed. Despite lacking the ability to produce endogenous pheromone, ccfA- 

strain JRC101 with wildtype pCF10 was inducible at levels identical to those of CK104. 

However, the presence of pCF10ΔprgY abolished the constitutively clumpy phenotype, 

and after 4 hours the combination of ccfA- strain and prgY- plasmid was observed to be 

inducible at wildtype levels. The inducible phenotype of JRC101 in the presence of prgZ- 

plasmid pCF10ΔprgZ was consistent with that of CK104. These results were reproducible 

across triplicate biological replicates, and are summarized in Table 4.  
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Conjugation as observed by qRT-PCR: Transcription from prgQ and prgX 

In order to compare expression of prgX and prgQ over time in response to exogenous 

pheromone, qRT-PCR was performed. Figure 6 depicts the results of the assay using E. 

faecalis strain CK104 (ccfA+) and wildtype pCF10 (prgY+, prgZ+) at 15 and 60 minutes 

post-induction, respectively. This combination was observed to be inducible at 

concentrations of pheromone greater than 0.1 ng/mL (Figure 3A). At 15 minutes  

Table 4. Aggregation assay titers. 

Strain Plasmid Titer 

CK104 pCF10 32 

CK104 pCF10ΔprgY constitutively clumpy 

CK104 pCF10ΔprgZ 8 

   

JRC101 pCF10 32 
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JRC101 pCF10ΔprgY 32 

JRC101 pCF10ΔprgZ 8 

 

 

 

 

Figure 5. Results of cell aggregation assays, photographed 4 hours after induction. Titer 

values are inversely proportional to the concentration of exogenous cCF10 in the culture 

supernatant sufficient to cause expression of aggregation substance at the cell surface of 

pCF10+ donor cells. Wildtype pCF10 is typified by sensitivity to even very low 

concentrations of exogenous pheromone (high titer). 
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Row A: CK104/pCF10 (titer = 32)                                Column 12: uninduced (no cCF10) 

Row B: CK104/pCF10ΔprgY (constitutively clumpy) 

Row C: CK104/pCF10ΔprgZ (titer = 8) 

Row D: JRC101/pCF10 (titer = 32) 

Row E: JRC101/pCF10ΔprgY (titer = 32) 

Row F: JRC101/pCF10ΔprgZ (titer = 8) 

 

 

 

post-induction qRT-PCR shows a decrease in transcript abundance originating from the 

promoter of negative regulator prgX relative to levels in the uninduced control sample. 

Concomitant increases in abundance of transcript QL are also observed (Figure 6A). This 

demonstrates that CK104 is inducible with cCF10 in the presence of conjugative plasmid 

pCF10. One hour following induction with cCF10, repression is re-established as 

observed in the increase in prgX expression relative to QL. (Fig. 6B) 

Compared to wild type pCF10, the strain that chromosomally expresses cCF10 

shows constitutive QL expression in the presence of pCF10ΔprgY (Figure 7). However, 

increases in expression of QL are still evident at high doses of pheromone (Figure 7A). 

Contrary to the phenotype observed in the cell aggregation assay, analysis of gene 

expression state via qRT-PCR shows an increase in inductive response in pCF10ΔprgZ 

relative to wildtype plasmid (Figure 8). 60 minutes after induction with peptide 

pheromone cCF10, this plasmid construct exhibits a marked delay in the re-establishment 

of repression of conjugation (Figure 8B). Transcription from prgX has increased, yet 
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copious QL transcripts are still observed, above the levels seen in cells containing 

wildtype plasmid.  

When basal levels of transcription from PQ are reduced via the removal of 

functional ccfA, levels of transcription from the prgX promoter are increased. However, 

in the presence of high levels of pheromone, inductive response at the transcript level is 

increased relative to wildtype (Figure 9A). Interestingly, this effect disappears by 60 

minutes post-induction. At this time point prgX transcription dominates and prgQ 

expression levels have returned to baseline (Figure 9B). 

This inducible phenotype was also observed when wildtype pCF10 was replaced 

with pCF10ΔprgY in strain JRC101. Again this combination showed an inductive response 

greater in magnitude than wildtype. At 60 minutes post-induction, repression by prgX 

was fully re-established. At both time points uninduced expression of prgX transcripts is 

exhibited at levels equal to or greater than wildtype (Figure 7). 

When pCF10ΔprgZ is introduced into JRC101, the initial response is the largest 

increase in inductive response at the level of transcription observed in this study (Figure 

8A). At 60 minutes after induction with pheromone, repression is re-established. Levels 

of QL at this point are lower than those seen at the same time point in the wildtype 

strain/plasmid combination.  
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Figure 6. qRT-PCR results of ccfA+ strain with wt pCF10 at 15 minutes (A) and 60 

minutes (B) post-induction. 

A  
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B  

 

Figure 7. qRT-PCR results of ccfA+ strain with pCF10ΔprgY at 15 minutes (A) and 60 

minutes (B) post-induction. 
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A  

B  

 

Figure 8. qRT-PCR results of ccfA+ strain with pCF10ΔprgZ at 15 minutes (A) and 60 

minutes (B) post-induction. 
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A  

B  

 

Figure 9. qRT-PCR results of ccfA- strain with wildtype pCF10 at 15 minutes (A) and 60 

minutes (B) post-induction. 
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A  

B  

 

Figure 10. qRT-PCR results of ccfA- strain with pCF10ΔprgY at 15 minutes (A) and 60 

minutes (B) post-induction. 
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A  

B  

 

Figure 11. qRT-PCR results of ccfA- strain with pCF10ΔprgZ at 15 minutes (A) and 60 

minutes (B) post-induction. 
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A  

B  

 

Northern analysis 
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 Northern blots were performed to confirm data from aggregation assays and qRT-

PCR. This analysis allowed us to examine both the relative amounts of transcripts, but 

also their processing. These experiments were performed using the QE probe in order to 

observe the presence of prgQ transcripts that extend beyond IRS1. Figures 12 through 15 

depict the results of these experiments. The inducibility of CK104 in the presence of 

wildtype pCF10 was confirmed via this method (Figure 12, lanes 1 & 2). The response to 

induction was temperate relative to knockout plasmids, even in the presence of a high 

concentration of pheromone (10 ng/mL). Results from CK104 in the presence of 

pCF10ΔprgY were consistent with phenotypic and transcriptional analysis. At 15 minutes 

post-induction this combination also exhibits a unique distribution of several transcript 

lengths not seen at 60 minutes (Figure 12, lanes 3 & 4). Compared to wildtype, this 

method of transcript quantification confirms the increased expression level of prgQ 

observed via qRT-PCR. Lanes 5 & 6 of Figure 12 show the response of 

CK104/pCF10ΔprgZ. These results also confirm the increased expression in the plasmids 

lacking regulatory elements and of the prgZ knockout plasmid in particular.  

 Lanes 1 & 2 of Figure 14 confirm that JRC101(pCF10) is inducible under similar 

pheromone concentrations to CK104 with wildtype plasmid. Knockout plasmids of prgY 

and prgZ also appear to be inducible (Figure 14, lanes 3-6) in agreement with qRT-PCR 

data (Figures 10 and 11, respectively). However, the RNA content associated with this 

induction after 15 minutes appears to show less hybridization to the QE probe (Figure 14, 

lanes 3-6). This is contrary to the results of the qRT-PCR assays. 



 

35 

 

 

 

Figure 12. Results of Northern blot: CK104(ccfA+) at 15 minutes post-induction. 

A. QE probe. B. 5s probe.  

Lane 1: CK104/pCF10(wt) uninduced     

Lane 2: CK104/pCF10(wt) 10ng/mL cCF10     

Lane 3: CK104/pCF10ΔprgY uninduced    

Lane 4: CK104/pCF10ΔprgY 10ng/mL cCF10 

Lane 5: CK104/pCF10ΔprgZ uninduced 

Lane 6: CK104/pCF10ΔprgZ 10ng/mL cCF10 
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Figure 13. Results of Northern blot: CK104(ccfA+) at 60 minutes post-induction. 

A. QE probe. B. 5s probe.  

Lane 1: CK104/pCF10(wt) uninduced     

Lane 2: CK104/pCF10(wt) 10ng/mL cCF10     

Lane 3: CK104/pCF10ΔprgY uninduced    

Lane 4: CK104/pCF10ΔprgY 10ng/mL cCF10 

Lane 5: CK104/pCF10ΔprgZ uninduced 

Lane 6: CK104/pCF10ΔprgZ 10ng/mL cCF10 
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Figure 14. Results of Northern blot: JRC101(ccfA-) at 15 minutes post-induction. 

A. QE probe. B. 5s probe.  

Lane 1: JRC101/pCF10(wt) uninduced     

Lane 2: JRC101/pCF10(wt) 10ng/mL cCF10     

Lane 3: JRC101/pCF10ΔprgY uninduced    

Lane 4: JRC101/pCF10ΔprgY 10ng/mL cCF10 

Lane 5: JRC101/pCF10ΔprgZ uninduced 

Lane 6: JRC101/pCF10ΔprgZ 10ng/mL cCF10 
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Figure 15. Results of Northern blot: JRC101(ccfA-) at 60 minutes post-induction. 

A. QE probe. B. 5s probe.  

Lane 1: JRC101/pCF10(wt) uninduced     

Lane 2: JRC101/pCF10(wt) 10ng/mL cCF10     

Lane 3: JRC101/pCF10ΔprgY uninduced    

Lane 4: JRC101/pCF10ΔprgY 10ng/mL cCF10 

Lane 5: JRC101/pCF10ΔprgZ uninduced 

Lane 6: JRC101/pCF10ΔprgZ 10ng/mL cCF10 
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DISCUSSION 

In this study, a strain of E. faecalis capable of producing endogenous pheromone 

(CK104) and a strain in which this ability was disrupted (JRC101) were each transformed 

with either wildtype conjugative plasmid pCF10, a plasmid construct in which a 

transposon insertion knocked out function of prgY (pCF10ΔprgY), or one in which prgZ 

was knocked out via allelic exchange (pCF10ΔprgZ). 

 Phenotypic analysis was performed utilizing a microtiter aggregation assay. This 

analysis confirmed the phenotypes previously described for these plasmids, and was 

useful in quantifying conjugative response at the level of protein expression (AS). It was 

shown that at 4 hours post-induction, both strains CK104 and JRC101 express AS at 

equivalent inducer concentrations. This is consistent with the data collected in the qRT-

PCR assays. This makes sense as prgY is thought to be responsible for preventing 

autoinduction by endogenous cCF10 (Christie and Dunny, 1986). 

In the presence of pCF10ΔprgY, the clumping assay showed that CK104 was 

constitutively clumpy while JRC101 was inducible. In both strains plasmid pCF10ΔprgZ 

caused an increase in the concentration of pheromone needed to trigger a clumping 

response by a factor of 4. This assay is limited in its resolution by the magnitude of the 

serial dilutions used (2-fold). However, in this study the clumping assay was very useful 

to rule out the presence of second-site suppressor mutations or plasmid loss that would 

have been catastrophic for downstream applications. This data is consistent with previous 

studies showing a similar phenotype (Christie and Dunny, 1986), and confirms that 

iCF10 is not sufficient to prevent induction by cCF10 in the absence of PrgY. 
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In order to probe the expression states of relevant genes prgX, a negative regulator 

of conjugation and prgQ, a positive regulator, qRT-PCR was performed following a 

dose-response time course experiment. The primary findings of this assay were three-

fold. JRC101 was shown to exhibit an induction response at the RNA level that was equal 

to or greater than that seen in wildtype at 15 minutes post-induction in every case. This 

suggests that basal levels of cCF10 are important to stabilize the inductive response. 

Plasmid pCF10ΔprgY was shown to cause a constitutively induced phenotype with an 

additional capacity for expression from PQ. This indicates that endogenous pheromone is 

not sufficient to fully induce conjugation even in the absence of PrgY. Finally, prgZ was 

shown to be important for the shutdown of the conjugation response as well as initiation. 

We can infer that specific import of inhibitor iCF10 by PrgZ is responsible for this effect.  

 

The ccfA-iCF10 feedback loop 

 One of the questions posed by this study relates to the role of endogenous 

pheromone in the induction response of pCF10. At first glance one would expect that less 

endogenous pheromone would translate into a delayed, insensitive, and attenuated 

induction response. However, the mutual downregulation imposed between prgQ and 

prgX means that a decreased level of pheromone prior to induction will result in less 

expression from PQ. This will in turn prevent the provision of normal levels of iCF10. 

The lack of sufficient iCF10 means that when an equivalent inductive stimulus is applied 

via the introduction of exogenous pheromone, the iCF10-cCF10 balance is shifted more 

quickly relative to wildtype, and with a larger magnitude response. The data presented in 

this study are largely supportive of this idea. Figures 6 and 9 depict this increased 
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inductive response of JRC101 relative to CK104 in the presence of wild type cCF10. In 

addition to iCF10, Anti-Q also plays a role in negative regulation of conjugation by 

favoring termination at IRS1 to form QS. It follows then that less expression from PQ 

would result in more Anti-Q being present to counter the inductive effect caused by the 

lack of iCF10. The above figures show a slight increase in expression at low 

concentrations of pheromone in JRC101 relative to CK104, but are not conclusive. The 

answer may lie in the differential relative stabilities of the RNA regulator Anti-Q relative 

to the peptide pheromone cCF10. At the time point sampled it is likely that JRC101 with 

its low basal population of iCF10, was able to overcome the short-acting negative 

regulation provided by Anti-Q long before the first time point (15 minutes post-

induction).  

The ccfA-iCF10 feedback loop remains a rich area for study. A number of further 

experiments could provide insight into this relationship. One question that remains is 

whether iCF10 can be recovered in different quantities from uninduced cultures of 

wildtype and ccfA- strains. This would be useful in testing the hypothesis that a lack of 

iCF10 is responsible for the increased magnitude of induction response observed at the 

level of transcription in ccfA- JRC101 via qRT-PCR in this study. It could also be useful 

to know what the limiting factor may be when triggering and shutting down the 

conjugation response. In this way we can play on the inherent weaknesses of the system 

to degrade the ability of this and similar plasmids to confer antibiotic resistance to 

pathogenic bacteria. To determine what the relative effect of iCF10 is to that of Anti-Q, 

the 5’ region of prgQ could be mutated to remove inhibitor activity. This plasmid would 

then be compared to a similarly mutated plasmid with mutations in the sequences 
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responsible for binding Anti-Q to the nascent transcript from prgQ to favor termination at 

IRS1. Both plasmids transformed into JRC101 and probed with qRT-PCR after induction 

could shed light on whether iCF10 or Anti-Q are responsible for the magnitude and 

kinetics of the induction response of JRC101 observed in this study. Further study of the 

process of iCF10 re-importation will likely yield further clues as to what the limiting 

factor in the induction response may be. 

 

Effects on induction of knockout plasmids pCF10ΔprgY and pCF10ΔprgZ 

 This study is the first to collect data on the effect of prgY at the level of 

transcription. From the data shown in Figures 7 and 10 we are able to make several 

determinations regarding this factor. Firstly, while the absence of functional prgY in 

CK104 was sufficient to cause a constitutively clumpy phenotype, qRT-PCR shows that 

endogenous pheromone alone is not sufficient to fully induce a conjugative response. 

Secondly, in the ccfA- strain repression had been fully re-established by the 60 minute 

time point. This suggests that it may be useful to probe this construct at several earlier 

time points in an effort to grasp the rate of shutdown in the absence of prgY.  

 As mentioned previously, there are two interesting effects observed when prgZ is 

absent during induction. First is the ability of these strains to fully induce and in fact to 

the highest levels seen in the present study, by 15 minutes post-induction in the absence 

of the OppA homolog putatively responsible for specific import of cCF10. Physiological 

concentrations of pheromone did not elicit a markedly decreased transcriptional response 

as clumping assays would suggest. Secondly, prgZ was shown to be important for the 

kinetics of conjugation shutdown. Figure 8B shows strain CK104 in the presence of 
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pCF10ΔprgZ at 60 minutes post-induction. At this point QL expression is still near peak 

levels at high concentrations of pheromone. This is quite different from wildtype pCF10, 

which had returned to a fully repressed state at all concentrations by this time point. One 

possible cause for this effect was that cCF10 in the supernatant could only enter the E. 

faecalis cells at a greatly reduced rate through the Opp system and was therefore 

unavailable to be cleared by proteolytic digestion within the cytoplasm. However, this 

explanation is deficient when the effect observed in JRC101 is considered. In this case, 

the absence of prgZ at 60 minutes post-induction has resulted in repression being re-

established in all but the highest concentration of pheromone (10 ng/mL). It may simply 

be that the process is delayed globally and that CK104 is able to further delay the re-

establishment of repression by providing additional cCF10 into the supernatant to 

competitively inhibit non-specific import of iCF10 by OppA. 

 A picture of endogenous pheromone stabilizing the conjugative response begins 

to appear through the results of cell aggregation assays and qRT-PCR. These techniques 

are both informative, but particularly in the case of qRT-PCR it is important to perform 

secondary confirmatory measurements of whole cell RNA extracts via Northern blots to 

assure that the observed effects can be observed by other methods. Figure 12, lanes 1 & 2 

contain the whole cell RNA contents of CK104 in an uninduced and highly induced 

(10ng/mL) state, respectively. Lane 1 confirms that uninduced CK104 is able to sequester 

endogenous cCF10 via functional PrgY in order to prevent the expression of any 

detectable transcripts with complementarity to the QE probe, while producing the 

moderated inducible phenotype. In prgY- lane 3, CK104 displays a distinct, roughly 

100nt fragment while the induced sample in lane 4 shows 3 minor bands roughly 100, 
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140, and 180nt in length in addition to the band pattern typical of induced pCF10-

containing cells. Since the probe QE has a footprint downstream of IRS1, all shorter 

fragments are the result of processing or degradation. The presence of distinct bands of 

such short lengths indicates processing from both the 3’ and 5’ ends of the QL  transcript. 

prgZ- samples of CK104 in lanes 5 & 6 confirm both the inducible phenotype and the 

increased level of QL expression observed via qRT-PCR.  

 

CONCLUSION  

Poor sanitation infrastructure, population increases, and the widespread use of 

antibiotics have all conspired to breed new and ever-changing health challenges caused 

by antibiotic-resistant bacterial infections. E. faecalis is an important human pathogen 

and a significant contributor to the development of antibiotic resistance in many other 

bacteria. Improving our understanding of the regulatory interactions within this organism, 

and within conjugative plasmids such as pCF10 in particular, is critical. Research leading 

to a practical knowledge of plasmid function and regulation will allow for the 

development of the next generation of antibiotics. These may include genetically-

modified plasmids or pheromone-mimetic compounds that impose a fitness cost on our 

bacterial competitors, rather than the considerable advantage endowed by the ability to 

resist our most powerful medications. Such constructs will only be possible through 

continued discovery pertaining to the genetic regulation of conjugative plasmids. 
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