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P1 lysogens of Escherichia coli carry the prophage as a stable low copy number plasmid. The
frequency with which viahle cells cured of prophage are produced is about 1073 per cell per
generation. Here we show that a significant part of this remarkable stability can be
attributed to a plasmid-encoded mechanism that causes death of celis that have lost P1. In
other words, the lysogenic cells appear to be addicted to the presence of the prophage. The
plasmid withdrawal response depends on a gene named doc {death on curing), encoding a 126
amino acid protein. Expression of doc is not 508-inducing and killing by Doc is resd-
independent. Tn cells that retain P1 the killing is prevented by the product of a gene named
phd (prevent host death)j, encoding a 73 amino acid protein. The genes phd and doc have
been cloned and expressed from a 07 kb segment of P1 DNA. The two genes constitute an
operon and the synthesis of Doc appears to be translationally eoupled to that of Phd.
Homologs of the P1 addiction genes are found elsewhere, but phd and doc are unrelated to
previously described genes of other plasmids that also cause an apparent increase in plasmid
stability by post-segregational killing.
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1. Introduction

Bacteriophage P1 lysogenizes Escherichin coli as a
low copy number plasmid that is stably maintained
by & stringently controlled replicon and an active
partition mechanism (reviewed by Yarmolinsky &
Sternberg, 1988). Like several other low copy
number plasmids, Pl appears to be more stable
than can he accounted for by replication control and
active partition. The additional stability of some of
thess plasmids has been attributed to one or more
plasmid-encoded mechsanisms that selectively kill
plasmid-free segregants or their progeny. Means of
inducing post-segregational kiiling are found in F
{Ogura & Hiraga, 1983, Bex et ol 1083; Karoui e
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al., 1983; Brandenburger et al., 1984: Miki & al.,
1984a.b; Jaffé e al.. 1985; Golub & Panzer, 1988,
Loh et al., 1988), R1 (Bravo et al., 1987, Gerdes ef
al., 1986, 19906; Thisted & Gerdes, 1992), RI00
{Tsuchimoto et af., 1988), R483 and R16 (Gerdes ¢t
al,, 1990a.b} and presumably other plasmids that
have relevant homologous regions {Golub & Low,
1986; Gerdes ef al., 1990q).

Two kinds of modules have been described that
could account for the post-segregational killing of
cured host cells. One is exemplified by the sok, mok,
hok genes of R1, the other by the ccd A, ccdB genes
of I. In each ecase a potential lethal agent is
restrained hy a relatively unstable gene product
that prevents synthesis of vthe poison or blocks its
action. Plasmid loss is followed by decay of the
antidote, leaving behind the lethal funclion Lo
induce cell death. The host killer protein, Hok, and
its relatives are membrane proteins that kill by
inducing various cellular changes, including
membrane leakiness (Gerdes et al., 1986; Poulsen et
al., 1992). SBynthesis of Hok can be prevented by the
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antisense Sok RNA. This unstable RNA accelerates
the turnover of the otherwise stable Hok messenger
RNA (Gerdes ef al., 1992) and indirectly blocks its
translation by blocking translation of the upstream
mok gene, to which hok is translationally coupled
(Thisted & Gerdes, 1992). The control of cell death
protein, CedB, kills by poisoning DNA gyrase,
leading to double strand breaks in the bacterial
chromosome (Bernard &  Couturier, 1992).
Mutations in DNA gyrase that confer resistance to
CcdB have been isolated and described (Bernard &
Couturier, 1992; Maki et al., 1992). The DNA scis-
sion activity of CedB appears to be responsible for
the capacity of UV-damaged F to elicit an
SOS response following introduction into (and sub-
sequent loss from) an unirradiated F~ recipient
{Borek, 1958; Rosner et al., 1968; Bailone et al.,
1984 Mori et al., 1984). The unstable antidote CedA
can form a complex with CedB (Tam & Kline, 198%),
hypothesized to prevent the lethal interaction
between the killer and its target (Maki et al., 1992}

In this study we provide evidence that the Pl
prophage harbors a pair of genes that contribute to
plasmid stabilization by induction of a lethal
reaponse to plasmid loss. The genes that confer
death on curing or prevent host death when the
prophage is retained were named doc and phd,
respectively. In addition, we introduce the idea that
all plasmids with the ability to induce post-segrega-
tional killing can be thought of as addicting
agentst. Comparative studies that we report here
indicate that phd and doc have no obvious homo-
logies in nucleotide or codon sequence with
previously described addiction genes, nor does doe
expression elicit withdrawal symptoms that
resemble those produced by Hok or CedB. Despite
these differences we note striking organizational and
functional parailels among the known addiction
systems.

2. Materials and Methods
(&) Strains and standard microbiological methods

Bacterial strains, phages and plasmids used are listed in
Table 1. K. coli was cultured in Luria broth (Miller, 1972}.
Ampicillin was used at 100 ug/ml, spectinomycin at
20 pg/ml, kanamycin at 25 pgiml, and chloramphenicol at
25 ug/ml except that for P1Cm selection the conecentra-
tion was at 125 pyg/ml. Transformations, phage crosses,
and in vitro packaging of DNA were performed by stan-
dard procedures (Silhavy et al., 1984). A library of P1
Sau3Al fragments (in pools of average sizes 3 to 5 kb and
5 to 10 kb) cloned into the unique BamHT site within the
int gene of a A vector with the immunity of 21 (D69), was

t Since synthesis of the toxie proteins Doc or Hok
requires prior synthesis of their relatively unstable
antagonists, they may be said to be induced by them.
Induction of a stable toxin by a readily eliminated
antidote has been suggested as a posgible basis for drug
addiction (L. Szilard, private communication in 1958;
Shuster, 1961). Whether or not morphine addiction can
be explained in this way, the model does seem
appropriate as an explanation for plasmid addiction.

a generous gift from Nat Sternberg (O'Regan ef al., 1987).
Phages with inserts within ¢né{ are unable to excise a
cryptic A prophage located at a secondary attachment site
within gelT. This characteristic was used to identify such
phages by a method known as the red plaque test
{Enquist & Weisberg, 1976). Lysogens of int phages were
prepared by supplying the Int protein from a hetero-
immune helper, G275. Assays for ,ﬁ-gala(:tnsidase were as
described by Miller (1972},

(b) Plasmid nomenclature

For simplicity we refer to the commonly used plasmid
vectors as follows: pB, pBR322; pU, pUC19; pG, pGB2ts.
Numbers following these letters refer to the P1 DNA
inserts listed in Table 1. Antibiotic resistance deter-
minants are referred to by the 2-letter code: Ap, ampi-
¢illin, Cm, chloramphenicol; Km, kanamycin; Sp/{Sm,
gpectinomycin and streptomycin; Te, tetracycline.

(c) Curing of A (D69} carrying PI
DN A4 sequences

Recombination-defictent,  non-suppressing  strains
N205/pACYCi84-c1* (or [PT) lysogenic for various
D69-P1-hybrid prophages were concentrated from a log
phase culture (grown in TB, 10 mM MgS0,, 0-29, (w/v)
maltose), resuspended in 10 mM mgS0, and infected (or
not) with the heteroimmune int" phage G275 at a multi-
plicity of 3 to 4. The infected cells were diluted in TB and
allowed to segregate cured cells for 4h at 37°C. Culture
samples were spread on LB agar plates previously sparsely
seeded with 4cI857 RA(amber), that had been P1-modified
by growth on BR4 (to avoid restriction by P7) and the
plates incubated at 42°C. Separate plates, to which no
challenging phage had been added, received more dilute
samples of the culture. Lysogens grow up to make
necrotic microcolonies whereas nonlysogens grow into
healthy colonies that are essentially unaffected by the
oceasional infection that occurs during colony develop-
ment. The percent of cells that were cured was caleulated
from the ratio of healthy, opaque colonies surviving the
AcI857 RH(amber) challenge to colonies recovered on the
plates without phage. The method is based on that of
Takiff et al. (1989).

(d) Cloning procedures

Commercially prepared enzymes were used as specified
by the suppliers. Plasmid DNA was prepared and
analyzed by gel electrophoresis using standard methods
(Sambrook ef al., 1989). The phosphorvlated Neol linker
d{pCCCATGGG) from New England BioLabs was used to
alter an EcoRYV gite (in pG3) and a Dralll site (in pB7)
that had been treated with T4 DNA polymerase for
3" overhang removal {Sambrook et al., 1989).

(e) Constructions of deletions and insertions

To map phd and doc, DNA segments of the plasmids
pB7 and pG3 were deleted using exonuclease I11 (exolII)
and mung bean nuclease (Stratagene Co.). To locate the
3" end of phd, DNA of pB7 was cleaved with HindIII and
Aaill  (creating exolll-sensitive and exolll-resistant
protruding ends, respectively). Following partial exonuec-
leolytic digestion and mung bean nuclease treatment,
protruding ends were trimmed with T4 DNA polymerase
and self-ligation yielded pB8 and pB%. To locate the
5 end of phd. deletions were then generated from pB8
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Table 1
Bacterial strains, phages and plasmids

A K. coli K-12 strains

Strain Genotype or description Source, reference
BR4 YMC transduced to carry P1Cm cry of Scott {19700 (YMC=mel-1 supf57 NIH Collection
supFH8)
BR157 supDA3 supDT4(ts) recA56 srl:: Tnid met Bl len(amber} trp{amber) Yarmolinsky et al. (1989)
lacZ{amber) gulK (amber) galE suweC' tsx reld
BR4623 BRI157/P1Um{pACYCI84(Km)-e1* This work
BR4625 BRIST/PICm r™m™ repA103/pACYCIBH(Km)-¢1* This work
BR5175 SG20250 (Aclind sfid lacZ)/pG This work
BRAITG 8G20250 (AeTind sfid 2 lacZ{p(Gs This work
DHaH supE4d hsd R17 vecAl end AN qurA96 thi-1 reldl Bethesda Research
Laboratory
DH5x2 supk44 Alarg F-lac)U169 (¢80 lneZAMI1S) hsd R17 rec Al end Al gyr A96 Bethesda Research
thi-1 reldl Lahoratory
D125 rec A56 supEa4 ksd R thi-1 thr-1 lenB6 lac Y] tonA21 . K. Chattoraj
MCL100 arn D139 AlargF-luc)U169 rpsL150 relA1 ibB530Y deoC’] ptsF25 rhsR Silhavy et al. (1984)
N205 rec A3 rpsL200, galt revertant of N100 of Gottesman & Yarmolinsky (1968) N1H Collection
RWS&42 HirH galk A(pgl att BOB'bio) sup® (AA[int-()) 1 gl T Enquist & Weisherg (1976}
BG2OZ50 prot transductant of MC4100 5. Gottesman

B. Bucteriophages

Phage name Genotype or description Source, reference
168 Aimm21 cloning vector Mizusawa & Ward (1982)
(275 Atmm434 Afatf) inft gal8 bio936 AlgelT-hioB)269 R. W. Weisherg
Acl857(ts) R5{amber) Thermoinducible A with suppressible endolysin mutation NTH collection
Aclind sf A lacZ 808 reporter Huisman & D'Ari (1881)
5. Gottesman
Aitmm2lel hy Tmmunity 21 sefector phage NIH collection
Aimm21cl hgg Immunity 21 selector phage NTH cotlection
A-P1#76 D69 clone with a P1 DNA insert, mostly fragment EcoRT-6 O'Regan af al. {1987)
N. Sternberg
A-P1: EcsRI-8 D69 clone with a P1 DNA insert, fragment EcoRI[-8 N. Sternberg
P1Cm Pl carrying Tng at TS/ Tida & Arber (198()
P1Cm r™ m™ repA103 P1 with repA mutation suppressible by supD Yarmolinsky et al. (1989)
P1Cm ¢l1.100 3.6 Thermoinducible P1 (Rosner, 1972) with a morphogene mutation (Seott,  This work
1968} suppressible by supl)
P1Cm cl.100 23.1135 Thermoinducible P1 (Rosner, 1972) with a morphogene mutation (Walker This work
& Walker. 1983) suppressible by supD
ry Close relative of P1 conferring Ap resistance Wandersman & Yarmolinsky
(1977)

(. Plasmids previously deseribed

Plasmid DNA insert Vector sequences; cloning site Drug” Source, reference
pACYC184-¢1™ immC*t AloxPP of P1  pACY(C184 {pl5A-derivative) Cm Yarmalinsky ef al. (1989)
pACYCI84(Km}-cl™ immCt AloxP of P1  pACYCI84 with Km insert in Cm Km Yarmolinsky ef al. (1988)
pB=pBR322 Nohe ColE1l-derivative Ap. Te GenBank no. VBOOO]
pBR325 None ColE1-derivative Ap, Cm, Te GenBank no. VBOOO2
pDRC1A0 None Pmac-31, pU-derivative Ap Denise Roberts
pQi=pGB2ts None pSC101-derivative, ts for replication  Sp/Sm Clerget {1991); M. Clerget
pU=pUCIH None ColK1-derivative Ap GenBank no. VB002¢
pUNG20 14-kb HindIIl pBR325; HindIll Ap. Cm Firman et al. (1985);
fragment of 13124 N. Redaschi
pUNG30 14-kh HirdII1L pBR325; HindII Ap, Cm Firman el al. (1985).
fragment of R124/3 N. Redaschi

D. Plasmids constructed in this work, corrying regions of P'1 Heoltl-6 DN A

Plasmid DXNA insert (see Figs 2 and 3) Vector sequences; cloning site Drug’
pB1 6-8-kbr EcoRI-6 (entire) pB; EeoRl Ap, Te
pliz 3-9 kb EcoRl-Prull 220 kb of pB: KeoR1-Prull Ap
pB3 2-58-kb Pvull-EcoRl 229 kb of pB: EcoRl-Pyull Ap
pG3 2-58-kb Puull-EeoRI 4-0% kb of pG; FeoRI-Hinell Sp/Sm
pG3E As pG3. Neol linker at EcoRV 401 kb of pGi: EcoRI-Hinell Sp/Sm
pGa3Tn As pG3. mini-Tni¢ (Km) in doc 4-01 kb of pG; EcoRI-Hinell Sp/Sm, Km
pG4 1-03-kb ffincll fragment {ex p33) pG; Hinell SpfSm
pBa 1-35-kb Prull-Ncol (blunt) pB; Peull Ap
pGa 1-35-kb Poull-Ncol (blunt) 4:01 kb of pG3; EcoRI-Hinell (blunt) Sp/Sm
pB6 0-91-kb Prull-EcoRV pB; EcoRV Ap
pB7 0-37-kb Poull-Hinell pB; BeoRV Ap
pB7D As pB7, Neol linker at Dralll pB; EcoRV Ap
pBs & 9 Exolll-generated deletions from the Hinclll phi EcoRY Ap

site of pBR7
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Table 1 (continued)

Plasmid DXNA insert (see Figs 2 & 3)

pBlO & 11 Exolll-generated deletions from the Peull site
in P1 DNA of pB8

pll2 299 bp, coordinates 204 to 592 of Fig. 3. by
PCR, with EcoRI & BamHI termini

pl13 227 bp, coordinates 366 to 592 of Fig. 3. by
PCR with BamH]1 termini

pll4 674 bp, coordinates 204 to 967 of Fig. 3, by
PCR with EeoRI & BamHI1 termini

plil4 674 bp, coordinates 294 to 967 of Fig. 3. by

PCR with EeolRl & BamHT termini

Vectar sequences; cloning site [yrug’
pB: EcoRY Ap
266 kb of pU; EeoRI-BamHI Ap
pLl; BamHI Ap
266 kb of pU: BeoRT-BamHI Ap
401 kb of pGG: EcoRI-BamHI SpiSm

after digestion with BamHT and SpkI. resulting in pBHO
and pBIll. An 8 bp Neol linker d{pQ'CCATGGG) was
inserted into the Dralll site of pB7. penerating pB7D.
To locate doe, pG3 DNA was digested with EeoRT and
the ends so generated were protected from exollT degra-
dation by filling with deoxy-thioderivatives as recom-
mended by the supplier (Stratagene C'o.}). The DNA was
then digested with Neol (generating an exolTl-sensitive
end). Plasmid DNA was recovered after partial exolll
digestion, self-ligated and directly transformed into a host
strain {DH5a). Various deletion derivatives were then
tested for the presence or absence of Doc activity.
Mutagenesis by insertion of a mini-Tni/? was as
described by Way ef al. (1984), using 21105 as a source of
a version of the minitransposon that confers kanamyvein
resistance. The plasmid pG8Tn which is defective in Duoe
expression was identified as such from among 36
kanamycin-resistant derivatives of pG8.

(f) DN A sequencing

The determination of the nucleotide sequence of the P1
DNA fragment encompassing phd and doc was described
earlier (Lehnherr ¢f al., 1891). The nucleotide sequence of
newly constructed plasmids and deletion or insertion
endpoints were confirmed using standard dideoxy chain
termination  reactions  (Sanger e al. 19773,
Double-stranded template DXA was isolated as described
by Sambrook ef af. (1989) and sequenced with Sequenase
(United States Biochemieal Corporation) using standard
primers (Bethesda Research Laboratories) or appropriate
primers synthesized on a Milligen 8750 oligenucleotide
synthesizer. Nequencing reactions at the INRA in Jouy en
Josas were performed in a Perkin Elmer apparatus, using
the Tag Dyelleoxy Terminator Sequencing Kit {Applied
Biosystems) and the reaction products were analyzed on
an automated IDNA sequencer (3704 DNA sequencer of
Applied Biosystems).

(g) Protein synthesis in vitro

To test if phd and doc encode proteins, the K. coli in
vitro transcription/translation system of Promega was
used. Newly synthesized proteins were radioactively
Jlabeled with [*°8]methionine and the reaction products
were analyzed on an 8D8/209%, (w/v) polvacrylamide gel
{Laemmbi, 1970). The gel was fixed in 109, acetic acid,
5% glyeerol for 2 h, transferred to a Whatman filter
paper, dried at 80°C under vacuum and exposed to a
Kodak XAR2 X-ray film for 72 h.

3. Results
(a) Kffects of PI plasmid loss

In order to assess the effects of P1 plasmid loss on
the bacterial host, we first sought a means by which
to arrest plasmid replication specifically. Complete
arrest of plasmid replication was found to require
blockage of both the replicon normally identified
with the plasmid state and the lytic (viral) replicon.
Conditional blockage of the plasmid replicon was
accomplished by use of an amber mutation in the
Pl plasmid initiator gene, repd, and a thermo-
sensitive suppressor in the bacterial host. The host
cells used for this study were supplied with a supple-
mentary source of immunity protein from a cloned
1 ¢l gene (pACYC184(Km)-c1*) to assure constant
and complete repression of the lytic replicon
(Yarmolinsky et «f., 198%). Tn the construct
BR4625, which carries both P1Cm repA103(amber)
and pACYC184{Km)-c17, a shift to the non-permis-
sive temperature (43°C) stopped replication of the
1 prophage. Figure la shows that stopping repli-
cation of the Pl plasmid also halts promptly the
generation of viable progeny bacteria, The control
experiment of Figure 1b shows that the tempera-
ture shift caused only a transient delay in the repli-
cation of isogenic bacteria in which the P1 repA
gene was wild-type. These results imply that P1 i
an addictive plasmid.

Whether or not P1 plasmid replication was
permitted, there was a considerable increase in
bacterial mass at 43°C as monitored by measure-
ments of absorbance. In Figure la, at the tempera-
ture non-permissive for I’l replication, the
absorbance eventually leveled off at about 70-fold
its initial value. In contrast., the number of colony
forming units remained constant or showed a
modest decrease. Throughout the six hour incuba-
tion period essentially all {959) of these viable
bacteria retained Pl, as determined by scoring
chloramphenicol resistance. We conclude that the
arrest of plasmid replication efliciently arrests the
generation of viable progeny bacteria, although an
increase in bacterial mass still continues for several
hours.

Most of the observed mass increase that follows
loss of P1 from BR4625 can be accounted for by cell
divisions that produce inviable progeny. In this



418 P1 Plasmid Stabilization by Addiction
l_‘
a b c

10°- -4 10 .
Asoo
(&)

10% 1 10% -
cfu [ i
()

10 10"} .
Cmchu |
(o)

10%5 107 4

e T T i B e I

Time (hr) at.43° C

Time (hr) at 43° C

Time (hr) at 43° C

Figure 1. Lethality of P1 loss and its suppression by A-P1#76. Cultures of the following bacteria were grown into
logarithmic phase at 30°C in LB supplemented with kanamyein: a, tester strain BR4625 (in which P1Cm repd 103
(amber) is thermosensitive) and which has been lysogenized with the i vector D89; b, the repA ™ control strain, and ¢, the
tester strain lysogenic for A-P'1 # 76. Generation times were about 60 min. At time 0 dilutions were made into medium at
43°C for subsequent measurements of absorbance at 600 nm and of colony forming units (c.f.u.). The cultures sampled
for absorbance readings were successively diluted so as to maintain 454, < 0-25 at the time of each sampling. More dilute
cultures, initially at approx. 10° cfu/ml, were sampled for plating on LB agar with either kanamyein {e.fu.) or
chloramphenicol ({Cm ¢.fu.) and colonies were counted after incubation overnight at 30°C. PI lysogens (Cm c.f.u.} where
indicated, were scored following transfer of 100 to 200 colonies with toothpicks from LB agar with kanamyecin to LB agar
with ehloramphenicol. Both the absorbance and the colony forming units have been normalized to the =0 point.

strain a fraction of the cells underwent extensive
filamentation at 43°C, with the DNA distributed
throughout the filaments (visualized by fluorescence
microscopy after staining with 4',6-diamidino-
-2-phenyl indole). As noted in a subsequent section,
cell filamentation is an exceptional rather than a
characteristic symptom of P1 plasmid loss.

(b} Isolation of a P1 DN A segment that permits
bacteria to survive the loss of Pl

The severe response to P1 withdrawal that we
observed was presumably due to the loss of one or

more Pl genes. We sought to isolate the relevant P1
DNA on the basis of its ability to permit the
survival and outgrowth of segregants cured of P1.
Cultures of the supDts recA strain BR4625, used
above, were lysogenized in four different lots with
members of a library of P1 fragments cloned in a
A vector (O'Regan et al., 1987) and the cultures were
grown for six hours at 43°C. Tt can be seen from
Table 2 that during non-selective growth the four
lysogenized cultures produced, in varying yield,
appreciably greater numbers of bacteria cured of P1
than the tester strain (BR4625) by itself. We esti-
mate that about 59 of cells in the four cultures

Table 2
Selection of A-P1: phd™ from a A-P1 library in supDfs strain BR4625

repd allele A-P1 hybrids Increment in c.f.u. P1Cm retention (%)

of P1Cm as prophages in 6 h at 43°C Initial Final
+ — 1300 100 100
103(amber) — 2 100 52
103(amber) lot A 89 98 <1
103(amber) lot B 87 160 2
103(amber) lot C 58 100 <1
103(amber) lot D 8 94 4

Strains BR4623 (row 1) and BR4625 (row 2) serve as controls. Cultures of BR4625 (row 3 to 6) were
lysogenized in 4 lots and treated as follows: the bacteria were coinfeeted at 32°C with members of the
A-P1 library {described in Materials and Methods) and with the hetercimmune hefper G275 to permit
integration. Lysogens at a sufficient density to grow confluently were selected on plates spread with a
1:1 mixture of h; and hg, imm2lcl phages. Separate lots of harvested cell paste were diluted to
Agop=0001 in 25 ml LB with kanamyecin and grown with aeration at 43°C, a temperature
nonpermissive for replication of PICm r~m~ repA103 in the supDts host, Samples of the cultures
before and after this incubation period were plated on LB agar with kanamycin and scored for colony
forming units {c.fn} after overnight incubation at 30°C. Colonies retaining PLCm were seored by
transfer with toothpicks of about 1(M) colonies {from each sample to LB agar with chloramphenicol.
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Figure 2. Physical mapping of the determinants of Phd and Doc activities. Successively expanded portions of the Pl
physical map (Yarmolinsky & Lobocka, 1993) are displayed with certain [andmark genetic features. P1 DNA inserts
arbitrarily numbered | to 11 are shown in the bottom half of the Figure. I) and E indicate an altered Dralll or EcoRV
site, respectively; Tn indicates the insertion of a mini Tnf# (see Materials and Methods for details). P1 DNA inserts 1 to 3
and 5 to 11 were cloned into pBR322 (for tests of Phd activity) and the products are designated pB plasmids (see Table
tD). P1 DNA inserts 3 to 6 were inserted into the multiple cloning site of pGB2ts (for tests of Doc activity) and the
products are designated pG plasmids. The conclusion that pG4 exhibits Doc activity but not Phd activity was deduced
from the observation that in order to obtain transformants with this plasmid the presence of a source of Phd (pB#8) in the
recipient appeared necessary. Other pB clones tested for Phd activity were scored positive if in their presence the loss of
Pl from BR4623 or of pG3 or pG5 from DHS failed to kill bacterial segments. A positive score in the Doc¢ column for
inserts 3 and 5 signifies that the generation of viable bacterial segregants cured of pG3 and pG5 was severely hindered by
the presence of the P1 DNA carried by these plasmids. Each test was performed at least twice. No entry signifies that

none of the above tests were performed,

gave rise to viable cured progeny, since the average
increase in viable cells was about 59, of that
observed with the repA* version of P1Cm in the
control strain BR4623.

The 2-P1 hybrids present in individual chlor-
amphenicol-sensitive colonies obtained in this
experiment were excised and packaged by hetero-
immune superinfection. The hybrids were identified
as carrying an insert within the Aint gene by the red
plaque test (see Materials and Methods). The tester
strain (BR4625} was lysogenized with these phages
in a second round of infection. In each case the
selected A-Pl hybrid conferred on BR4625 the
capacity to segregate, with increased efficiency,

viable bacteria cured of P1. To some extent this
segregation can be seen to have oceurred even prior
to release from selection pressure in lots A and D, a
result which suggests the degree to which P1 in-
stability is normally masked. We refer to the
selected hybrids that permit this curing as
A-P1:phd* because of their capacity to prevent host
death.

In order to determine which regions of the Pl
genome might be represented in the A-P1:phd*
phages, their DNA was 3*P-labeled by nick trans-
lation and hybridization was carried out according
to Southern {as described by Sambrook et af., 1989),
with fragments of P1 DNA separately restricted by
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EcoRT and Xkol (see Fig. 2). At least part of the
Tkb EcoRI-6 fragment of Pl was found to be
present in each of the A-Pl:phd* phages tested
{dava not shown). The phages differed from one
another in that some exhibited additional hybrid-
ization with flanking EeoRI fragments 11 or 20 and
22. None hybridized with the smaller of the two
Xhol fragments (see Fig. 2).

The later availability of an ordered, overlapping
library of P1 DNA cloned in a 1 vector permitted us
to verify that a clone carrying £coRI-6 and very
little additional DNA (4-P1#76 of O'Regan ef al.,
1987) allows bacteria that become cured of Pl to
survive the loss, Tester strain BR4625 lysogenized
with A-P1#76 is seen in Figure lc to grow aboul as
well at 43°C as BR4623, the repA* version of
BR4625 (Fig. 1b), despite the absence of P1Cm
repA103{amber) replication. These data suggest
that the phd function is encoded within KeoRI-6, a
segment of the P1 DNA that is separated from the
bagic plasmid replicon by more than 20 kb (see
Fig. 2).

{¢) Reassessment of the frequency of PI loss

Measurements of the frequency of P1 loss estab-
lished a curing rate of about 2x107° per cell per
generation in a rec’ K. coli strain {Rosner, 1972).
Subseguent measurements with rect and rec hosts
have yielded comparable values (Austin ¢t al., [981).
The evidence presented above that the majority of
cured cells lose viability suggests that the frequency
of P1 loss has been underestimated.

To obtain a measure of the curing rate unhiased
by death of cured cells we have taken advantage of
the observation that the viability loss associated
with curing K. coli of I’] is prevented by a chromo-
somally integrated A-P1#76, serving as a stable
source of the phd product. As in previous studies
{Rosner, 1972), cured cells were selected as sur-
vivors of thermal induction of prophage P1Cm
cl.100 at 42°C and their sensitivity to chlor-
amphenicol (to which P1Cm ¢1.100 confers resist-
ance) was confirmed by replica-plating. The P1Cm
cl. 100 carried either of two suppressor-sensitive

mutations in phage morphogenes. As these phages

were incapable of plating on the non-sappressing
host used in the experiment, reinfection was
prevented.

An approximately sevenfoid increase in the
measured loss frequency of P1 as a consequence of
preventing the death of cured segregants with
A-P1#76 is reported in Table 3. We conclude that
the addiction genes of Pl confer on it an apparent
stability that significantly supplements the stability
provided by the fully functional primary replication
and partition mechanisms of the plasmid.

{d) Linkage of phd to genefs) responsible
Jor death on curing

A close linkage between phd and the gene(s)
responsible for the cell death attendant upon loss of

Table 3
Effect of chromosomally integrated A-P1:phd* on the
Sfrequency of segregation of viable cells cured of P1

Curing rate per cell per
generation ( x 107)

No integrated Integrated
Unselected plasmid prophage prophage A-PL#76
P1Cm ¢l 100 3.6 3 (2-8) 17 (12-21)
P1Cm ¢1.100 23.115 2 (2-5) 17 {16-20)

Derivatives of recA3 strain N20H were grown at 30°C on LB
agar with chloramphenicol to sefect for retention of the indicated
P1 prophage. For each determination cell suspensions were made
of 5 voung colonies. These were streaked onto LB agar plates at
30°C and grown for about 21 generations (24 to 27 h). An entire
coleny from each streak was resuspended in TMG buffer (Silhavy
et al., 1984} and appropriate dilutions were plated on pre-warmed
agar at 30°C and 42°C. Colony formers were counted, Curing
rates shown are the median of 5 determinations of the fraction of
bacteria surviving thermal induction divided by the number of
generations of non-selective growth prior to the final platings.
The range of values obtained for P1 in N205 (column 1) showed
no overlap with those tested in N203 (A-P1#76) (column 2. At
30°C, the temperature at which the segregation of cured cells was
allowed to proceed, colony size appeared unaffected by the
presence of the plasmid prophages. singly or together with A-
P1#76, although the latter markedly reduced colony size at
42°C,

P1 was demonstrated by showing that bacteria lyso-
genic for 2-P1 hybrids that carry phd were refrac-
tory to a procedure for curing the lysogens. The
hybrid prophages were excised from the host
chromosome by heteroimmune superinfection with
an int*Aattl phage. Cells from which the repressed
prophage (and superinfecting phage) had been lost
were allowed to accumulate. Colonies derived from
cured survivors of superinfection were recognized by
their failure to complement for growth a 4 with a
defect in the endolysin gene R (see Materials and
Methods). A relative paucity of viable segregants
cured of the A-Pl prophages was taken as evidence
for the expression from them of doc, a death on
curing tunction.

Three A-P1 hybrid prophages were tested: a A-P1
hybrid that had been selected for its expression of
phd®, the hybrid A-P1# 76, which we had shown to
be phd*, and a i carrying the EcoRI-8 fragment of
Pt as an insert. KHcoRI-8 was tested because it
encompasses the P1 origin of plasmid replication
and a close linkage of addiction genes to the origin
of plasmid replication has been found in both F
{Ogura & Hiraga, 1983) and R1 (Bravo ef al., 1987).
The A vector, D69, served as a control. Bacteria
carrying either of the phd™ A-P1 hybrids were cured
by heteroimmune superinfection with <19, the
efficiency of bacteria carrying the A vector alone or
<29, the efficiency of bacteria carrying
A-P1: EcoRI-8. Additional experiments suggest that
the close relative of P1, P7, when present as
prophage, can allow cells cured of A-P1#76 to
survive. We interpret this result to mean that P7
possesses a Phd function that can substitute for the
Phd function of P1, although P7 is not entirely
homologous to Pl in the region corresponding to
EcoRI-6 (Meyer et al., 1986). We conclude that P1,
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and presumably P7. encode phd and doc genes
closely linked to each other, but not to the plasmid
origin of replication. This conclusion is confirmed by
more direct mapping experiments described below.

(e) Localization of phd

Our effort to localize the genes phd and doc was
facilitated by the availability of the DNA sequence
of part of FEcoRI-6 (GenBank  Accession
No. M95666) and a restriction site map of the
remainder {Citron et al., 1989; Lehnherr ef of., 1991).
The sequencing had been performed in the course of
studies of the activation of late gene transcription
by the product of gene 10, which is encoded largely
within EeoRI-6. These studies demonstrated a toxi-
¢ity of both the C1-controlled gene 70 product and
the N-terminal portion of it that is encoded within
EeoR1-6 (Lehnherr ef al., 1991, 1992). For this
reason we used a recipient expressing ('l repressor,
from a pACTY184-¢1 " plasmid, in our cloning of the
EcoRI1-6 fragment into pBR322.

Introduction of the pBR322-EcoR1-6 construct,
pBl (for plasmid nomenclature see Materials and
Methods and Table T}, into tester strain BR4625
permitted viable segregants cured of P1 to be gener-
ated at a temperature that is non-permissive for the
maintenance of the thermosensitive P1 prophage.
Under identical conditions a control strain BR4625
that had been transformed with pBR322 became
nan-viable following the loss of Pl The resulis
obtained with the EecoRI1-6 clone are similar to those
obtained with the slightly larger P1 segment that is
present in A-P1#76 (see Fig. 1) and confirm our
surmise that Phd activity can be expressed from
EeoR1-6.

Further localization of phd was achieved by
applying the above-mentioned test for Phd activity
to fragments of KeoRI-6 that were cloned in
pBR322 and grown in a recA host (DH5u) carrying
pACY('184-c17. In this way phd was localized to
the Prull-EeoRT fragment of pB3 and then to the
Prull-Neol moiety of this fragment (pB5, see
Fig. 2). Fragments 3 and 5 were also cloned into the
pRC101-based thermosensitive vector, pliB2ts. The
resulting construets (p(3 and pG5, respectively)
express Doe in addition to Phd. Following ther-
mally induced loss of the plasmids, the cells cease
dividing after about five generations. We have used
various hacterial strains harboring either pG3 or
p(i5 as relatively simple indicators with which to
monitor DNA fragments cloned into pBR322 for
Phd activity. Using either of these indicators or the
original BR4625 tester strain, we found that pB7,
which contains a 574 bp Poull-flincIl fragment,
expressed Phd activity. The cloned region in pB7
includes all but the last two codons of a 73-codon
orf.t This orf is preceded by a potential ribosome
binding site and a promoter sequence (denoted
Pr82, based on its location in the PPl map;

t Abbreviation used: orf, open reading frame.

Yarmolinsky & Lobocka, 1993) and is followed by a
tandem pair of stop codons (Fig. 3). The homology
score of Pr92 relative to an optimal E. coli consen-
sus promoter was calculated using the computer
program TargSearch (Mulligan et al., 1984). The
obtained score of 5219, lies between the values for
lacP1 of K. coli (4979%)} and Pbla of pBR322
(62:79%,) and suggests a promoter of moderate
strength.

Polymerase chain reactions were used to amplify
specific DNA fragments in order to test directly the
function of the 73-codon orf and Pr92. The plasmid
pUl2, containing a 299 bp P1 fragment extending
from positions 294 to 592 (see Fig. 3}, including the
promoter and the 73-codon orf, expressed Phd
activity in trans. A second plasmid pU13,
containing just the promoterless 73-codon orf {posi-
tions 366 Lo 592) showed no activily. When the
latter fragment was cloned under the control of a
hybrid maltose-lactose  promoter. mac-31(Vidal-
Ingigliardi & Raibaud, 1983) in pDRCI150, Phd
activity was regained. The P1 DNA of pB7 was
subjected to limited exonucleolytic digestion as
described in Materials and Methods. The resulting
deletion end-points (shown in Figs 2 and 3) were
identified by sequencing {pB8 through pB11). The
potential promoter sequence, Pr92 is deleted in
pBl1l, a plasmid that lacks Phd activity, whereas
both the promoter and the activity are retained in
pB10. The predicted ribosome binding site sequence
seems alvo to he important for Phd expression, since
the tandem insertion of two 8 bp Neol linkers
H{pCCCATGGE) at the cut and trimmed DrallIT site
in the region of the ribosome binding site renders
pB7D defective in Phd activity. These results allow
us to conclude that the 73-codon orf encodes Phd
and is expressed from Pri2,

The plasmid pB9 fails to express Phd activity
because of the replacement of the C-terminal 24
codons of the 73-codon ort by 17 codons of the
pBR322 vector (Fig.3). The retention of the
activity in pB8. in which the C-terminal 19 codons
of the 73-codon orf are replaced by 77 codons of
pBR322 (originally from Tnd3), indicates that the
activity does not reside in this C-terminal region of

Phd.

(fy Loealization of doc

As already noted, the 1-35 kb DNA fragment 5
(Fig. 2) is a segment of EcoRI-6 from which both
phd and doc can be expressed. Within fragment 5
two similarly oriented orfs downstream of the
73-codon phd gene suggest themselves as possible
candidates for doc. on the assumption that doc
encodes a protein. The middle, 126-codon orf ean be
interrupted conveniently at a unique KcoRV site.
Plasmid pG3E was generated by insertion of an
8 bp Neol linker d(pCCCATGGG) at this site in pG3,
and plasmid pG6 by deletion of P1 DNA distal to
the EcoRY site. Neither pG3E nor pG6 express Doc
activity, as no post-segregational lethality was
observed at 42°(", a temperature non-permissive for
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Figure 3. Nucleotide sequence in the region of the P1 addiction genes. Top panel: the sequence shown is excerpted
from the GenBank entry M95666 and renumbered so that the first nucleotide of the vl restriction site corresponds to
nucleotide number 1 and the last nucleotide corresponds to the end of the Ncol site. The —10 and —35 regions of the
putative addiction promoter, Pr92, are underlined. The set of nucleotides corresponding to a ribosome binding site is
marked RBS. Amino acid sequences of predicted polypeptides of phd and doc are shown below the sequences uging the
conventional 1-letter code. Restriction sites referred to in the text are indicated by underlining. The 2 bases of R124/3
which are non-identical to thogse of P1 in the region between coordinate 297 and the Hincll site at the end of phd are
written above the corresponding bases of the P1 DNA sequence. Note that neither alters the deduced amino acid
sequence. Bottom panel: the orfs initiated from ATG codons are displayed in all 6 reading frames. Those to which we
assign the names phd and doc are filled in. Dots denote the positions of codons that are designated as rarely used in
E. coli by the program Ecohigh.Cod with a threshold of 0-00 (Devereux ef al., 1984).

the maintenance of pG plasmids. The fact that we
could maintain pG3 in the absence of a source of C1
protein suggests that pG3 failed to express toxie
amounts of truncated gene 1 protein. In the experi-

ments involving carriers of pG3 or its derivatives,
the bacteria were grown without a source of Cl
protein. Insertion of a mini-Tnfd transposon in
pG3, followed by screening for loss of Doe activity,
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led to the isolation of pG3Tn. The transposon was
found to have inserted 21 bp to the right of the
EcoRV cleavage site, still within the 126-codon orf
(Figs 2 and 3). To test if the 66-codon orf down-
stream of the 126-codon orf is also a part of the
addiction cassette, the plasmid pGl4  was
constructed (Table 1}, This plasmid carries a 674 bp
fragment of P1 DNA, encompassing the putative
promoter sequence, the 73-codon phd gene and the
126-codon orf, but lacks all but the first five codons
of the 66-codon orf. In an assay for Doc activity
pGG14 scores positive, indicating that the 66-codon
orf is dispensable. These results show that the
126-codon orf is doe.

How is the doc message translated? The absence
of a recognizable ribosome binding site associated
with doc and the overlap between the first stop
codon following phd and the ATG start codon of doc
implies that the translation of the doc message 1s
coupled to that of its preceding partner.

(g) Genes phd and doc encode proteins

The plasmids pUl2 and pUl4 contain phd and
phdfdoc, respectively, under the control of the indi-
genous promoter Pr92 (see Table 1). To address the
question of whether phd and doc encode proteins,
these two plasmids, and pUC19 as a control, were
used as templates in transeription/translation reac-
tions in vitro (see Materials and Methods). The result
of one guch experiment is shown in Figure 4. The
control plasmid pUC19 served as template for the
synthesis of two proteins: pre-f-lactamase and a
truncated f-galactosidase from lacZ’, which have
molecular masses of 31-6 kDa and 121 kDa, respec-
tively. The smaller of the two proteins was absent
from the pUl2 and pUl4 janes presumably due to
the presence of a DNA fragment cloned into the
polylinker sequence of pUC19, which in most cases
disrupts the locZ” gene. A single novel protein is
determined by pUl2. The position of the protein
band on the 209, polvacrylamide gel is in good
agreement with the expected molecular mass for
Phd of &1 kDa. Besides Phd, a second protein is
expressed from pUl4. This protein most likely
corresponds to Doc (expected molecular mass:
13-6 kDa) despite its slightly greater mobility than
the 12-1 kDa product of lacZ’. The intensities of the
bands on the X-ray film were used to quantify the
amounts of proteins synthesized. On a molar basis
about 40 times more Phd was made than {(unpro-
ceszed) pre-f-lactamase and about 14 times more
Phd than Doc. The dependence of doc expression on
prior translation of phid message and the fact that
doc containg 16 rare codons, while phd contains only
one (see Fig. 3, bottom panel), could account for a
pronounced bias.

(h) SOS induction and doc expression

Is doc expression SOS-inducing? The experiment
shown in Figure 5 was designed to answer this ques-
tion. Expression of doe was initiated in a strain

pU pU pU
14 12
_g— & 31.6 kDa

+« 12.1 kDa

-

Doc =
Phd =

o=

Figure 4. Autoradiograph showing the [**$]methionine
radiolabeled products of in vitro transcription/translation
reactions using as templates the plasmids pUl4 and
pU12, which encode the P1 functions phdidoc and phd,
respectively, and the vector plf. Arrows to the right
indicate the positions of the 31-6 kDa pre-f-lactamase and
the 12-1 kDa truncated f-galactosidase specified by the
pU vector DNA. Arrows to the left mark the protein
bands most likely corresponding to Phd and Doe,
gpecified by the P1 DNA inserts.

(BR5176) that carries the phd and doc genes on the
thermosensitive vector pGB2ts (p(G5) by raising the
temperature from 30°C to 41°C. Surviving bacteria
were scored as colony formers on plates incubated at
30°C. The number of plasmid-carrying cells was
seen to increase about tenfold during the first hour
of growth at 41°C, presumably due to dilution of
pre-existing plasmid copies. Beyond this point,
despite a significant increase in the absorbance of
the culture at 600 nm (A4g44), the generation of any
additional colony-forming wunits (efw.) was
prevented. As in experiments shown in Figure la,
all the colony formers retained pG5. A control
culture {BR5175), which initially harbored the
pGB2ts vector (p(3) without any P DNA insert,
continued its exponential growth uninterruptediy.

Microscopic examination of the cells five hours
after the shift to 41°C revealed that the increase in
absorbance of the BR5176 culture was not the
result of filamentation, as might have been expected
if doc expression had induced an SOS response.
Instead the cells appeared to be appreciably shorter
than cells of the uninhibited BR5175 control (data
not shown). Prior to the temperature shift no differ-
ences were disecerned between cells {from the two
cultures,

Both strains used in this experiment carried a
sfiAd . lacZ fusion on a non-inducible A prophage
(Huisman & D’Ari, 1981) which permitted
S80S induction to be monitored by peroidic
measurements of f-galactosidase. At the times of
sampling for these determinations additional
samples were taken to medium containing the
S08-inducing, DNA-alkylating agent methane-
methyl sulfonate to assess the capacity for
SO0S induction during the next hour. We see from
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Figure 5. Lack of induction and diminished inducibility
of the BOS response following doc expression. QOvernight
cultures of Aluc(Aclind sfid :lacZ) strain BR5175, which
carries pGB2ts (pG) and BRAH176, which carries the
pGB2ts-phd*doct  plasmid pG5, were grown with
agitation at 30°C in LB supplemented with spectinomyein
to assure plasmid retention. The cultures were diluted
into broth without antibiotic, grown into logarithmic
phase at 30°C, and at the start of the experiment diluted
into prewarmed broth at 41 °C. Serial dilution maintained
the Agp, <02, Samples were taken for absorbance
(Agon) measurements and for plating on LB agar at 30°C
with and without spectinomycin, Data obtained using
BR5175 are represented by open symbols, using BR5176
with filled symbols. The relative numbers of colony
forming units (e.f.u.) of BR5176 without spectinomycin
are plotted. Both the absorbance and the colony forming
units have been normalized to the { =0 point. Very similar
results to these were obtained with both strains when
spectinomycin was present in the agar (data not shown).
In the case of BR3174, the c.fu. without spectinomycin
{not shown) and Ay, increased exponentially in parallel.
Assays of f-galactosidase (B-gal) were performed an
samples of the cultures both directly and 1 h after incuba-
tion at 41°C with methanemethyl sulfonate (MMS, final
concentration (+0259,) and the results are expressed in
Miller units (Miller, 1972}.

Figure 5 that the loss of pG itself {from BR3175)
neither induces an SOS response nor affects
8O8-inducibility. A loss (from BRAL76) of the
addicting plasmid pG5 also appears not to induce an
SOS response; on the contrary, the capacity for such
an induction is gradually weakened as the cells lose
their viability,

(i) A homologous phd gene in the IncF IV
plasmids R124 and R124/3

A search of the GenBank/EMBL data base for
DNA sequences homologous to at least part of the
region of EeoRI-6 that includes phd and doc
revealed the presence of such a region in the IncFIV
plasmid R124/3. The homology extends from co-
ordinate 297 of Figure 3 {(upstream of Pr92) to at
least coordinate 581 {corresponding to the limit of
the R124/3 sequence published by Price et al
(1989)) and to the penultimate codon of phd, with
only two mismatches in this interval. These two
mismatches occur within phd, but neither alters the
aminoe acid composition of the gene product. The
homology between P1 and RI124/3 presumably
extends downstream of phd as judged by the strong
signal obtained when a portion of RI124/3 was
hybridized under stringent conditions with a P1
probe encompassing doc {data not shown). These
results prompted us to test clones of the
Pi-homologous region of R124/3 (and its relative
R124} for the presence of a Phd-sensitive addiction
response.

To test for doc activity, a 34 kb fragment of
pUNG20, containing the putative addiction
casgette of R124, was eloned into pG. The resulting
plasmid did not elicit a lethal response upon plasmid
loss, indicating that either no doc homolog or only a
mutated version of the gene was present. On the
other hand, a bacterial strain harboring the plas-
mids pUNG20 or pUNG30 and pG5 survived the
heat-induced loss of pGA, indicating that the former
two plasmids contain a functional phd gene.

4. Discussion

Parasitic relationships are commonly reinforeed
by addictive mechanisms that place in jeopardy the
life of a host that succeeds in ridding itself of the
parasite. Lysogenic or colicinogenic bacteria that
are cured of a prophage or Col factor become vulner-
able to the phage or colicin from which they were
formerly protected (Lwoff, 1953; Trédéricq, 1957}
Our attention is directed here to a mechanism of
addiction involving a more elusive lethal factor, one
which acts from within, as do the products of
certain selfish, potentially lethal genes in higher
organisms (Bull ef al., 1992),

Evidence for addiction of a bacterium to a
harbored plasmid can be traced to a number of early
findings. In a study of the R factor ColVBtrp,
Koyama & Yura (1975} suggested that acquired
interdependency between host and plasmid might
be of general occurrence among plasmids that
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appear to be stringently maintained. This inter-
pretation has been given to reports of stress
responses in cells that have received UV-damaged
plasmids of various kinds (Borek & Ryan, 1958;
Devoret & George, 1967, Monk, 1969), P1 among
them (Rosner et al., 1968; MacQueen & Donachie,
1977}, The first of these reports described the in-
direct induction of prophage in lysogenic bacteria
that received by conjugation a UV-damaged F
{Borek & Ryan, 1958). Subsequent work showed
that the damage sustained by an F that is capable
of inducing an SOS response appears sufficient to
prevent F maintenance and that, in the case of both
F and P1, the SOS induction can be prevented by
the presence of a homologous undamaged plasmid
{Borek & Ryan, 1958; Rosner et ol., 1968). The
relevant SOS-inducing function of F was eventually
identified as a member of an addiction module that
augments the apparent stability of the plasmid.
Moreover, the wide distribution of addiction
modules among low copy number plasmids came to
be recognized.

Our motivation for undertaking this study was
partly to determine the exteni to which the main-
tenance functions of Pl resemble or differ from
those of other low copy number plasmids and partly
to resolve a specific question: Are indirect induc-
tions by Pl and by F symptoms of analogous
plasmid distress {(Rosner et al., 1968) that can be
attributed to the expression of addiction genes, as
suggested by Mon ef al. {(1984)1

Our results make it clear that whatever mechan-
ism elicits SOS induction by UV-irradiated PL, it is
not the same mechanism as for UV-induced loss of
F. Whereas F loss leads to cell filamentation and
508 induction, the symptoms of Pl loss lead to a
reduction in cell size and a decreased capacity for
SOS induction. The relatively weak indireet induc-
tion that UV-damaged Pl mediates is most likely
analogous to the S08 induction observed in hacteria
infected with a suitable UV-damaged phage (D’An
& Huisman, 1982) or phasmid (Sommer ef al., 1041)
that are capable of initiating replication. This
conjecture is supported by the observation that
indirect induction mediated by Pl depends upon
retention of the capacity to initiate DNA replication
(Yarmolinsky & Stevens, 1983). A resident Pl
prophage can prevent an introduced P1 plasmid
from initiating viral or plasmid replication.
Damaged DNA can be processed by replication to
vield single-stranded DNA, a known inducer of the
SOR8 response (Sassanfar & Roberts, 1990).

The compact Pl addiction module we describe
here is composed of an antidote and a killer gene. Tn
this respect it resembles all previously described
addiction systems (see Introduction). However, the
P1 genes exhibit no obvicus nucleotide or codon
sequence homology to any of the known systems.
The target of the killer protein Doc remains to be
identified. There is nothing to suggest that the
target of Doc is DNA gyrase, the known target of
CedB (Bernard & Couturier, 1992; Maki ef al., 1992),
and, given that Doc expression fails to induce an

SOS response, it seems clear that neither DNA
gyrase nor any other enzyme is converted by Doc
into a lethal endonuclease.

The ced A ced B genes of F are closely linked to the
plasmid origin of replication, as are the pem/ pemK
addiction genes of R100 (Tsuchimoto et al., 1988).
Not so the phd doc genes of P1 {see Fig. 2). On the
other hand, all three gene pairs are of similar small
size and, not surprisingly, arranged so that the
order of transcription is antidote before killer. The
diminutive phd and ced 4 genes {73 and 72 codons,
respectively) even tolerate loss or replacement of
extensive regions without loss of antidote activity.
They differ, however, in that the amino acids
deleted from the corresponding proteins are
C-terminal in Phd and N-terminal in CedA (see pB8
of Fig. 2; Bernard & Couturier, 1991),

The design of addiction modules offers protection
against inadvertent expression of the killer protein
in various ways. Translational coupling assures that,
translation of the Do¢ messenger RNA is preceded
by translation of the antidote to Doc. Further, as
the efficiency of the coupling is presumably less than
100%,, a bias in favor of antidote synthesis would
result. This strategy is apparently not employed hy
the ced A ced B gene pair (Bex et al., 1983), but the
expression of Hok and its relatives does depend on
translational coupling (Gerdes et al., 1992; Thisted &
Gerdes, 1992). Furthermore, the transit of ribo-
somes across the doc portion of the phd doc tran-
seript must be selectively hindered by the
abundance of rare codons in doc (Fig. 3). If the
results of the im witro transcription/translation
experiments (Fig. 4) are any indication of the situa-
tion in ¥ivo, the concentration of Phd in P1 lysogens
iz far greater than that of the poison it antagonizes.
An excess of antidote over poison might be needed
to assume the well-being of carriers of the addicting
plasmid.

For the addiction mechanism to perform its func-
tion, the accumulated antidote must be subject to
turnover. Upon plasmid loss the antidote should be
degraded faster than the killer, in order to allow the
latter to attack its target. In the case of the analo-
gous proteins Peml of R100 and CedA of F, this
turnover it accomplished by the action of the
bacterial protease encoded by lon (Tsuchimoto et af.,
1992; Couturier, personal communication). In a
separate communication from this laboratory
evidence will be provided that a protease other than
Lon iz implicated in the functioning of the P1
addiction mechanism.

Taken together our ohservations indicate the
extent to which the addiction moedule of P1 differs
from those previously described and the extent to
which similar organizational principles enter into its
design. Tt has been pointed out that for industrial
purposes the expression of a single killer gene is not
sufficient to assure the sterility of a culture in which
that gene is expressed (Fox, 1989). Nature being no
less exigent, it is not surprising that certain plas-
mids (e.g. F and Rl) are endowed with addiction
modules of more than one type. The finding that the



426 P1 Plasmid Stabilization by Addiction

P1 addiction gene phd is present in the unrelated
plasmid R124 (and R124/3), is suggestive evidence
for the existence of a traffic in the Pl addiction
module among plasmids. The range of bacterial
hosts in which this commodity is useful to the
plasmids which carry it remains to be seen.
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