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pSM19035 of the pathogenic bacterium Streptococcus pyogenes is a low-copy-number plasmid carrying
erythromycin resistance, stably maintained in a broad range of gram-positive bacteria. We show here that the
�-�-� operon of this plasmid constitutes a novel proteic plasmid addiction system in which the � and � genes
encode an antitoxin and toxin, respectively, while � plays an autoregulatory function. Expression of toxin Zeta
is bactericidal for the gram-positive Bacillus subtilis and bacteriostatic for the gram-negative Escherichia coli.
The toxic effects of � gene expression in both bacterial species are counteracted by proper expression of �. The
�-� toxin-antitoxin cassette stabilizes plasmids in E. coli less efficiently than in B. subtilis.

Bacterial plasmids are generally inherited in a very stable
manner and independently of the cell chromosome. The spe-
cific mechanisms of stable plasmid maintenance have been
studied mainly for plasmids replicating in gram-negative bac-
teria (23, 44). In the majority of high-copy-number plasmids,
the copy number and cell division control in combination with
the multimer resolution system ensure a very low frequency of
plasmid loss. For low-copy-number plasmids, mechanisms ex-
ist which enable their maintenance during cell growth in non-
selective conditions. While the active partitioning process
precisely distributes plasmid copies to each daughter cell at
division (33, 64), plasmid addiction systems (also called toxin-
antitoxin TA cassettes) kill or reduce the growth of plasmid-
free descendant cells (1, 35). The molecular basis of the post-
segregational killing (PSK) requires the existence of at least
two plasmid genes: one specifying a stable toxic agent and
another coding for an unstable factor which prevents the lethal
action of the toxin. While the toxin is always a protein, the
antidote is either antisense RNA (which inhibits the transla-
tion of toxin mRNA) or a protein (35). Many such systems and
their chromosomal analogues have been described for different
gram-negative bacteria (6, 24, 28, 45). Antisense RNA-regu-
lated stabilization systems constitute a well-conserved group
called the hok-sok family (the name reflecting the functions of
the host killing and suppression of killing genes from plasmid
R1) (22).

Some common features can be indicated for proteic plasmid
addiction systems (PPAS): organization in operons, autoregu-
lation, formation of the antidote-toxin complex, and different
decay rates of the two proteins involved (23, 29, 67). In contrast
to the hok-sok family, there is no significant sequence similarity
among PPAS genes. The specific mechanisms leading to the
noxious effects of the toxin are known for few systems only.
The first identified and best understood is ccd of Escherichia
coli F factor (34). The CcdB toxin is a gyrase poison able to
bind the free GyrA subunit and to trap cleaved DNA-gyrase

complex, leading to the induction of SOS response and subse-
quent cell death (3). Gyrase is also the target for the ParE toxin
of the broad-host-range RK2 plasmid parDE system (37), al-
though the precise mechanism of its action has not been elu-
cidated. The Kid toxin of the R1 plasmid specifically inhibits
DnaB-dependent replication (50). Recent investigation
showed that PemK toxin, the R100 plasmid homologue of Kid,
is a sequence-specific endoribonuclease (65). These toxins
have homologues, both sequence and functional, on many pro-
karyotic chromosomes also involved in RNA turnover (RelE
[46], MazF [66]). The long known Doc toxin of the P1 pro-
phage phd/doc system seems to act on translation via an inter-
action with mazEF (30). Recent reviews concerning the proteic
plasmid stabilization systems in connection with chromosoma-
lly encoded TA cassettes suggest their possible role in general
stress response, bacterial apoptosis, genome shuffling, or cell
cycle arrest (12, 31).

Much less is known about the stable plasmid inheritance in
gram-positive bacteria. Small replicons do not use any specific
mechanism and rely on their high copy number. Multimer
resolution systems, contributing to the efficient random plas-
mid distribution, are frequent. An antisense RNA-regulated
stability determinant has been found in Enterococcus faecalis.
This cassette, designated par, stabilizes the pAD1 plasmid and
has no sequence homology to the hok-sok family (62). The
400-nt-long par region encodes two small, convergently tran-
scribed RNAs (210-nt-long RNA I and 65-nt-long RNA II),
with 33 codons for the fst (faecalis plasmid-stabilizing toxin)
peptide in the longer RNA I. The smaller, short-lived RNA II
shows a high degree of complementarity to RNA I and pre-
vents fst translation. The Fst peptide alters the cell membrane,
inhibits macromolecular synthesis, and affects cell division
(63).

A proteic stability system in gram-positive bacteria has re-
cently been described for the pRUM plasmid from a clinical
isolate of Enterococcus faecium (25). The axe-txe cassette codes
for two small proteins able to stabilize plasmids in a broad
spectrum of bacteria. Induction of txe expression causes the
inhibition of growth and cell division in E. coli which can be
alleviated by simultaneous expression of axe. Interestingly, the
antitoxin Axe is able to interact with, and counteract to some
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extent, the noncognate toxin YoeB of the E. coli axe-txe ho-
mologue. The Axe antitoxin shares 24% sequence identity with
antitoxin YefM.

The most extensively studied group of large plasmids repli-
cating in gram-positive bacteria is the inc18 family (4) consist-
ing of pAM�1, pIP501, and pSM19035. Despite their low copy
number, members of this family are stably kept in their hosts;
hence, they should use a specific mechanism(s) assuring their
stable maintenance.

Most of the information on the mechanisms of the stable
maintenance of plasmids from the inc18 family comes from
studies on pSM19035 and its derivatives. A very intriguing
property of this plasmid is the presence of extraordinarily long
inverted repeats comprising over 80% of the plasmid genome
(2). Two regions (SegA and SegB) involved in the plasmid
stable maintenance have been identified (9). These regions are
present in the repeated region; hence, the stable maintenance
functions are duplicated in pSM19035 (11). The SegA region
encodes a site-specific recombinase (gene �) which, by resolv-
ing plasmid oligomers into monomers, maximizes random plas-
mid segregation (10, 48) The SegB region assures better-than-
random plasmid segregation. It consists of four genes
organized into two transcription units: � and �-ε-� (15) (Fig. 1).
Although the protein product of gene � reveals significant
homology to a family of ATPases involved in active plasmid
partitioning, most of the stabilization function relies on the
remaining part of the SegB region (9).

Initial analysis (9) of the segregational stability of shortened
variants of the pSM19035-derived plasmid pBT233 revealed
that region SegB, encompassing genes �, ε, and �, is responsi-
ble for stable plasmid maintenance. Recently, it was found that
the SegB region also contains the gene � which is part of an
operon together with the ε and � genes. The product of the
gene � acts as a repressor of several transcription units in
pSM19035, including the �-ε-� operon (15). All the pBT233
derivatives previously tested for segregational stability con-
tained the � gene.

Previous analysis also reports the use of a plasmid which
contains only genes � and � and is segregationally stable
(pBT348) (9). Nucleotide sequencing revealed that in pBT348,
the intended inactivation of the ε gene at the SnaBI site by Bal
31 erosion resulted in the removal of only a single codon from
the ε open reading frame (ORF), and this most likely did not
affect the functionality of the ε gene or its product. Further
attempts to obtain, either in E. coli or in Bacillus subtilis,

plasmids carrying the intact � gene without a functional ε gene
were futile (our unpublished data).

The products of ε and � genes were shown to form, in vivo
and in vitro, a stable ε2�2 heterotetramer (8), and its crystal
structure was determined (43). Camacho et al. (8) showed that
inhibition of transcription or translation (by the addition of
specific antibiotics to the growth in rich medium of B. subtilis
cells harboring a plasmid with the �-ε-� operon) reduces the
cellular level of epsilon antitoxin, leading to the loss of cell
viability.

In this paper, we characterize the functioning of the �-ε-�
operon as a stabilizing cassette in B. subtilis and E. coli cells.

MATERIALS AND METHODS

Bacterial strains, media, and culture conditions. All bacterial strains and
plasmids used in this study are listed in Table 1. Bacteria were grown in Luria-
Bertani (LB or LBA) medium and minimal M9 or SMM medium (51, 56)
supplemented, when necessary, with the appropriate antibiotics at the following
concentrations (�g/ml): ampicillin (Amp) at 100 or 30; spectinomycin (Spc) at
20; kanamycin (Km) at 40; erythromycin (Em) at 150 for E. coli and 0.1 to 5 for
B. subtilis; chloramphenicol (Cm) at 50 for E. coli and 5 for B. subtilis.

Bacterial cultures were grown at a desired temperature (30°C, 37°C, or 41°C)
in specially designed glass flasks (equipped with a 0.18-mm side arm) enabling
direct measurement of optical density at 600 nm (OD600) using a Kuevetten test
spectrophotometer (Dr Lange). This made it possible to work with a constant
culture volume. These flasks ensure good aeration thanks to additional invagi-
nations at the bottom.

DNA manipulations and transformation. Purified plasmid DNA was prepared
using the alkaline lysis procedure (51) or was obtained using Nucleobond AX
(Macherey Nagel), the QIAGEN plasmid kit, or the Wizard Plus Minipreps
DNA purification system (Promega) following the manufacturer’s instructions.
B. subtilis chromosomal DNA was isolated as previously described (7). Restric-
tion and DNA-modifying enzymes were used according to the supplier’s instruc-
tions.

Transformation of E. coli was performed according to the standard calcium
chloride method or by electrotransformation with a Gene-Pulser (Bio-Rad) (51).

Electrotransformation of B. subtilis with plasmid DNA was performed as
described previously (5), and transformation of competent B. subtilis cells with
chromosomal or ligated DNA was done according to the method described by
Rottlander and Trautner (49).

Chromosomal integration of a DNA fragment carrying the ε or � gene fused
to the xylose-inducible promoter was achieved by transforming competent B.
subtilis cells with the plasmid pX-ε or pX-�. Integration occurred via double
crossover between two parts of amyE locus sequences, flanking the expression
cassette present in pX and the homologous sequences in the host chromosome.
The unique BamHI site downstream of an efficient synthetic ribosome binding
site (RBS) sequence was used for ε or � gene cloning. Transformants were
selected on LBA plates containing Cm (5 �g/ml).

Transfer of the recA4 mutation from B. subtilis YB1015 to YB886 strain. The
YB886 strain carrying the ε gene integrated into its chromosome (YBE01) was
made rec negative by the “congression” technique (19). This technique was

FIG. 1. The SegB region of pSM19035 plasmid. Gene products are represented by thick arrows, transcripts by thin arrows, and promoters by
the letter P. Dashed lines symbolize the regulatory circuits exerted by Omega protein (15). The nucleotide coordinates, shown as numbers above
the arrows, correspond to the pBT233 plasmid sequence (EMBL X64695). The unique SpeI restriction site, used for the construction of truncated
�, is shown.
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TABLE 1. Plasmids and strains used in this study

Plasmid or
strain Descriptiona Reference or

source

Plasmids
pCUE 1 EcoRI-XmnI fragment of pBT286 (positions 5666 to 6950, �-ε genes); inserted into EcoRI and

blunted BamHI sites of pLDR8 vector
This work

pCUZ 1 SnaBI-SphI fragment of pBT286 (positions 6620 to 7822, � gene); ligated into EcoRV-SphI sites of
pACYC184 vector

This work

pBEZ 2 EcoRI-SphI fragment of pBT286 (positions 5666 to 7822, �-ε-� genes) ligated into EcoRI-SphI sites of
pBR322 vector

This work

pBEZ 2-�* Derivative of pBEZ 2; filling in of SpeI restriction site (position 7116) resulting in truncation of � ORF This work
pGB2 � EcoRI-BamHI fragment of pSK� plasmid encompassing the artificial tandem pR and pL promoter

cassette together with C1857 repressor gene from � phage (from plasmid pMY17-3) (59) inserted into
pGB2 EcoRI-BamHI sites

This work

pCUE 2 PCR product of ε gene (positions 6609 to 6881); amplified using primers 5�-ATG GCA GTT ACG
TAT GAA AAA ACA-3� and 5�-CTC GGA TCC TTA AGC CAC TTT CTC TTT ATT CAA-3�,
inserted into XmnI-BamHI sites of pLEX5BA vector

This work

pCUZ 2 PCR product of � gene (positions 6883 to 7746); amplified using primers 5�-ATG GCA AAT ATA
GTC AAT TTT ACT-3� and 5�-GCC GGA TCC TTA AAT ACC TGG AAG TTT AGG TGT-3�,
inserted into XmnI-BamHI sites of pLEX5AA vector

This work

pCUE 3 EcoRI (blunted)-PstI fragment of pUC-E containing the ε gene (positions 6572 to 7116); ligated to
BamHI (blunted)-PstI sites of pGB2 � vector

This work

	— SD—	
pX-� PCR product of � gene (positions 6883 to 7746); amplified from pCUZ2 using primers 5�-GAG GGA

TCC TAG GAG TAA GA-3� and 5�-GCC GGA TCC TTA AAT ACC TGG AAG TTT AGG
TGT-3�, inserted into BamHI site of pX vector

This work

pX-ε 317-bp SspI-BamHI fragment from PCR product generated using primers 5�-GGG GAA TTC AGG
CGC ACA AAA AGC AAA ACG-3 and 5�-CTC GGA TCC TTA AGC CAC TTT CTC TTT ATT
CAA-3� (positions 6573 to 6881, encompassing the ε gene); inserted into BamHI and blunted SpeI
sites of pX vector

This work

pATE 1 EcoRI-PstI fragment of pHP13 derivative containing ε gene (positions 6460 to 6950); inserted into
EcoRI-PstI sites of pAT18 vector

This work

pACE 1 EcoRI-XmnI fragment of pBT286 (positions 5666 to 6950, �-ε genes); ligated into EcoRI-ScaI sites of
pACYC184 vector

This work

pBT347 Derivative of pBT346 with internal deletion (770 bp to the left from BbrPI site, positions 4896 to
5666); contains �-ε-� genes

9

pBT347-�* Derivative of pBT347; filling in of SpeI restriction site (position 7116) resulting in truncation of � ORF This work
pBT346-8m PCR product of ε-� genes (positions 6460 to 7746) amplified using primers 5�-AAA CTG CAG GAC

GGT TCG TGT TCG TGC TG-3� and 5�-GCC GGA TCC TTA AAT ACC TGG AAG TTT AGG
TGT-3�; inserted into PstI-BamHI sites of pHP13 vector; contains two point mutations in � gene:
T7089A and C7184T

This work

pBT346 HindII-HindII fragment of pBT233 (positions 4560 to 8136, encompassing �-�-ε-� genes); inserted into
SmaI site of pHP13 derivative, pBT269; shuttle plasmid carrying entire SegB fragment of pBT233

9

pBT286 BbrPI-MnlI fragment of pBT233 (positions 5666 to 7822, encompassing �-ε-� genes); inserted into
HincII site of pUC18 vector

S. Chai and J. C.
Alonso,
unpublished

pUC-E SspI-SpeI fragment of pBT233 (positions 6573 to 7116, encompassing ε gene); inserted into SmaI-XbaI
sites of pUC18 vector

P. Ceglowski,
unpublished

pOSZ5 HindIII-EcoRI fragment composed of HindIII-SspI fragment (positions 6178 to 6572, containing �
gene with stop codon resulting from mutation T6393A, from pBT346-5 plasmid) (15) and SspI-EcoRI
fragment of pBT346 (positions 6563 to 8136, containing ε-� genes) (9); ligated into HindIII-EcoRI
sites of pHP13 vector

I. Sitkiewicz,
unpublished

pUC18 E. coli Pharmacia
pACYC184 E. coli Fermentas
pLDR8 E. coli 17
pGB2 E. coli 13
pBR322 E. coli Promega
pLEX5AA E. coli 18
pLEX5BA E. coli 18
pAT18 E. coli/B. subtilis shuttle 57
pX E. coli/B. subtilis integration 38
pIL253 B. subtilis 53
pHP13 E. coli/B. subtilis shuttle 27

Strains
YB 886 B. subtilis amyE trpC2 metB5 xin-1 attSP� 20
YB 1015 YB886; recA4 20
YBZ 01 YB886::xylA-� This work
YBE 01 YB886::xylA-ε This work
YUE 01 YB886::xylA-ε, recA4 This work
DH5
 E. coli endA hsdR17 supE44 thi-1 recA1 gyrA relA (�80lacZ�M15) �{lacZYA-argF}U169 Invitrogen
TG1 E. coli supE hsd �5thi �(lac-proAB) F�{traD36 proAB� lacJ lacZ�M15} New England

Biolabs
BR5826 E. coli hsdR supE44 thi-1 leuB6 lacY1 tonA21 recA56 thr-1 pcnB380 42

a Position numbers in parentheses correspond to the coordinates of the pBT233 plasmid sequence (EMBL X64695). Restriction enzyme recognition sequences are
underlined.
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necessary because the recA4 trait cannot be selected for directly. A mixture of
chromosomal DNA from the recA4 strain YB1015 and plasmid pIL253 (ratio,
10:1, wt/wt) was used for transformation of competent cells, and plasmid trans-
formants were selected on LBA plates supplemented with 5 �g/ml Em. Trans-
formants were transferred onto LBA plates supplemented with methyl methane-
sulfonate (MMS) (260 �g/ml) and parallel on master LBA plates. Colonies not
growing on MMS-LBA plates were taken from the master plates and restreaked
onto an MMS-LBA plate to confirm the MMS susceptibility. The MMS-sensitive
bacteria were then cultured for several generations in the absence of any selec-
tion pressure in order to “cure” the pIL253 plasmid. The transfer of the recA
allele was confirmed by comparison of the ability to resume the growth after the
UV treatment of these strains to the parental one (with control of growth of the
correspondent RecA YB1015 and RecA� YB886 strains).

Plasmid stability assay. The apparent plasmid stability was determined as
follows. Cells (E. coli or B. subtilis) containing plasmid to be tested were grown
overnight in suitable conditions (30°C or 37°C) in liquid media supplemented
with an appropriate antibiotic. Five microliters of overnight culture was trans-
ferred into 5 ml of fresh, antibiotic-free medium. After 12 h of incubation, the
culture was diluted in the same way and left to grow again. Each 12-h cycle
(about 10 generations) was repeated until 80 or 100 generations of growth under
nonselective conditions were reached. Every 10 generations, dilutions of cultures
were plated on nonselective LB agar. After incubation, colonies were examined
for resistance to the given antibiotic by replica plating on selective LBA. The
percentage of plasmid-free cells was estimated from the ratio of antibiotic-
sensitive colonies to all growing colonies.

The loss frequency (LF) values were calculated according to the method of
Gerdes et al. (21).

Preparation of cell extracts. Cell extracts were prepared according to the
method of Silhavy et al. (52). E. coli TG1(pCUE3, pCUZ2) was grown in LB medium
supplemented with appropriate antibiotics until the OD600 reached 0.2 and then
divided into two portions. To one of them, isopropyl-�-D-thiogalactopyranoside
(IPTG; 1 mM) was added. Both cultures were grown at 30°C. Samples were
taken every 1 h, and the harvested cells were mixed with 2 loading buffer and
boiled for 5 min.

B. subtilis YBZ01 was grown in SMM medium supplemented with 0.8% fruc-
tose and Cm (5 �g/ml) to the mid-log phase. Then, the culture was divided in two
portions and to one, 0.5% D-xylose was added. Suitable aliquots were taken after
1, 2, and 3 h. Samples were incubated at 37°C with 2 mg/ml of lysozyme for 30
min before boiling.

Western blot analysis. Samples of 10 �l were run on sodium dodecyl sulfate
(SDS)–12% polyacrylamide gels and electroblotted as described previously (51).
Anti-Zeta antibodies (1:5,000 dilution), kindly provided by J. C. Alonso, were
used as the primary antibody. Anti-rabbit class II alkaline phosphatase-conju-
gated antibody (1:7,500 dilution) detection was performed using nitroblue tet-
razolium (NBT) and 5-bromo-4-chloro-3-indolylphosphate (BCIP). The chro-
matic reaction was stopped by the addition of EDTA when the intensity of the
band corresponding to purified Zeta reached its maximum. Band intensity on
Western blots was estimated using ImageQuant (Molecular Dynamics) or
Phoretix1D Plus NonLinearDynamics (Photometrix).

Microscopic observations. DAPI (4�,6�-diamidino-2-phenylindole) staining of
fixed bacterial cells was carried out essentially as described by Hiraga et al. (32).
After methanol fixation, washing with water, and drying (the treatment with
poly-L-lysine was omitted), 10 �l of DAPI solution (5 �g/ml of saline) in com-
bination with a small amount of ethidium bromide was dropped on the samples,
which were then covered with a glass coverslip and examined immediately.

Vital staining of bacterial cells was performed using a 5-�g/ml DAPI solution.
The preparation method for fluorescence microscopy with immobilization and
spreading of cells in one focal plane was adopted from the method of Van
Helvoort and Woldringh (60). Four microliters of cell suspension was spotted on
a “microslab” made in two-layer 2% agarose using a siliconized coverslip (22 by
22 mm).

Preparations were studied under a Nikon Microphot-SA fluorescence micro-
scope using a Plan Apo 60/1.40 or 100/1.40 lens in combination with Nomar-
ski contrast. Images were captured using 100 ASA Tmax Kodak film or a cooled
charge-coupled device (CCD) CH350A camera and processed with Lucia Lab-
oratory Imaging Ltd. software.

Cotransormation assay. An approximately equimolar mixture of plasmids was
used for bacterial transformation. After transformation, equal volumes of bac-
terial suspension were plated separately on media supplemented with the ap-
propriate antibiotic selecting for one of the two plasmids only. Transformants
from both types of plates were then checked for the presence of the other
plasmid by replica plating on the medium supplemented with the antibiotic
selecting for the other plasmid.

RESULTS

Determination of the minimal gene set from the SegB region
of pSM19035 sufficient for stable plasmid maintenance. To
determine the minimal set of genes from the SegB region of
pSM19035 sufficient for the stable maintenance of heterolo-
gous plasmid, we tested several derivatives containing various
combinations of genes from this region for segregation stability
in recA mutant B. subtilis cells (Fig. 2). All studied plasmids
were constructed using the same pHP13 replicon known to be
unstable in this strain (5). Removal of the gene � (pBT347)
(see reference 9) does not affect plasmid stability. Also, inac-
tivation of the gene � (pOSZ5) (I. Sitkiewicz, unpublished) has
very little effect on stable plasmid maintenance. This plasmid is
stably kept for about 90 generations. However, upon further
growth in the absence of selection pressure, plasmid-free cells
appear. On the other hand, plasmids pBT346-8m and
pBT347-�* (carrying a mutated or truncated � gene, respec-
tively) (Table 1), encoding an inactive product, are not segre-
gationally stable. Both plasmids mentioned above were able to
be transformed into E. coli cells without an active ε gene,
proving the nontoxicity of � genes present on them. These data
and the previous observations on the inability to inactivate the
ε gene when the intact � gene is present indicate that the
minimal set of genes required for stable plasmid maintenance
can be narrowed down to the gene pair ε and �.

The Zeta protein is a toxin. To study the effects of Zeta
protein on B. subtilis cells, we used the bifunctional, integrative
vector pX (38) carrying the xyl promoter-repressor gene cas-
sette for construction of the strain overproducing Zeta protein.
The cassette originates from the Bacillus megaterium operon
for xylose utilization, and in the pX vector, it is sandwiched
between the 5� and 3� ends of the amyE locus. The replication
origin and the ampicillin resistance gene from pBR322 present
on pX allow genetic manipulations in E. coli. We constructed

FIG. 2. Maintenance of plasmid pHP13 derivatives carrying vari-
ous combinations of genes from pSM19035 SegB region. B. subtilis
strain YB1015 carrying one of the following plasmids: pHP13 (vector),
pBT346 (��ε�), pBT346-8m (��ε, mutated �), pBT347 (�ε�), pBT347-
�* (�ε, truncated �), or pOSZ5 (ε�) was continuously grown in LB at
37°C without antibiotic selection for 100 generations. Plasmid stability
was determined as the percentage of erythromycin-resistant colonies,
as described in Materials and Methods. The data shown represent
mean values of three experiments.
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the B. subtilis strain overproducing Zeta protein using this
system by previous preparation of the expression cassette con-
taining the cloned intact � gene sequence in E. coli (pX-�)
(Table 1). The ligation mixture of the pX vector and corre-
spondent DNA fragment with intact � gene was introduced
into E. coli DH5
 competent cells already containing the
pACE1 plasmid (Table 1) as the yielding source of ε. Since the
� gene DNA inserted into the pX vector was generated by
PCR, the correctness of the � sequence was checked by se-
quencing. The functionality of the � gene (in terms of toxicity
of the Zeta protein product toward E. coli cells) was verified in
a biological cotransformation assay. The plasmid DNA mixture
isolated from E. coli(pACE1/pX-�) was used to transform plas-
midless E. coli competent cells selecting for pX-� plasmid. The
presence of the ε carrying plasmid in these transformant cells
was confirmed (data not shown).

Prior to manipulations of the � gene in B. subtilis, a recipient
strain was constructed to carry the ε gene on a plasmid. The
respective plasmid, pATE1 (Table 1), based on the bifunc-
tional pAT18 vector, is replicating and maintained at about five
copies in gram-positive bacteria. We used the YB886(pATE1)

strain for the integration of the expression cassette from the
pX-� plasmid to give YBZ01 (Table 1). In this strain, the ability
to induce expression of the � gene fused to the xylA promoter
was analyzed by Western immunoblotting. Clearly, the Zeta
protein is produced after induction of the xylA promoter by
xylose (Fig. 3). One hour of incubation after the addition of the
inducer was sufficient for full induction (Fig. 3, lanes 6 and 8).
Similarly as in the control (Fig. 3, lanes 1 and 2), there was no
detectable protein Zeta band in samples prepared from unin-
duced cells (Fig. 3, lanes 5 and 7).

The effects of Zeta protein overproduction on growing B.
subtilis cells. We used the B. subtilis YBZ01 strain expressing
the � gene to show the influence of the Zeta protein on cell
growth and viability. During the classical growth experiment,
optical densities of the culture subjected to the induction of
Zeta protein production were successively measured and the
number of CFU at the same time was also assayed (Fig. 4A).

Very soon after the inducer addition, the culture ceased to
grow; instead, a gradual drop in OD600 was observed for 3.5 h
and then a slight increase. In contrast, control (uninduced)
culture grew rapidly, showing a typical log-rate growth up to
saturation. As determined by the CFU assay, after the induc-

tion of Zeta protein production, the number of viable cells
dropped by several orders of magnitude. This indicates massive
cell killing by the Zeta protein.

Figure 4B shows that after xylose addition (4BII and III), the
number and morphology of the cells change(s) compared to
uninduced cells (4BI). Those from the culture induced for Zeta
protein production become statistically significantly smaller:
shorter and finer (3.89 � 1.13 �m and 0.98 � 0.15 �m; mean
value of 350 measurements) in comparison to B. subtilis fast-
growing cells (6.11 � 0.15 �m and 1.21 � 0.11 �m, respec-
tively). Some cells have a particular (diverse) shape and often
are not stained with DAPI. The number of visible cells is
decreasing with time of the Zeta overproduction (about 15%
after 2 h and 80% after 4 h; the latter not shown), in accor-
dance with the observed drop in CFU values (Fig. 4A). In the
case of the control strain YB886::pX, the cells were uniformly
stained, with atypical forms practically absent.

Preliminary characterization of B. subtilis cells which sur-
vived Zeta overproduction. As can be seen in Fig. 4A, pro-
longed incubation of the culture subjected to induction of Zeta
protein production leads to growth recovery of the very few
surviving cells. In the course of several growth experiments,
about 100 colonies of YBZ01 selected at the time of the lowest
OD600 due to the killing by overproduced Zeta were collected
on xylose-supplemented LBA. The ability of these cells to grow
in the presence of xylose can be explained by any of the fol-
lowing phenomena: 1—the inability of those cells to overpro-
duce (or produce at all) Zeta, due to mutations in the xylA
promoter or in genes responsible for xylose uptake; 2—muta-
tions within the � gene that render the protein product inac-
tive; 3—mutations in the gene(s) responsible (directly or indi-
rectly) for the production of the target for Zeta action.

An analysis of the � gene from six “survivors” showed that in
all cases, the � gene sequence had been altered. In three cases,
a deletion of one A in the AAAAAAA tract (which begins at
the 78-nt position) resulting in a frameshift and the stop codon
formation after 51 codons were found. Two of them showed
additional changes: insertion of G after A32 and A111C sub-
stitution in one case and A248G substitution in the second one.
The A248G mutation was also found as a single one (but with
no immunologically detectable level of the Zeta protein). The
deletion of A492, also leading to the formation of the stop
codon (after next three triplets), was found in two clones. With
the exception of the A492 deletion, all analyzed mutations
localize in the N-terminal part of the � gene and similarly to the
mutants described by Meinhart et al. (43), their correspondent
sequences could be cloned into E. coli vectors without ε gene
expression.

�psilon overproduction abolishes stable maintenance of
plasmids carrying the �-�-� operon. In order to examine the
biological effects of an excess of Epsilon on the maintenance of
plasmids carrying the �-ε-� operon, we constructed a B. subtilis
strain overexpressing the ε gene. The expression cassette xylR-
xylA with the ε gene was inserted into the B. subtilis chromo-
some via the shuttle integration pX-derivative plasmid pX-ε
(Table 1). The resulting new strain, YB886::xylA-ε, was desig-
nated YBE01 (Table 1) The presence of the ε gene in this
strain was checked by generating a PCR product of the correct
size and restriction pattern, using chromosomal DNA as a
template and PCR primers specific for the ε gene. Immuno-

FIG. 3. Immunodetection of Zeta protein overexpressed in B. sub-
tilis YBZ01 by Western blot analysis. The lysates were prepared and
analyzed as described in Materials and Methods. Samples of cultures
of YBU01(WT) and YBZ01(xylA-�) grown in SMM at 37°C were
removed before and after xylose induction. Protein extracts were run
on an SDS–12% polyacrylamide gel, and Western blotting was per-
formed using anti-Zeta antibodies. Lanes: 1, extract of uninduced cells
of YB886::xylA; 2, extract of xylose-induced cells of YB886::xylA, after
1 h; 3, Rainbow molecular mass standard; 4, 10 ng of purified Zeta
protein; 5 and 7, extract of uninduced cells of YB886::xylA-� after 1 h
and 2 h, respectively; 6 and 8, extract of xylose-induced cells of
YB886::xylA-� after 1 h and 2 h, respectively.
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detection of overproduced Epsilon protein in the xylA-ε inte-
grants was not possible since no specific anti-Epsilon antibod-
ies were available.

In order to prevent recombination between the homologous
(ε and cat) genes located, respectively, on the chromosome of
strain YB886::xylA-ε and the derivatives of the pHP13 vector
used in the subsequent stable maintenance assay, prior to
transformation with those derivatives, the strain YBE01 was
converted to the RecA mutant (designated YUE01) (Table 1).

The following plasmids were introduced into the strain
YUE01: vector pHP13, pBT347, and pBT347-�* (Table 1).
Only pBT347 is stably maintained in B. subtilis recA cells (9).
The stability assay for the above plasmids was performed in
parallel for two types of cultures permanently grown under
conditions of xylA promoter induction or repression, for 80
generations in LB medium without antibiotic selection. As
shown in Fig. 5, the pHP13 vector was equally unstable in the
YB886::xylA-ε strain independently of the induction of xylA-ε.
In contrast, the pBT347 plasmid was stable when xylA-ε was
repressed but completely lost after 80 generations of growth
under the conditions of continuous excess of the Epsilon pro-
tein. A similar plasmid encoding a nonfunctional � gene
(pBT347-�*) (Table 1) was lost with the same frequency from

both cultures. This shows that under conditions of constant
excess of Epsilon, the �-ε-� operon fails to act as a plasmid
stabilization system. According to the general principle of PSK
functioning, the toxicity of poison will be manifested only by
free (unbound by an antidote) protein. Constant production of
antidote Epsilon probably titrates the Zeta toxin preventing its
action even under condition of plasmid loss.

The use of Escherichia coli to study the functioning of the �
and � genes. To study the functioning of the ε and � genes in
gram-negative bacteria, we cloned the ε and � genes separately
in Escherichia coli-compatible, moderate copy vectors with dif-
ferent selective markers: a pSC101 derivative pLDR8 (ε) and
pACYC184 (�). Basing on the assumption that the functional
� gene is toxic to bacterial cells, the ligation mixture, consisting
of pACYC184 and a DNA fragment carrying the � gene (lead-
ing to the construction of pCUZ1; Cmr) (Table 1), was intro-
duced into competent cells of E. coli TG1 already containing
the ε gene carrying plasmid pCUE1 (Kmr, Table 1). Transfor-
mants were selected on LBA medium with chloramphenicol
and later tested for kanamycin resistance. The presence of the
two plasmids in transformant cells was confirmed by restriction
analysis (data not shown). This experiment shows that the ε
and � genes can be separated and can act in trans.

FIG. 4. Effects of Zeta overexpression on B. subtilis YBZ01 cells. (A) Inhibition of culture growth after the induction of Zeta protein
overproduction. Bacterial culture was divided into two, and after 0.5 h, 0.5% xylose was added (arrow) to one of the subcultures (open diamonds);
the other was cultivated in the same conditions but in the absence of xylose (triangles). Continuous lines represent viable counts and dashed lines
optical densities. The graphs represent a typical experiment. (B) DAPI-stained cells of B. subtilis YBZ01. Samples were taken from the culture
induced for Zeta overproduction at an OD600 of 0.3. Morphology of cells was observed directly by fluorescence using vital DAPI staining and
differential interference contrast. Panels: I, without induction of the Zeta protein overproduction; II, 2 h after induction of the Zeta protein
overproduction; III, examples of abnormal cells found in xylose-induced YBZ01 culture. The same volume (4 �l) of cultures was spotted.
Magnification, 600; bar, 10 �m. Supplementary material is available at http://www.ibb.waw.pl/zielenkiewicz-jbac187
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The different two-plasmid system described by Camacho et
al. (8) was used to show the ability of the ε gene after the
induction of its expression to protect E. coli cells from the
toxicity of the � gene.

The results of the experiment described above and our ear-
lier observations show that the � gene can be introduced only
into bacterial cells when the ε gene is provided either in cis
(e.g., plasmids pSM19035 and pBT346) or in trans (plasmids
pACE1, pATE1, and pX-�). If so, after simultaneous transfor-
mation with two plasmids (one carrying the ε gene and the
other carrying the � gene), selection for the plasmid carrying
the � gene should allow the growth of only those cells which
had also been transformed with the plasmid containing the ε
gene.

To test this, we performed the cotransormation assay using
a mixture of plasmids isolated from E. coli(pCUE1, pCUZ1). All
Cm-resistant transformants selected for the presence of plas-
mid pCUZ1 were also resistant to Km (Table 2), the antibiotic
marker of plasmid pCUE1. In contrast, only a small fraction

(about 11%) of transformants selected for plasmid pCUE1
were also resistant to Cm, the antibiotic marker of plasmid
pCUZ1. The percentage of double transformants in this case
was approximately the same as in the control transformation
with the vector pACYC184 used instead of pCUZ1. This
means that a cell carrying a plasmid with the � gene is viable
only when it also carries the ε gene. This observation can be
further explored in the development of a specific biological
assay for the functionality of the � gene.

The use of a thermosensitive replicon. The plasmid vector
pLDR8 is thermosensitive in replication (17). Thus, cultivation
of bacteria containing plasmids pCUE1 (pLDR8 derived) and
pCUZ1 at elevated temperature would lead to a situation
when only pCUZ1 would replicate, whereas the replication of
pCUE1 should be arrested. We analyzed the consequences of
the disturbance in the ε/� gene ratio obtained in this way for E.
coli cells.

As shown in Fig. 6A, the growth curves of cells carrying the
pCUE1 and pCUZ1 plasmid pair or pCUE1 and pACYC184,
measured by OD readings, show no differences when the cells
were grown at 28°C. The same was true for the CFU numbers
determined for these cultures (data not shown). In contrast, at
42°C, while the control strain [E. coli(pCUE1, pACYC184)] grew
very well with an exponential rate, cultures of cells containing
the pCUE1 and pCUZ1 plasmids showed a lag in OD increase.
After approximately 2 h, the cells began to grow, reaching the
exponential rate about 1.5 h later. However, the numbers of
CFU, determined for E. coli(pCUE1, pCUZ1) at the same time
points as the OD measurement, were about two to four times
lower during the period of the growth inhibition than the initial
value. At the time of growth restoration, the number of CFU
was increasing dramatically at a rate about twofold higher than
the OD values measured for the same culture.

During the growth experiment, systematic microscopic ob-
servations showed (Fig. 6B) that after the replication arrest of
the pCUE1 plasmid, normal-sized cells became filamentous.
The percentage of filaments increased rapidly in parallel with
the decrease of CFU. When the culture restarted to grow,
these filaments disappeared successively. The filaments were
practically absent from the culture grown at 28°C, as well as
from the control strain [E. coli(pCUE1, pACYC184)] growing at
both the permissive and restrictive temperatures (data not
shown). It seems reasonable to connect the changes in the OD
versus CFU ratios for the E. coli(pCUE1, pCUZ1) strain grown at
42°C with the filamentation and subsequent disintegration of
cell filaments.

FIG. 5. The influence on an excess of the Epsilon protein on plas-
mid stability in B. subtilis. Cultures of B. subtilis YUE01
(YB886::xylA-ε, recA4) containing plasmid pHP13 (circles), pBT347
(triangles), or pBT347-�* (squares) were grown in LB medium at 37°C
for 80 generations without (A) or under (B) continuous xylose (0.5%)
induction. Plasmid stability was determined as the percentage of eryth-
romycin resistant colonies, as described in Materials and Methods. The
results depicted show averages of at least three assays.

TABLE 2. Cotransformation frequency of plasmids carrying
separated ε and � genesa

Plasmid pair used
% Double transformant selection for:

pCUE1 pCUZ1 pACYC184

pCUE1 and pCUZ1 11 100 NA
pCUE1 and pACYC184 10 NA 16

a About 100 ng of plasmid DNA mixture per 100 �l of competent E. coli TG1
was used. Equal volumes of the same sample were plated on selective media
(containing Cm or Km). One hundred transformant colonies from each kind of
selective plate were checked for the presence of the other plasmid by replica
plating. The results represent averages of at least three independent experi-
ments. NA, does not apply.
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Expression of epsilon counteracts the toxicity of Zeta. The
decrease in the ε gene dosage caused by the thermosensitive
plasmid replication arrest results in a transient growth retar-
dation and filament formation in cells carrying the � gene. This
effect is most likely due to the concomitant decrease in the
amount of the protein product specified by the ε gene. If so, a
similar effect should be observed when the stoichiometry of the
ε and � gene products is disturbed by the overproduction of
Zeta.

To test this, we placed the ε and � genes separately in E. coli
vectors in which their expression could be regulated. The first
plasmid vector, pGB2 � (SpcR) (Table 1), is based on a pSC101
derivative, containing the tandem pR and pL promoter artifi-
cial cassette together with the cI857 repressor gene from �
phage. The second plasmid vector was a low-copy-number
pLEX5AA (Ampr) expression vector bearing the replication
origin from the p15A plasmid and an artificial, LacI-regulated
PA1-04/03 promoter (40) closely linked to an efficient ribosome
binding site.

The resultant constructs (one, designated pCUE3, carrying
the ε gene and the other, pCUZ2, carrying the � gene) (Table
1) were simultaneously introduced into competent E. coli TG1

cells. In the cotransformation assay, we proved that the pres-
ence of a functional � gene in a bacterial cell requires the
presence of the ε gene as well. The Ampr and Spcr transfor-
mants were tested for growth upon temperature repression/
induction of the � promoters (30°C/41°C) and repression/in-
duction of the PA1-04/03 promoter (no IPTG/1 mM IPTG).
Under conditions of induction of � gene expression and simul-
taneous ε gene repression, no bacterial growth on agar plates
was observed. In the reciprocal situation (i.e., � gene repres-
sion and ε gene induction), good growth of bacteria was visible.

Effects of overproduction of the Zeta protein. To show that
under conditions of � gene induction, there is an increase in the
production of the Zeta protein, Western blotting analysis was
performed for induced and uninduced E. coli(pCUE2, pCUZ3)

cultures (Fig. 7A). As measured with the ImageQuant soft-
ware, induction of the � gene results in an at least 10-fold
increase in the Zeta protein amount after 1 h. Longer induc-
tion times do not lead to a further increase in Zeta protein
production.

When cells containing plasmids pCUE3 and pCUZ2 are
grown in liquid media, the induction of � gene expression with
simultaneous ε gene repression leads to temporary growth

FIG. 6. The effects of impaired stoichiometry between the ε and � genes in E. coli. (A) Growth of E. coli carrying pCUZ1 or pACYC184 after
replication arrest of pCUE1. Overnight liquid cultures of E. coli TG1(pCUE1, pCUZ1) (circles) and TG1(pCUE1, pACYC184) (triangles) were cultured
in M9 medium at 28°C under antibiotic (Km and Cm) selection, diluted 1:100 in fresh prewarmed medium supplemented with Cm, and allowed
to grow at 28°C with aeration. After 30 min of incubation, each culture was divided into two portions: one was left to grow at 28°C (open symbols)
and the other was incubated at 42°C (filled symbols). Cell growth was estimated every 30 min by measurement of optical density and the ability
to form colonies on LBA. The arrow indicates the moment of temperature shift. Bars representing CFU are shown only for the culture of
TG1(pCUE1, pCUZ1) grown at 42°C. (B) Morphology of cells after pCUE1 replication arrest. For microscopy, samples were taken 60 min after the
temperature shift. Morphology of cells was observed directly by dark-field phase contrast (I and II) or by fluorescence using vital DAPI staining
(III). Magnification, 600.
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inhibition (Fig. 7B). This inhibition lasts for about 2.5 h, and
later, the growth is restored in spite of the presence of in-
creased amounts of the Zeta protein in the cells (Fig. 7A, lane
6). The restoration of bacterial growth observed about 3 h after
� gene induction (shown as 210 min in Fig. 7B) was much more
profound when the CFU numbers were measured than in the
case of OD values (3.5-fold versus 2-fold, respectively). Micro-
scopic examination of the cultures revealed massive filamen-
tation of bacterial cells during the 2.5-h period after � gene
induction. After restoration of growth, the number of filaments
decreased gradually (data not shown). Hence, also in this ex-
periment, the difference between OD values and CFU num-
bers could be attributed to the formation and disintegration of
filaments. From these experiments, we conclude that Zeta pro-
tein is responsible for the inhibition of growth and for filamen-
tation of E. coli cells.

Cell filamentation is one of the phenomena related to the
SOS response, a diverse set of physiological effects in E. coli

cells exposed to DNA-damaging agents. If Zeta causes induc-
tion of the SOS system, one should expect an increased level of
mutagenesis in a RecA� strain. Comparison of the measure-
ments of mutagenesis in strains proficient in SOS induction
(recA�) and deficient in SOS induction (recA430) did not
show any statistically significant differences (data not shown).
The ability to invoke cell filamentation by the induction of �
gene expression, both in the recA and the recA� strain, was also
confirmed. This suggests that cell filamentation upon expres-
sion of the � gene is not connected with the SOS response.

Stabilization of heterologous replicons by the �-�-� operon.
The �-ε-� operon efficiently stabilizes segregationally unstable
plasmids in B. subtilis (Fig. 2). As shown above using E. coli
cells, the � gene could not be introduced into recipient cells
unless the ε gene was also provided in cis or in trans. Moreover,
overexpression of the � gene was toxic for the cells and this
toxic effect was counteracted by overexpression of the ε gene.
Taking this into account, it seems reasonable to expect that ε
and � might also stabilize plasmids in E. coli.

To test this possibility, the segregational stability of plasmid
pBR322 carrying the entire �-ε-� operon (plasmid pBEZ2)
(Table 1) was determined. As a negative control, a derivative
of pBR322 (pBEZ2-�*) (Table 1) with a nonfunctional � gene
was used. The experiment was performed using a pcnB mutant
of E. coli, strain BR5826 (Table 1). The pcnB mutation leads to
a considerable reduction in the copy number of ColE1 plas-
mid-derived replicons (42), which in consequence lowers the
segregational stability of these plasmids. The presence of the
�-ε-� operon only slightly improved the segregational stability
of pBR322 (Fig. 8). This is evident both from the time course
experiment and from the calculation of plasmid loss frequen-
cies after 40 generations of growth without selection (4.8 
10�2 versus 1.4  10�2). Similarly, only about twofold stabili-
zation was observed for the mini-R1 derivative plasmid pOU82
(36) carrying the �-ε-� operon (data not shown).

FIG. 7. Effects of the overproduction of the Zeta protein on E. coli
cells. (A) Immunodetection of Zeta protein in E. coli TG1 carrying the
pCUE3 and pCUZ2 plasmid pair. Samples of TG1(pCUE3, pCUZ2) cul-
tures grown in LB medium at 30°C without or in presence of IPTG (1
mM) were removed after 1, 2, and 3 h. Protein extracts were run on
SDS–12% polyacrylamide gel and Western blotting was performed
using anti-Zeta antibodies. Lanes: 1, 100 ng of purified Zeta protein; 2
and 4, extracts of uninduced cells after 1 h and 2 h, respectively; 3, 5,
and 6, extracts of IPTG induced cell after 1 h, 2 h, and 3 h, respectively.
(B) The effect of � gene overexpression on the growth of E. coli.
TG1(pCUE3, pCUZ2) was cultured in M9 medium at 30°C until an OD600
of 0.1, divided into two portions, and IPTG (1 mM) was added to one
(circles). Cell growth was estimated by measuring the optical density
(line graphs) and the ability to form colonies on LBA without IPTG.
The arrow indicates the moment of IPTG addition. Bars representing
CFU are shown only for the IPTG-treated culture (logarithmic scale).

FIG. 8. Stabilization of pBR322 plasmid by �-ε-� operon in E. coli.
E. coli BR5826 containing pBEZ2 (wild-type �-ε-� operon; squares),
pBEZ2-�* (operon with a nonfunctional � gene; circles) or pBR322
(vector; empty circles) was grown at 37°C in LB medium without
antibiotic selection. Plasmid stability was determined as the percentage
of ampicillin-resistant colonies, as described in Materials and Methods.
The data shown represent mean values of three experiments.
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DISCUSSION

In this study, we present evidence that the �-ε-� operon of
the streptococcal low-copy-number plasmid pSM19035 consti-
tutes a novel PPAS, with ε and � encoding an antitoxin and a
toxin, respectively. The genetic organization of PPASs is par-
adigmatic: the antitoxin and toxin are encoded by adjacent
genes organized in an operon (15). The antitoxin usually exerts
negative transcriptional autoregulation on the operon and, in
many cases, the toxins act as corepressors of transcription (35).
In this respect, the organization of the �-ε-� operon is unique
among the PPASs: neither the antidote-encoding gene ε nor
the toxin-encoding gene � is involved in the transcriptional
regulation of the �-ε-� operon. Transcription of this operon is
controlled by the third element of the system, the gene � (15).

Autoregulation is believed to play an important role in
proper PPAS functioning. For instance, the replacement of the
promoter from the pTF-FC2 pas operon by the IPTG-induc-
ible tac promoter strongly decreased the segregational stability
of plasmids carrying the tac-pas cassette, irrespective of the
presence of IPTG in the medium (55). Also, in the case of the
�-ε-� operon, inactivation of the autoregulatory gene � affects
to a detectable extent the plasmid segregational stability.
When the maintenance of plasmids carrying either the wild-
type operon or the one with mutated gene � is compared (Fig.
2, pBT347 versus pOSZ5), both plasmids are stably kept in B.
subtilis cells for 80 to 90 generations. After 100 generations,
however, while 100% of cells still carry the plasmid pBT347,
the loss of pOSZ5 becomes detectable, about 10% of cells
become plasmid free.

The importance of the whole �-ε-� operon in efficient sta-
bilization of segregationally unstable plasmids in B. subtilis can
be explained in two ways. (i) Gene � is not directly involved in
the ε-�-mediated killing-antikilling process, and its role in the
proper PPAS functioning is restricted to autogeneous regula-
tion of the �-ε-� operon. As shown previously (16), it binds to
the promoter of the entire operon as a dimer. It has been
shown that in the absence of repression by Omega, the inten-
sity of transcription from the � promoter is increased about
40-fold (15). Hence, in the case of plasmid pOSZ5, mutation in
the gene � may result in the synthesis of increased amounts of
the Epsilon and Zeta proteins. The presence of additional,
nonphysiological amounts of Epsilon may titrate out to some
extent the cellular protease that renders Epsilon unstable, and
some molecules of this antidote may escape proteolytic degra-
dation. As a consequence, this may lead to prolonged neutral-
ization of the toxin and survival of some cells that had lost the
plasmid.

(ii) Gene � is directly involved in the killing-antikilling pro-
cess, and the proper functioning of pSM19035-encoded PPAS
requires complex formation by all three proteins, Epsilon,
Zeta, and Omega. Since Epsilon and Zeta (without Omega)
stabilize plasmids quite efficiently (Fig. 2, plasmids pOSZ5
versus pBT347-�* or the vector pHP13), the role of Omega
would be to serve as an accessory protein that somehow en-
hances the action of Epsilon and Zeta. A three-component
system of this type has been described for plasmid pTF-FC2
(54). In pTF-FC2, however, in agreement with the common
features of PPAS, the autoregulatory functions are played by
the antidote PasA and are enhanced in the presence of the

toxin PasB. The accessory protein PasC plays no role in the
autoregulation (55).

Although the second possibility cannot be ruled out, in view
of the necessity for autoregulation in all PPASs on the one
hand and the well-documented involvement of the � gene in
the autoregulation of the �-ε-� operon on the other, the first
possibility seems to be more likely.

The importance of the proper stoichiometry between the
toxin Zeta and the antitoxin Epsilon has been clearly seen
when replication of the vector used for ε cloning was arrested
(Fig. 6). Also, note that the regulatory circuit of the � gene in
this two-plasmid system is broken.

The �-ε-� cassette very efficiently stabilizes plasmids in B.
subtilis and rather weakly in E. coli. There are several possi-
bilities explaining the inability of this cassette to function prop-
erly in E. coli. Among the most probable ones, one may en-
tertain the synthesis of a large excess of Epsilon or its increased
stability. In either case, the biological effect would be mani-
fested in a decreased ability of the �-ε-� cassette to function as
a PPAS.

The results of experiments presented in this work clearly
indicate that the product of the � gene is a toxin. Zeta is
composed of 287 amino acids; this means that it is much larger
than other PPAS-encoded toxins, which usually are composed
of about 100 amino acids (23). A homology search of the Zeta
amino acid sequence against all protein sequences deposited in
databases has not shown any significant identity to proteins of
known function. The only meaningful amino acid motif present
in Zeta is the Walker ATP/GTP binding motif. Since this motif
is present in many families of proteins with diverse functions,
the possible mode of Zeta action cannot be predicted from the
homology searches. The structure of the inactive complex be-
tween the Zeta and Epsilon proteins has been solved by X-ray
crystallography (43). No functional assignment of the Zeta
protein can be made directly from its structure, except for fold
similarity to phosphotransferases, which may suggest similar
function. Neither Epsilon nor Zeta structure is similar to any of
the known structures of other PPAS proteins.

The Zeta protein exerts a toxic effect on the gram-positive
and gram-negative bacteria B. subtilis and E. coli, respectively,
and also on the yeast Saccharomyces cerevisiae (data not
shown). It should be mentioned, however, that the most ex-
tensively studied toxins are encoded by narrow-host-range
plasmids such as F, P1, and R1. An interesting and as yet
unanswered question may concern the spectrum of sensitive
hosts for the toxin ParE from the very-broad-host-range plas-
mid RK2. An intriguing case in this respect is the chromo-
somally encoded PPAS relBE from E. coli and the spirochaetal
chpK. Their toxins have been shown to exert a toxic phenotype
in yeast cells (39, 47). The Kid toxin of the R1 plasmid parD
system was demonstrated to affect yeast and even human cells
(14). The recently described axe-txe segregational stability sys-
tem of pRUM was shown to be functional not only in its
Gram-positive host but also in Bacillus thuringiensis and the
gram-negative E. coli (25). It needs to be added that homo-
logues of these genes are widely distributed among prokaryotic
genomes.

A comparison of the toxic effects exerted by Zeta in various
microorganisms reveals several differences. In B. subtilis, the
action of Zeta is strongly bactericidal. Microscopic examina-
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tion of cells subjected to Zeta activity suggests some changes in
cell morphology and massive cell lysis. A preliminary analysis
of cells that survived Zeta overproduction indicates as a reason
of their immunity mutations in the � gene rather than accu-
mulation of host mutants. In E. coli, the activity of Zeta is
bacteriostatic rather than bactericidal. A decrease in CFU
numbers in cells subjected to the action of Zeta is mainly
correlated with their tendency to form filaments. Since the �
gene seems not to induce the SOS response in E. coli, the
presence of filaments may suggest that in this bacterium, Zeta
may act at the stage of cell division. E. coli cells exposed to
Zeta for a prolonged time become insensitive to its activity.
Contrary to what was observed for B. subtilis, when such in-
sensitive cells are again subjected in their early log phase of
growth to � gene overexpression, the toxic effects of Zeta are
again clearly visible (data not shown). This means that only
young, growing E. coli cells are susceptible to Zeta. In the yeast
S. cerevisiae, the physiological effects of Zeta overproduction
have not been studied yet.

The ε gene encodes the 90-amino-acid protein Epsilon that
prevents the toxic action of Zeta. Also in the case of Epsilon,
homology searches against the protein amino acid sequences
deposited in databases have not brought any helpful results.
There is a growing number of nucleotide sequences with ho-
mology to the epsilon gene, but in no case are the resultant
proteins functionally described.

According to the general principle of PPAS action, the an-
tidote should be less stable than the toxin. Camacho et al. (8)
have estimated the in vitro and in in vivo Epsilon protein
stability as �18 min in contrast to �60 min for protein Zeta. In
agreement with these data, we observed that under conditions
of excess of Epsilon produced from the B. subtilis chromosome,
the �-ε-� operon fails to act as a stabilization cassette (Fig. 5).

It is known that the antidote proteins are unstable because
they are rapidly degraded by intracellular proteases. In E. coli,
the antidote proteins CcdA (61), PemI/Kis (58), PasA (55),
and RelB (26) are degraded by the protease Lon and the Phd
antitoxin is cleaved by the ClpXP protease (41). Preliminary
experiments with the use of B. subtilis protease-deficient mu-
tants indicate an involvement of ClpP protease with the chap-
erone ClpX in degradation of the Epsilon antidote. Decipher-
ing of the mechanism of Epsilon degradation in E. coli may
help explain the observed differences in the efficiency of the
�-ε-� operon functioning.

Given the medical importance of the inc18 plasmid family,
identification of the target of Zeta and unraveling its molecular
mechanism of action are of great interest. Also, whether Zeta
exhibits an identical or similar mode of action in all susceptible
microorganisms remains to be elucidated. Regardless of our
progress in solving these problems, with such a broad spectrum
of sensitive microorganisms, the � gene might already be used
in several applications, e.g., as a target gene in direct selection
vectors, in containment control for diverse microbial hosts, or
in the design of new antimicrobial agents.
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