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Several pAD1 miniplasmids were constructed that consisted of all or a portion of the pAD1 
EcoRI B fragment with pheromone-inducible “E region” IacZ transcriptional fusions. Miniplasmids 
containing the entire EcoRI B fragment (the “E miniplasmids”) were found to regulate LacZ 
expression normally, indicating that sufficient information is present on this fragment to regulate 
a pheromone response. These plasmids also encoded normal replication functions. The E mini- 
plasmids were further reduced by deleting a KpnI fragment. These “K miniplasmids” were able 
to perform most of the functions central to a pheromone response but failed to induce the fused 
transcripts to levels observed in the parental plasmids. This defect was found to be due to a 
pheromone-dependent growth inhibition of cells containing the K miniplasmids. Evidence indicated 
that this inhibition was due to transcriptional readthrough beyond the IucZ gene and into the 
putative replication region of the plasmid. Possible mechanisms of this inhibition as well as its 
potential usefulness in further examining the characteristics of the pheromone response are dis- 
cussed. 0 1989 Academic Press, Inc. 

Conjugative transfer of a group of plasmids 
found in the opportunistic pathogen Entero- 
coccus.faecalis is induced by small, hydropho- 
bic peptide pheromones (Dunny et al., 1978; 
Mori et al., 1984, 1988; Suzuki et al., 1984). 
Each pheromone is specific for a particular 
plasmid species and is produced only by cells 
which do not contain the related plasmid 
(Dunny et al., 1979). Potential donors respond 
to pheromone by producing a proteinaceous 
adhesion, called “aggregation substance,” 
which appears on the surface of induced donor 
cells (Yagi et al., 1983). Aggregation substance 
facilitates the formation of mating aggregates 
by binding to a “binding substance” present 
on the surface of recipient cells. Since plasmid- 
containing cells also express binding sub- 
stance, self-aggregation can be induced by ex- 
posure to pheromone. Induction involves 
synthesis of a number of surface proteins, at 
least some of which are likely components of 
aggregation substance (Ehrenfeld et al., 1986; 
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Tortorello and Dunny, 1985). Expression of 
an inducible surface (entry) exclusion has also 
been associated with one of these proteins in 
the plasmid pCFl0 (Dunny et al., 1985). In 
addition, functions necessary for transfer of 
the plasmid itself appear to be inducible 
(Clewell and Brown, 1980). Thus, when cells 
containing two different pheromone plasmids 
are induced by pheromone specific for only 
one of the plasmids, productive mating aggre- 
gates are formed but transfer of only the spe- 
cifically related plasmid is induced (Ehrenfeld 
et al., 1986). Once the plasmid has been trans- 
ferred to the recipient, the production of pher- 
omone activity specific for that plasmid is shut 
down. Pheromones specific for other plasmids 
not present in the transconjugant continue to 
be produced. In addition, transconjugants be- 
gin to produce a small peptide which com- 
petitively inhibits the action of the pheromone 
specific for that plasmid (Ike et al., 1983; Mori 
et al., 1986). Therefore, at least four basic con- 
jugation-related functions must be determined 
by the plasmid DNA: (i) the detection and 
transduction of the pheromone signal; (ii) the 
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synthesis and/or regulation of the aggregation 
and transfer functions; (iii) the specific shut- 
down of endogenous pheromone activity; and 
(iv) the production of inhibitor. 

Plasmid PAD 1 (= 60 kb) encodes a response 
to the sex pheromone CAD 1. It also encodes 
a hemolysin-bacteriocin (Tomich et al., 1979; 
Clewell et al., 1982) as well as resistance to 
ultraviolet light (Clewell et al., 1986). The he- 
molysin-bacteriocin has been implicated as a 
virulence factor in E. faecah (Ike et al., 1984, 
1987). Previous work with this plasmid defined 
a region of approximately 31 kb (Fig. 1) re- 
quired for a normal pheromone response (Eh- 
renfeld and Clewell, 1987). For simplicity, de- 
terminants within this region can be catago- 
rized into three broad groups: (i) those affecting 
plasmid transfer but not aggregation or in- 
ducible surface protein production (compris- 
ing the previously defined G and H regions); 
(ii) those affecting aggregation and/or induc- 
ible surface protein production but not transfer 

if cells are artificially “aggregated” by pressing 
them together on a solid surface (comprising 
the previously defined and recently extended 
F region); and (iii) those affecting both aggre- 
gation and transfer (Fig. 1). This latter group 
represents a cluster of determinants (traA, 
traB, and the E and C regions) located near 
one end of the 3 1 -kb region. These genes are 
essential for the normal regulation of the 
pheromone response. The E region is believed 
to encode a positive regulator since mutations 
within this region result in an inability of plas- 
mid-containing cells to aggregate or transfer 
the plasmid in response to pheromone (Eh- 
renfeld and Clewell, 1987). In addition, pro- 
duction of P-galactosidase from 1acZ fusions 
within this region, constructed using Tn917- 
lac (Perkins and Youngman, 1986) is exquis- 
itely sensitive to the presence of pheromone 
(Weaver and Clewell, 1988). The tra.A and 
traB genes appear to be negative regulators of 
the pheromone response, as mutations within 

59.610 kb 

pAD1 

FIG. 1. Physical and functional map of pAD1. Regions important for transfer are indicated as shaded or 
open boxes on the interior of the map and labeled traA, trd3, and C through H. Regions hly-bat, uvr, and 
cop represent genes for hemolysin-bacteriocin, uv resistance determinants, and copy number control, re- 
spectively. EcoRI fragments are labeled within the outer circle. Other restriction sites are (V), San; (B) 
BarnHI; (+) KpnI; and (0) Pstl. 
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these genes result in constitutive aggregation 
and rapid transfer of plasmid DNA in matings 
too short to allow normal pheromone induc- 
tion (Ike and Clewell, 1984). In addition, ab- 
normalities in the expression of transfer func- 
tions and inducible surface proteins observed 
in some traA mutants suggest that the product 
of this gene is also required for signal trans- 
duction (Weaver and Clewell, 1988). The 
function of the C region has yet to be deter- 
mined, but mutations within this region result 
in an increased production of iAD 1 and a de- 
creased sensitivity to pheromone (Ehrenfeld 
and Clewell, 1987). A subset of mutants within 
the C region also results in “semiconstitutive” 
aggregation and transfer (Weaver and Clewell, 
1988). Finally, a 2.5-kb deletion within this 
cluster of genes, removing a portion of traB 
and most of the C region, results in the in- 
ability of the plasmid to shut down pheromone 
production (Weaver and Clewell, 1988; K. E. 
Weaver, unpublished results). Therefore, genes 
present within this regulatory cluster are im- 
plicated in each of the four expected plasmid- 
encoded functions mentioned above. 

To determine if the genes within the regu- 
latory cluster are sufficient for the regulation 
of the pheromone response and to facilitate 
further investigations on the interactions of 
the regulatory factors, we have constructed 
“miniplasmids” consisting of all or a portion 
of the EcoRI B fragment of PAD 1. Evidence 
presented in this report indicates that all ge- 
netic information necessary to regulate pher- 
omone-inducible genes, as well as determi- 
nants required for replication, are present on 
this fragment. In addition, we report the con- 
struction of a miniplasmid derivative which 
resulted in pheromone-dependent growth in- 
hibition of plasmid-containing cells. Possible 
mechanisms of this unique observation and 
its implications to pADl replication and the 
pheromone response are discussed. 

MATERIALS AND METHODS 

Bacterial strains and plasmids. Strains and 
plasmids used and their relevant characteristics 
are shown in Table 1. Except where noted 
plasmid characteristics were determined in an 

E. .faecafis OG 1 X background. Plasmids used 
or constructed in this investigation are shown 
in Table 1. 

Media and reagents. All strains were grown 
in Antibiotic Medium No. 3 (Difco Labora- 
tories, Detroit, MI) for ethidium bromide- 
CsCl gradient preparation of plasmid DNA 
and Todd-Hewitt broth (THB)3 (Difco) for 
rapid plasmid isolation. All other experiments 
were conducted in NZGT medium (Nutrient 
Broth No. 2 (Oxoid Ltd., London, UK) sup- 
plemented with 0.1 M Tris buffer (pH 7.5) and 
0.2% glucose). Solid medium was prepared by 
adding agar (1.8%) (Difco); and hemolysis was 
detected, when necessary, on THB plates con- 
taining 4% horse blood (Colorado Serum Co., 
Denver, CO). Cultures were incubated at 
37°C. Where appropriate, the following an- 
tibiotics were added at the indicated concen- 
trations: streptomycin, 1 mg/ml; fusidic acid, 
25 pg/ml; rifampin, 25 pg/ml; erythromycin, 
10 pg/ml; tetracycline, 10 pg/ml. Other anti- 
biotic concentrations are noted when appro- 
priate. 

Construction andphysical analysis ofpAD 
miniplasmids. In order to isolate a functional 
miniplasmid two requirements must be met: 
(i) the plasmid fragment selected must contain 
sufficient information for stable replication 
and inheritance; and (ii) the plasmid fragment 
must contain a selectable marker. In addition, 
since our intention was to determine the ability 
of regulatory genes on the miniplasmid to 
properly direct a pheromone response, some 
means of measuring that response was also re- 
quired. Isolation of a Tn917 insertion located 
near the traB gene on the PAD 1 EcoRI B frag- 
ment that resulted in a fivefold increase in 
plasmid copy number was previously reported 
(Ike and Clewell, 1984; see also Fig. 2), indi- 
cating that PAD 1 replication functions might 
be encoded on this fragment. Inducible 1acZ 
fusions, such as Tn917-lac inserts NRl 1 and 
NR5 (Weaver and Clewell, 1988) within this 
fragment would provide both the antibiotic 
selection and a method for quantifying the 
pheromone response. Therefore, it was con- 

3 Abbreviations used: THB, Todd-Hewitt broth; MU, 
Miller unit. 
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TABLE 1 

E. faecalis STRAINS AND PLASMIDS 

Strain or plasmid 

Strains 
OClX 
FA2-2 
DS16 
CGI 10 

Plasmids 
pAD1 
pAM2005A 

pAM2005E 
pAM2005K 

pAM2005KR 

pAM25 16KT 

pAM2524KT 

pAM20 11 A 

pAM20 11 E 
pAM20 11 K 

pAM2 11 

Relevant phenotype” 

str gel 
riffus 
tet em 
tet, high frequency donor of Tn916 

Hemolysin-bacteriocin 
PAD 1 derivative containing the NR5 

pheromone-inducible lacZ fusion, 
agg-, tf, isp- 

Miniplasmid derived from pAM2005A 
Miniplasmid derived from pAM2005E, 

pheromone-inhibited growth 
Spontaneous pheromone-resistant 

derivative of pAM2005K 
Tn916derived pheromone-resistant 

derivative of pAM2005K (KT16 
insert) 

Tn9l6-derived pheromone-resistant 
derivative of pAM2005K (KT24 
insert) 

PAD 1 derivative containing the NRl 1 
pheromone-inducible ZacZ fusion, 
a&, tf, isp- 

Miniplasmid derived from pAM20 1 IA 
Miniplasmid derived from pAM20 11 E, 

pheromone-inhibited growth 
pADI: :Tn916 EcoRI F fragment 

insert nonhemolytic 

Reference 

(Ike et a/., 1983) 
(Clewell et al., 1982) 
(Tomich et al., 1979) 
(Gawron-Burke and Clewell, 1982) 

(Tomich et al., 1979) 
(Weaver and Clewell, 1988) 

This report, see Fig. 2 
This report, see Fig. 2 

This report 

This report, see Fig. 2 

This report, see Fig. 2 

(Weaver and Clewell, 1988) 

This report, see Fig. 2 
This report, see Fig. 2 

(Gawron-Burke and Clewell, 1982) 

’ agg, aggregation; tf, transfer; isp, inducible surface proteins. 

sidered possible that miniplasmids could be 
constructed from the EcoRI B fragment of 
plasmids containing one of these inserts. 

In order to construct these derivatives, plas- 
mids pAM2005A and pAM20 11A (PAD 1 de- 
rivatives containing the NR5 and NRl 1 in- 
serts, respectively) were purified by ethidium 
bromide-CsCl ultracentrifugation as previ- 
ously described (Clewell et al., 1974). Ap- 
proximately 1 pg of DNA was digested with 
EcoRI, precipitated, and religated with T4 
DNA ligase. Religated DNA was then used to 
transform OG 1 X protoplasts as previously 
described (Wirth et al., 1986). Transformants 
were selected on media supplemented with 2 
fig of erythromycin per milliliter. Routine 
screening of plasmid DNA from transformants 

was carried out using the small-scale alkaline 
lysis procedure previously described (Weaver 
and Clewell, 1988). Plasmid DNA was ana- 
lyzed by digestion with various restriction en- 
zymes and electrophoretic separation of re- 
striction fragments on 0.8% agarose. All re- 
striction enzymes and T4 DNA ligase were 
obtained from Bethesda Research Laborato- 
ries, Inc. (Gaithersburg, MD) and reactions 
carried out in the buffers provided under 
the conditions recommended. These deriva- 
tives, the E miniplasmids, were designated 
pAM2005E and pAM2011E to indicate that 
they consisted of the entire EcoRI B fragments 
of their respective parental plasmids (Fig. 2). 

To further reduce the size of the miniplas- 
mids a similar isolation procedure was carried 
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out w:th &J-cleaved pAM2005E and 
pAM20 11 E. KpnI sites are located just outside 
of the plasmid-encoded uvr gene and just 
downstream of the Tn917 erm gene (Shaw and 
Clewell, 1985). Therefore, such constructs 
would not be expected to disturb the antibiotic 
resistance or 1acZ determinants. These deriv- 
atives, the K miniplasmids, were mapped and 
designated pAM2005K and pAM2011 K to 
indicate that they consisted of the KpnI frag- 
ment of their respective parental plasmids (see 
Fig. 2). 

Determination ofplasmid copy number, in- 
compatibility, and stability. The copy number 
of pAM2005A, its miniplasmid derivatives, 
and pAM201lK were determined using 
[3H]thymidine-labeled cultures as previously 
described (Clewell et al., 1974). To determine 
plasmid incompatibility, pAM2 11 was trans- 
ferred by filter mating (Clewell et al., 1985) 
into OG 1 X strains carrying the plasmid to be 
tested. Transconjugants were selected on tet- 
racycline-containing medium to select for the 
incoming plasmid and then screened for 
maintenance of the resident plasmid on eryth- 
romycin-containing plates. The rate of plas- 
mid loss (i.e., plasmid stability) was deter- 
mined after cells containing the plasmid were 
grown from single colony inoculum overnight 
in selective medium. The cells were washed 
once and then diluted in fresh nonselective 
medium. The culture was maintained in log 
phase by periodic dilution for at least 100 gen- 
erations or until < 1% of colony isolates con- 
tained the plasmid. Samples were taken peri- 
odically and screened for the percentage of 
plasmid-containing cells based on the reten- 
tion of the erm determinant. After 100 gen- 
erations, any remaining erythromycin-re- 
sistant colonies were screened for expected 
plasmid-determined characteristics (e.g., 
pheromone-dependent growth inhibition or 
pheromone induction of the 1acZ fusion) to 
ensure that transposition of Tn92 7 or plasmid 
mutation had not occurred. 

Pheromone assays. The concentration of 
CAD 1 was determined by the microtiter assay 
method described previously (Dunny et al., 
1979). The CAD 1 titer was defined as the high- 
est dilution of culture filtrate which induced 

aggregate formation in responder cells. The 
inhibitor, iAD1, titer was determined by di- 
luting a culture filtrate from plasmid-free cells 
through culture filtrates to be tested in the mi- 
crotiter assay (Ike et al., 1983). The inhibitor 
titer was represented as the pheromone titer 
in the absence of inhibitor divided by the titer 
in its presence. Because iAD production is 
very low in an E. faecalis OG 1 X background, 
all plasmids were transferred to E. fuecalis 
strain FA2-2 to ensure that iAD production 
was normal. In the case of nonconjugative 
pAD1 derivatives and miniplasmids, this was 
accomplished by performing triparental mat- 
ings between the plasmid-containing strain 
and FA2-2, using OG 1 X(pAD 1) as the helper. 
Transconjugants were selected on plates 
containing fusidic acid, rifampin, and eryth- 
romycin and then screened for pheromone- 
induced production of /3-galactosidase or 
pheromone inhibition. In addition, miniplas- 
mid-bearing transconjugants were checked for 
hemolysin production, transmissibility, and 
plasmid content to ensure that no pADl cop- 
ies coexisted in the cell. 

Pheromone response and pheromone-de- 
pendent growth inhibition. To test the phero- 
mone responsiveness of cells containing min- 
iplasmids and their parental plasmids, 1: 10 
dilutions were made from an overnight culture 
of the strain to be tested and grown for 30 
min. Cultures were then induced with 0, 2.5, 
5, 10, 20, and 40 rig/ml of synthetic cAD1 
(custom made by Milligen Inc., Waterton, 
MA) for 90 min. Cell density was determined 
using a Spectronic 21 calorimeter (Bausch & 
Lomb, Inc., Rochester, NY) at a wavelength 
of 600 nm. Cells were harvested, toluenized, 
and assayed for P-galactosidase activity as pre- 
viously described (Weaver and Clewell, 1988). 
Assays were conducted with 40 ~1 of sample 
for 30 min. Activities are expressed in Miller 
units (MU; Miller, 1972). Plasmid-containing 
strains were routinely checked for pheromone- 
dependent growth inhibition by exposing early 
log phase cultures to 20-40 ng of cAD1 per 
milliliter and following growth at OD 600 as 
above. Specific conditions of various inhibi- 
tion experiments are described in the text. 
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pAM2005E (NRS) 
pAM2OllE (NRll) 
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FIG. 2. Plasmid maps of pAD1 miniplasmids. All four plasmids consist of portions of the pAD1 EcoRI 
B fragment and each contains an inducible lucZ fusion, NRS or NRl 1, indicated by the insertion triangle. 
pAM2005E and pAM20 11E differ only in the site of the Tn917-lac insertion, NR5 and NR 11, respectively. 
The regions designated truA, truB, C, and E have previously been shown to be important for pheromone 
regulation. The uvr gene is required for the plasmid-encoded uv resistance. Restriction sites are designated 
above the map and kb markers below. Restriction sites mapped are E, EcoRI; H, HindIII; X, X&I; B, 
BamHI; K, KpnI; S, Sun. Tn917-luc contains several Hind111 and Sa& sites that are not shown and a single 
KpnI site which was used in the construction of pAM2005K and pAM2OllK. Also shown on the pAM2005K 
map are the sites of two Tn916 inserts, KT16 and KT24, which relieve the pheromone-dependent growth 
inhibition. The deletion present in pAM2005KR is located between the Hind111 and the KpnI sites on the 
far right end of pAM2005K. The site marked cop is a formerly mapped locus at which a Tn917 insert results 
in a fivefold increase in plasmid copy number. 

Mutagenesis and selection ofpheromone re- mycin-containing plates supplemented with 
sistant mutants of pAM2005K. Spontaneous 20-40 ng of cAD1 per milliliter. Colonies 
pheromone-resistant mutants of pAM2005K growing faster than background were selected 
were selected simply by streaking single col- and purified for further characterization. 
onies of OGlX (pAM2005K) on plates con- 
taining 20-40 ng of CAD 1 and 100 pg of 5- RESULTS 
bromo-4-chloro-3-indolyl-/3-D-galactoside 
(Sigma Chemical Co., St. Louis, MO) per mil- 

Replication and Pheromone Induction 

liliter. Colonies that grew faster than the back- Characteristics of pAD1 Miniplasmids 

ground and produced a blue pigment, indi- Miniplasmids were constructed from the 
eating induction of the E region ZacZ fusion, pAD1: : Tn917-lac derivatives pAM2005A and 
were selected for further analysis. Tn916 pAM20 11 A as described under Materials and 
transposon mutants were selected following an Methods. Physical and functional maps of the 
overnight filter mating of the plasmid-con- miniplasmids are shown in Fig. 2. All mini- 
taining strain with CGl 10. Transconjugants plasmid-containing strains failed to produce 
were selected on tetracycline- and strepto- cAD1 and excreted normal levels of iAD1. 
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PIG. 3. Pheromone response of miniplasmids and their parental plasmids. OGlX strains containing the 

various plasmids were cultured and induced as described under Materials and Methods. @Galactosidase 
activity is expressed in Miller units, a unit of measure normalized to culture optical density. Each line is an 
average of three independently conducted experiments. Symbols: (0) pAM2005A, (0) pAM2005E; (A) 
pAM2005K; (0) pAM2005KR; (Cl) pAM201 IA; (m) pAM2OllE; (A) pAM2OllK. 

60 

Comparison of the parental PAD 1: : Tn917- pAM2005E was lost at x0.1 % per generation 
Zac plasmid, pAM2005A, with its two in the absence of selection while no loss of 
miniplasmid derivatives, pAM2005E and pAM2005A was observed. This may be less 
pAM2005K, revealed that maintenance was due to deletion of maintenance functions than 
near normal in all cases. Copy numbers of all to the loss of the hemolysin-bacteriocin de- 
three plasmids were two to four per chromo- terminant from the miniplasmid. The bacte- 
some equivalent. In addition, no significant riocin might be expected to quickly kill any 
difference in expression of incompatibility was plasmid-free segregant, resulting in an appar- 
observed between the miniplasmids and ent increase in plasmid stability. Stability of 
pAM2005A following uptake and selection for pAM2005K was highly variable, ranging from 
pAM2 11 (see Materials and Methods). In all greater than 99% plasmid loss within 50 gen- 
cases, loss of the unselected et-m determinant erations to less than 5% loss over 100 gener- 
was greater than 90%. Uptake frequencies of ations. In one experiment the plasmid was 
pAM2 11 were one to two orders of magnitude maintained in 90% of cells over 40 generations 
higher when the recipient contained one of and then was lost from >99% of cells over the 
the miniplasmids, compared to pAM2005A- next 30 generations. In all cases, erythromycin- 
containing recipients (= 1 OP4 vs 1 Oe5 per do- resistant strains remaining near the end of the 
nor cell). The presence of an as yet unidentified experiment were indistinguishable, phenotyp- 
surface exclusion function on pAM2005A that ically or in plasmid content, from those in the 
is absent on the miniplasmids could account inoculum. The basis of this unusual stability 
for this difference. Similar copy number and pattern is due to the unique characteristics of 
incompatability characteristics were observed the K miniplasmids addressed below and un- 
for the smaller miniplasmid, pAM20 11 K. der Discussion. 

The pAM2005E derivative was slightly less Figure 3 shows the pattern of pheromone- 
stable than its parent, pAM2005A. Thus, inducible &galactosidase production in cells 
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Time (hrs) 
Ftc. 4. Pheromone-dependent growth inhibition of pAM2005Kcontaining cells. GGlX(pAM2005K) 

was grown overnight in N2GT/Em and then diluted to 1% in fresh N2GT/Em. After 1 h pheromone was 
added to the indicated concentration: (m) 0 rig/ml; (0) 0.6 r&ml; (A) 1.25 q/ml; (0) 2.5 rig/ml; (0) 5 ngJ 
ml; (A) 10 ngjml. The arrow indicates the point at which pheromone was added. 

containing the miniplasmids and their pa- 
rental plasmids. Both pAM2005E and 
pAM20 11 E regulated the production of p-ga- 
lactosidase from their respective fusions in a 
manner nearly identical to that observed in 
the parental plasmids, pAM2005A and 
pAM20 11 A, respectively, although activity 
levels were consistently lo-20% higher in 
strains containing the miniplasmids. Regula- 
tion of the P-galactosidase production by 
pAM2005K and pAM20 11 K was clearly not 
normal. The pheromone-inducible promoter 
appeared to be normally repressed in this 
plasmid; and, upon exposure to pheromone, 
some increase in the production of p-galac- 
tosidase was observed. However, P-galactosi- 
dase activity levels reached a maximum at or 
before pheromone concentrations of 2.5 ng/ 
ml and were not increased by further addition 
of pheromone. 

Pheromone-Dependent Growth Inhibition of 
Cells Containing pAM2005K 
and pAM2OllK 
Following the 1.5-h induction period used 

to generate the pheromone response curves 

shown in Fig. 3, it was observed that the culture 
densities of pAM2005K- and pAM201 lK- 
containing cells induced with >2.5 ng of CAD1 
per milliliter were nearly half those of unin- 
duced cultures. No such difference was ob- 
served with either of the E miniplasmids or the 
parental plasmids. Therefore, it seemed possible 
that a pheromone-inducible growth inhibition 
was in some way linked to, or responsible for, 
the observed failure of the K miniplasmids to 
normally induce the lacZ fusions. 

To test this hypothesis we examined the ef- 
fects of various pheromone concentrations on 
pAM2005K-containing cells. Results are 
shown in Fig. 4. Cultures exposed to phero- 
mone concentrations of greater than 1 rig/ml 
showed a detectable decrease in growth rate 
within 30-40 min of induction. At pheromone 
concentrations above 2.5 rig/ml, growth in- 
hibition persisted, resulting in a fairly constant 
growth rate approximately & of normal. The 
generation time in the absence of pheromone 
is = 1 h and was increased to greater than 10 
h at pheromone concentrations of 5 and 10 
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rig/ml. At pheromone concentrations below 5 
rig/ml, cultures were observed to recover at a 
period of time after induction that was depen- 
dent on the concentration of inducing pher- 
omone (i.e., the higher the pheromone con- 
centration the greater the lag period before 
recovery). At these lower pheromone concen- 
trations, recovery was not due to selection of 
pheromone-resistant mutants since greater 
than 95% of isolates from cultures grown to 
stationary phase could still be inhibited by 
pheromone. Recovery was also observed after 
prolonged incubation following induction with 
pheromone concentrations of 5 rig/ml and 
higher, but in this case the majority of isolates 
from such recovered cultures were pheromone 
resistant (data not shown). As can be seen from 
Fig. 4 the effects of pheromone on growth rate 
are persistent. Even cultures induced with 1.2 
rig/ml pheromone fail to return to a normal 
growth rate prior to reaching stationary phase 
and the higher the pheromone the greater the 
effect. For example, a maximum growth rate 
of 80 min is observed for cultures recovering 
from induction at 1.2 rig/ml and 100 min for 
cultures recovering from induction at 2.5 ng/ 
ml, compared to 60 min for uninduced cul- 
tures. Similar results were obtained with cul- 
tures containing pAM201 lK, but no signifi- 
cant pheromone-dependent growth inhibition 
was observed in cultures containing either of 
the E miniplasmids (data not shown). 

Reversibility of inhibition was tested by 
washing induced pAM2005K-containing cells 
1 h after induction and resuspending in pher- 
omone-free medium. Washed cultures still 
grew slowly but recovered more quickly than 
unwashed cultures (data not shown). For ex- 
ample, the generation time of cultures washed 
and allowed to recover after induction with 
2.5 ng of pheromone per milliliter reached 90 
min 5 to 9 h after induction, compared to 100 
min 7 to 11 h after induction for unwashed 
cultures. One observation that may be con- 
nected to the nearly irreversible nature of 
pheromone inhibition was that PAD 1 -con- 
taining cells are capable of binding and re- 
moving exogenous pheromone from the me- 
dium. Thus, if pAM2005A-containing cells 
were diluted 1: 10 from a stationary phase cul- 

ture, allowed to grow 1 h, and then exposed 
to 20 ng of pheromone per milliliter within 1 
h after induction the pheromone titer of the 
culture filtrate dropped from 64 to 2. Incu- 
bation of pheromone with the supernatant of 
similarly grown cells had no effect on the 
pheromone titer. In the case of pAM2005K- 
containing cells exposed to 2.5 ng of phero- 
mone per milliliter (titer of four) no phero- 
mone was detectable after 1 h. Therefore, the 
relative ineffectiveness of washing to reverse 
inhibition may have been due to the fact that 
the majority of pheromone was already bound 
to receptors on the cell surface; washing re- 
moved only the residual, unbound phero- 
mone. 

Comparable pheromone-dependent growth 
inhibition occurred in the absence of antibiotic 
selection. Thus, the generation time of cultures 
induced with > 10 ng of CAD 1 per milliliter in 
the absence of erythromycin increased from 
48 min to >lO h. Cultures induced with 2.5 
ng of pheromone per milliliter were initially 
inhibited and then recovered to a maximal 
growth rate of 84 min before entering station- 
ary phase. This recovery at 2.5 ng of cAD1 
per milliliter is not due to selection of plasmid- 
free cells, as 96% of colonies isolated following 
recovery remain erythromycin resistant (and 
pheromone inhibitable). However, when 
plated on solid media the majority of colonies 
isolated following recovery at pheromone 
concentrations above 5 rig/ml had lost the 
plasmid. Therefore, pheromone-dependent 
growth inhibition does not require continued 
selection for plasmid maintenance. 

The effects of pheromone induction on the 
viability of pAM2005K-containing cells is 
shown in Fig. 5. Just 20 min after induction 
with 10 ng of pheromone per milliliter viable 
counts dropped to 66% of counts obtained 
prior to induction. Approximately 1 h after 
induction viable counts were reduced by 50% 
and then stabilized or increased slightly. In 
addition, colonies from cultures induced with 
pheromone took up to a day longer to become 
visible on plates than colonies from uninduced 
cultures, again indicating the slow recovery 
from growth inhibition even after cells are re- 
moved from pheromone-containing media. It 
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FIG. 5. Pheromone-induced loss of viability. OGlX(pAM2005K) was grown overnight in N2GT/Em, 
diluted to 1% in fresh N2GT/Em, and induced after 1 h of growth with 10 ng of pheromone per milliliter. 
Samples were taken periodically and plated on N2GT/EmSm plates to follow viability. Symbols (Cl) culture 
optical density at OD 600: (0) viable counts. 
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should be noted that the majority of cell death 
occurred during the period when the optical 
density of the culture was still increasing, in- 
dicating that while cells may increase in mass 
and actually divide, a significant proportion 
of new cells is nonviable. This decrease in vi- 
ability was not accompanied by any visible 
changes in cell morphology when samples 
were examined under a phase contrast light 
microscope. 

The effect of pheromone induction on plas- 
mid copy number was also determined. After 
1 h of induction with 40 ng of pheromone per 
milliliter no detectable change was observed 
in plasmid copy number. 

All of the data presented above indicated 
that pheromone-dependent growth inhibition 
was due to the induction of one or more gene 
products encoded on the K miniplasmids. In 
cells containing the E miniplasmids either this 
gene product is not induced or its effects are 
moderated via genetic material deleted from 
the K miniplasmids. It should be noted here 
that the Tn917-Zuc KpnI site used in con- 
structing both K miniplasmids is located 

within a putative transcription terminator; in 
addition a transcription termination site at the 
distal end of the transposon was removed 
(Shaw and Clewell, 1985). Since the inserted 
1acZ gene contains no terminator sequences 
and no other potential terminators have been 
identified which precede the one interrupted 
by KpnI, it is possible that expression down- 
stream (as well as upstream) of the ZacZ gene 
could account for the observed growth inhi- 
bition. To further localize the offending gene 
we isolated pheromone-resistant revertants of 
pAM2005K-containing cells either by Tn916 
mutagenesis or by selection of spontaneous 
mutants on pheromone-containing plates (see 
Materials and Methods). 

Two Tn916 inserts were isolated that re- 
sulted in pheromone resistance of plasmid- 
containing cells. The location of these inserts 
is shown in Fig. 2. Although both inserts were 
mapped to regions upstream of the 1ucZ gene, 
both resulted in an inability to induce the 1acZ 
fusion. KT24, the insert closest to the NR5 
insert, resulted in total loss of ,L?-galactosidase 
expression; activity levels observed were be- 
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tween 0.2 and 0.4 MU-less than that ob- 
served in uninduced pAM2005K. KT16 al- 
lowed expression of P-galactosidase to unin- 
duced levels (2-3 MU) but did not allow 
significant induction to occur. Therefore, in- 
ducible expression both upstream and down- 
stream of the 1uc.Z fusion was affected by these 
insertions. Furthermore, KT24 is clearly lo- 
cated between the positions of the NRI I and 
NR5 inserts. Thus, any putative inhibitory 
gene product disrupted by KT24 would also 
be absent in pAM20llK. Since growth of 
pAM20 11 K-containing cells was inhibited by 
pheromone, it is likely that the pheromone 
resistance of cells containing pAM2524KT is 
due to the effects of the KT24 insert on 
expression of the region downstream of the 
1acZ gene. 

Results obtained with a spontaneous pher- 
omone-resistant derivative of pAM2005K 
support this conclusion. Several pheromone- 
resistant derivatives were isolated that were 
capable of induction of the la& fusion. The 
majority of these showed no obvious alteration 
in plasmid DNA, but one derivative was iso- 
lated that contained an =200-bp deletion 
within the KprtI-Hind111 fragment down- 
stream of the 1ucZ and erm genes. The growth 
rate of strains containing this plasmid, desig- 
nated pAM2005KR, was not affected by the 
presence of pheromone even though the pro- 
moter controlling 1ucZ expression is signifi- 
cantly induced. Indeed, as can be seen in Fig. 
3, induction of the 1acZ fusion in this mutant 
occurred to levels higher than those observed 
in any of the other fusions. The pAM2005KR 
fusion was also significantly derepressed in the 
absence of pheromone, producing /3-galacto- 
sidase to levels six- to sevenfold higher than 
those in uninduced pAM2005K. 

Since the deletion present in pAM2005KR 
is located within the region believed to be re- 
quired for plasmid replication, the plasmid was 
examined for any changes in maintenance 
properties. No effect on average plasmid copy 
number or expression of incompatability was 
observed. A slight but consistent decrease in 
plasmid stability was observed. In the absence 
of selection, pAM2005KR was lost at a rate 
of 0.5- 1 .O% per generation. The deletion had 

no effect on the shutdown of cAD1 or on the 
production of iAD 1. Thus, the pheromone- 
dependent growth inhibition of pAM2005K- 
and pAM20 11 K-containing cells may be due 
to expression or overexpression of a plasmid 
stability determinant. 

DISCUSSION 

Previous work has identified a cluster of ge- 
netic determinants located on the pAD1 
EcoRI B fragment that are essential for normal 
regulation of the pheromone response. Results 
presented in this report indicate that these 
genes are not only essential but, at least in the 
case of the pheromone-inducible E region 
product(s), they are also sufficient. Thus, 
miniplasmids consisting entirely of the PAD 1 
EcoRI B fragment were (i) capable of normally 
regulating two different inducible 1ucZ fusions 
within the E region; (ii) able to shut down 
CAD 1 activity; and (iii) able to produce normal 
amounts of iAD 1. In addition, although it was 
unable to regulate the fusion normally, it is 
clear that the smallest miniplasmid isolated, 
pAM20llK (see Fig. 2) contains determi- 
nants sufficient to negatively regulate the 
pheromone-inducible promoter and sense/ 
transduce the pheromone signal. Cells con- 
taining pAM20 11 K also shut down CAD 1 ac- 
tivity and produce iAD 1. It should be noted 
that these results do not rule out the possible 
involvement of host (chromosomally encoded) 
factors in controlling the pheromone response. 
Also, whereas the E region is believed to en- 
code a positive regulator(s), it is possible that 
additional “regulators” may be necessary for 
induction of aggregation and transfer func- 
tions. 

Results indicate that sufficient information 
for normal plasmid maintenance is also pres- 
ent on the miniplasmids. Thus, miniplasmids 
were maintained at a normal copy number 
and expressed normal incompatability char- 
acteristics. Although stability of the K mini- 
plasmids seemed variable from experiment to 
experiment, the fact that pAM2005K was sta- 
bly maintained for 40 to 100 generations in 
some cases indicates that information suffi- 
cient for stable maintenance is also present. 
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Variability was most likely due to exaggeration 
of the rate of loss due to the inhibitory effects 
of pheromone produced by plasmid-free seg- 
regants on the remaining plasmid-containing 
cells. The smallest miniplasmid, pAM20 11 K, 
is approximately 14.8 kb, 4.8 kb of which rep- 
resents the remaining Tn917-Zuc DNA. Of the 
remaining 10 kb of plasmid DNA, approxi- 
mately 7 kb has been previously identified as 
important for the pheromone response. As- 
suming that there are no overlapping func- 
tions, this leaves approximately 3 kb of plas- 
mid DNA for carrying out the required 
maintenance functions. 

The K miniplasmids failed to induce their 
respective fusions to levels observed in either 
the parental or the E miniplasmids, presum- 
ably because growth of cells containing these 
plasmids was inhibited under the conditions 
used to induce the cells. The dose-related re- 
sponse to pheromone and the isolation of 
Tn916 inserts in pAM2005K which interfere 
with both pheromone-related growth inhibi- 
tion and production of P-galactosidase indi- 
cates that growth inhibition is related to tran- 
scription initiated at the promoter(s) control- 
ling transcription of the NR5 and NRl 1 
fusions. The positions of the Tn916 inserts and 
the isolation of a spontaneous pheromone-re- 
sistant mutant containing an x200-bp dele- 
tion in the area suspected of encoding repli- 
cation functions suggest that inhibition may 
be due to transcriptional readthrough from an 
E region promoter into the rep region. This is 
possible because the Tn917-luc remnant pres- 
ent in the K miniplasmids does not have a 
functional transcription terminator. Because 
growth inhibition occurs in the absence of se- 
lection for plasmid maintenance it is unlikely 
that it is due to transcriptional interference 
with plasmid replication alone. In the absence 
of selection such interference might lead to 
the rapid accumulation of plasmid-free segre- 
gants but with little or no effect on culture 
growth rates. However, at least three low copy 
number plasmids, F, R 100, and R 1, have been 
found to encode determinants (ccd pem, and 
hok, respectively) which function to enhance 
plasmid stability by killing plasmid-free segre- 
gants (Hiraga et al., 1986; Tsuchimoto et al., 

1988; Gerdes et al., 1986). If such a system 
were operative in PAD 1, transcriptional in- 
terference with pAM2005K plasmid replica- 
tion could lead to inhibition of growth indi- 
rectly by giving rise to plasmid-free segregants 
which are then killed. Alternatively, if such a 
gene were fused directly to the pheromone- 
induced transcript, overproduction of its gene 
product could lead to cell death, as has been 
observed when the Rl hok gene is overpro- 
duced (Gerdes et al., 1986). The observed de- 
crease in viability of pAM2005K-containing 
cells following pheromone induction and the 
slight but consistent decrease in plasmid sta- 
bility of the spontaneous pheromone-resistant 
mutant pAM2005KR are consistent with this 
hypothesis. In addition, both ccd and pem are 
located near the respective plasmid replication 
regions, as is the deletion in pAM2005KR. 
Alternatively, overexpression of some other 
replication function could lead to growth 
inhibition. Since there is no significant in- 
crease in plasmid copy number in induced 
pAM2005K-containing cells, it is unlikely that 
inhibition is due to runaway plasmid repli- 
cation. 

One may wonder why erythromycin itself 
does not induce growth inhibition since the 
erm gene is located downstream of the 1acZ 
gene and resistance is known to be inducible. 
However, the Tn917 erm gene is one of a fam- 
ily of inducible erythromycin resistance genes 
that are regulated by translational attenuation 
(Gryczan et al., 1980; Horinouchi and Weis- 
blum, 1980). Thus, erythromycin induction 
of the erm gene affects only translation of its 
own gene product and would not be expected 
to increase the production of other gene prod- 
ucts with their own ribosome binding sites en- 
coded on the same transcript. 

Three intriguing aspects of the pheromone- 
dependent growth inhibition phenomenon 
may have relevance to the pheromone re- 
sponse. First, induced cells were able to recover 
from pheromone inhibition. At low concen- 
trations of pheromone this recovery was not 
due to selection of either plasmid-free or pher- 
omone-resistant cells. The gradual nature of 
recovery indicates that it may not be due to 
outgrowth of uninduced, and therefore un- 
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inhibited, cells. One possible explanation is 
that induced cells have a mechanism for ter- 
minating the pheromone signal, either by in- 
activation of the pheromone itself or by mod- 
ifying the receptor or signal transducer in some 
unknown way. The observed pheromone 
binding may also be important for moderating 
the pheromone signal. Second, the effects of 
the KT24 and KT16 Tn916 inserts have im- 
plications regarding the organization and reg- 
ulation of the E region gene products. The 
KT24 insert resulted in the virtual elimination 
of transcription of the ZucZ fusion, implying 
that this insert is located between the 1acZ gene 
and the pheromone-inducible promoter. The 
KT 16 insert, however, allowed transcription 
of the la& gene at uninduced levels but did 
not allow pheromone induction of the fusion. 
Outward reading promoter-like sequences 
have been observed in the right end of Tn916 
(Clewell et al., 1988) but in pAM25 16KT the 
transposon is inserted in the wrong orientation 
for these putative promoters to affect 1acZ 
expression. Therefore, the KT 16 insert may 
be located in a regulatory site or gene required 
for induction. Alternatively, the left end of 
Tn916 may have an as yet unidentified pro- 
moter. Finally, the deletion present in plasmid 
pAM2005KR not only resulted in pheromone 
resistance but also affected production of ,B- 
galactosidase from the inducible fusion. 
Higher levels of expression were observed in 
the absence of pheromone as well as following 
pheromone induction. No significant increase 
in plasmid copy number was observed, making 
it unlikely that a related increase in gene dos- 
age could account for the observed six- to sev- 
enfold increase in uninduced levels of /3-ga- 
lactosidase production. This is the first indi- 
cation that genetic information encoded in this 
region can effect the pheromone response and 
may indicate a link between plasmid replica- 
tion and pheromone induction. Further in- 
vestigation of this and other spontaneous 
pheromone-resistant mutants of the K mini- 
plasmids may be useful in establishing such a 
link. 

In conclusion, in this report we describe the 
isolation of a number of PAD 1 miniplasmids 
which encode sufficient information to regu- 

late a pheromone-inducible gene and to con- 
trol plasmid replication. These plasmids will 
prove very useful for further studies on the 
control of the pheromone response and on the 
examination of the replication properties of 
plasmid PAD I. 
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