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The P1 plasmid addiction operon is a compact genetic structure consisting of promoter, operator, antitoxin
gene (phd), and toxin gene (doc). The 73-amino-acid antitoxin protein, Phd, has two distinct functions: it
represses transcription (by binding to its operator) and it prevents host death (by binding and neutralizing the
toxin). Here, we show that the N terminus of Phd is required for repressor but not antitoxin activity.
Conversely, the C terminus is required for antitoxin but not repressor activity. Only a quarter of the protein,
the resolution limit of this analysis, was required for both activities. We suggest that the plasmid addiction
operon is a composite of two evolutionarily separable modules, an operator-repressor module and an antitoxin-
toxin module. Consideration of similar antitoxin proteins and their surroundings indicates that modular
exchange may contribute to antitoxin and operon diversity.

Protein-ligand interactions. The economy and structure of
the cell is dependent upon the specificity of myriad protein-
ligand interactions. The antitoxin proteins of toxin-antitoxin or
plasmid addiction modules are a diverse group of small pro-
teins, typically 72 to 104 amino acid residues in length, with
multiple macromolecular ligands. Thus, they are a potentially
rich source of novel protein-ligand motifs whose characteriza-
tion may contribute to our understanding of protein-ligand
interactions.

P1 plasmid addiction operon. Phd is a bifunctional repres-
sor/antitoxin protein encoded by the plasmid addiction operon
of the P1 plasmid (which is the plasmid prophage of bacterio-
phage P1). Escherichia coli grows well without the P1 plasmid.
Upon acquiring the P1 plasmid it continues to grow well, but
upon losing the plasmid the cells become sick and cease growth.
Thus, the cells have acquired a physiological addiction to the
plasmid. This effect is mediated by the P1 plasmid addiction
operon. This operon encodes a toxin, Doc, which causes death
on curing, and an antitoxin, Phd, which prevents host death
(33). While the plasmid is retained, the antitoxin is present in
sufficient quantity to neutralize the toxin. However, the anti-
toxin is unstable, due to the action of the host-encoded ClpXP
protease (34). When the plasmid is lost, the continuing prote-
olysis of the antitoxin, unreplenished by new synthesis, unveils
the toxin and arrests the cell. By poisoning plasmid-free seg-
regants, the module increases the apparent stability of the
plasmid and eliminates competition from plasmid-free sister
cells.

Autoregulation of the P1 plasmid addiction operon. The P1
addiction operon is negatively autoregulated (37). The anti-
toxin binds as a dimer (18) to two palindromic sequences in the
promoter region of the P1 addiction operon and thus inhibits
transcription (37). The antitoxin interacts with toxin both in
solution and in the repressive complex (17, 38). In the repres-
sive complex, the toxin mediates cooperative interactions be-
tween the two palindromic sites and thereby enhances repres-
sion (38).
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Toxin-antitoxin modules. Analogous toxin-antitoxin pairs
are common in prokaryotes. Some well-studied plasmid-en-
coded systems include CcdA/CcdB of F, Phd/Doc of P1, Peml/
PemK of R100 (identical to Kis/Kid of R1), ParD/ParE of RK2
(and RP4), and HigA/HigB of Rtsl (reviewed in reference
19). Toxin-antitoxin systems can also be found on bacterial
chromosomes. The E. coli chromosome, for example, encodes
RelB/RelE, a toxin-antitoxin module that appears to be well
conserved and widespread among Bacteria and Archaea (21),
and two additional systems (including MazE/MazF) that are
homologous to PemI/PemK (39). Some strains of E. coli also
carry a chromosomal copy of the Phd/Doc system (57).

Phenomena. Toxin-antitoxin modules have been implicated
in diverse and important phenomena, such as plasmid stability
(4, 33, 41), plasmid competition (12, 43), programmed cell
death (1), growth control (9), and antibiotic sensitivity (53). In
each case, if expression of the module is disrupted (by repres-
sion, by starvation, by loss of the module, by antibiotics, or
even by the activation of other toxin-antitoxin modules [26]),
the continuing proteolysis of the unstable antitoxin may liber-
ate the toxin and arrest the cell.

Operon architecture. The toxin-antitoxin modules share a
number of functional, organizational, and regulatory features
(reviewed in references 14, 19, 24, 29, 47, 59, and 61). Typi-
cally, the gene for the 72- to 104-amino-acid antitoxin imme-
diately precedes the gene for the 92- to 126-amino-acid toxin.
An exception to the rule is offered by the HigA/HigB system,
in which the typical gene order is reversed (56). Typically,
expression of the operon is negatively autoregulated by anti-
toxin or by an antitoxin-toxin complex (29). An exception is
provided by the tripartite Omega-Epsilon-Zeta system, where
Epsilon neutralizes Zeta and a third protein, Omega, represses
transcription (61). Although these toxin-antitoxin modules
share many general features, at the molecular level they are a
diverse group comprising more than five families with little or
no significant amino acid homology between families (19).
Such diversity may indicate great age, positive selection for
diversity, or multiple (polyphyletic) origins for the various tox-
in-antitoxin families. Here, we show that the repressor activity
of Phd maps to its N-terminal regions, while the antitoxin
activity of Phd maps to its C-terminal regions. We propose that
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TABLE 1. Primers

Primer name

: a (51 ,
and description Primer sequence” (5’ to 3")

Forward PCR primers
JERO074 wildtype
JERO75 A(2-17)
JERO076 A(2-35)
JERO077 A(2-53)

GGGAATTC ATG CAATCCATTAACTTCCGT
GGGAATTC ATG AACAATGI TGAAGCCGG
GGGAATTC ATG GCAGTAATTGTCAGCAA
GGGAATTC ATG GCTGAATTTGCATCCCTG

Reverse PCR primers
JERO070 A(19-73)....
JERO71 A(37-73).
JERO072 A(55-73)....

GGGAAGCTT TTA GITGAGCACTTCAGAAA
..GGGAACCTT TTA TGCTGGCTCACGGCCTC
GGGAAGCTT TTA AGCATCCAGCGCCGCTTT

JERO73 wildtype ........c........ GGGAAGCTT TTA TCGGTTAACCAGITCCTT
Sequencing primers

JASO8SF ..o CCATAAGATTAGCGGATCCTA

JASO9O0R.......oomviiiciinne. AGGTGGGACCACCGCGCTACTGC

“ All primers are written 5’ to 3'. Primer encoded HindIII (AAGCTT) and
EcoRI (GAATTC) sites are underlined. Primer encoded start codons (47G) are
italicized. Similarly, the reverse complements of the TAA ochre codons (77A4)
are italicized.

the plasmid addiction operon is a composite of two functional
modules, and we discuss evidence that modular exchange has
contributed to antitoxin (and operon) diversity.

MATERIALS AND METHODS

Bacteria. All E. coli strains were ultimately derived from MC1061 (7) by
lysogenization with a lambda phage or by CaCl, transformation with a plasmid.
Strains were grown, manipulated, and stored by standard methods (2, 42, 51).

Media. Bacterial strains were grown, with aeration, at 30°C in Luria-Bertani
(LB) broth or on LB agar plates. The media were supplemented with 100 pg of
ampicillin/ml, 30 wg of kanamycin/ml, and/or 80 mg of spectinomycin/ml, as
indicated, in order to select for transformants or in order to maintain selection
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for resident plasmids. The medium was supplemented with 50 mM isopropyl-p-
p-thiogalactopyranoside (IPTG), as indicated, to induce expression of the toxin
Doc from the IPTG-inducible P,,. promoter (6). The medium was supplemented
with 0.2% L-(+)-arabinose, as indicated, to induce expression of Phd or Phd
mutants from the arabinose-inducible Py, promoter (22).

Site-directed mutagenesis. Site-directed mutagenesis of phd was accomplished
using standard PCR (44) and recombinant DNA (51) techniques as previously
described (37). Briefly, PCR with Tag polymerase was used to amplify all or
portions of the phd gene. These phd segments were flanked by primer-encoded
restriction enzyme sites, start codons, and stop codons, as indicated (Table 1).
The pG3 plasmid (Table 2), which contains the entire P1 plasmid addiction
operon, was used as the PCR template. The PCR products and the pPBAD24
vector were digested with EcoRI and HindIII restriction enzymes, electropho-
resed on low-melting-point agarose gel in Tris-acetate-EDTA buffer, ligated with
T4 DNA ligase, and then introduced into E. coli by CaCl, transformation.
Transformants were selected on LB agar in the presence of 100 wg of ampicillin/
ml. Four transformants were colony purified and further characterized by re-
striction digestion, electrophoresis, or dideoxynucleotide sequencing. A set of
sequence-validated constructs (Table 2) was selected for further phenotypic
characterization. These constructs were introduced into BR7024 and tested for
repressor activity. The constructs were also introduced into BR7061 and tested
for antitoxin activity.

Repressor activity. Repressor activity was assessed by the ability of the test
construct to repress transcription of a lacZ reporter fused to the P1 plasmid
addiction promoter, using standard techniques (42) as previously described (37,
38).

Antitoxin activity. Antitoxin activity was assessed by the ability of cells con-
taining the test construct to grow in the presence of an otherwise lethal level of
the toxin Doc. Plasmids carrying the phd constructs were introduced into the
antitoxin test strain BR7061 (Table 2). The strains were grown overnight with
aeration at 30°C in LB broth or LB agar containing 100 pg of ampicillin/ml, 30
g of kanamycin/ml, and 80 pg of spectinomycin/ml to maintain selection for the
resident plasmids. Cultures were then serially diluted into 0.7% NaCl and plated
in the presence of antibiotics or in the presence of antibiotics plus 50 mM IPTG
to induce expression of Doc and 0.2% 1L-(+)-arabinose to induce expression of
the Phd constructs. Antitoxin activity was indicated by the efficiency of plating
(EOP) in the presence and absence of the inducers.

TABLE 2. Strains, phages, and plasmids

Bacterial stra‘1n§, Phages, Relevant characteristics and construction Source or
or plasmids reference
E. coli strains
MC1061 F~ araD139 A(ara-leu)7696 galE15 galK16 A(lac)X74 rpsL (Str") hsdR2 (ry~ my ") mcrA merBI 7
BR7024 ARDM12 in MC1061; used here as the repressor test strain 37
BR7021 ARDM 11 (P phd*-lacZYA) placlQ in MC1061; parent of BR7061 38
BR7061 ARDM 11 placIQ pRDMO082 (P,,.-doc™) in MC1061; used here as the antitoxin test strain This work
Lambda phages
\RS45 A lambda phage carrying a promoterless lacZYA 54
ARDM12 P1 plasmid addiction promoter fused to lacZYA; derived from NRS45 37
ARDM 11 P phd* fused to lacZYA; provides a low level of Phd; derived from ARS45 38
Plasmids
placlQ lacl? in pACYC177; p15A origin; Kan'; a source of Lac repressor R. Kolodner
pKK223-2 P,,. expression vector, pMBI origin, Amp" 6
pRDMO037 P,.-doc" in pKK223-3 38
pGB2 Modest-copy-number cloning vector; pSC101 origin; Spec” 10
pRDMO082 P,.-doc* from pRDMO037 cloned between BamH1 and HindIII sites of pGB2 This work
pGB2ts A derivative of pGB2 whose replication is temperature sensitive 11
pG3 P phd doc cloned into pGB2ts; used here as a PCR template 33
pBAD 24 Psap expression vector; pBR origin; Amp” 22
pJS004 Ppap phd™ (PCR of pG3 with JER074 and JER073 cloned into pBAD24) This work
pJS005 Pgap phdA(2-17) (PCR of pG3 with JER075 and JER073 cloned into pBAD24) This work
pJS006 Pgap phdA(2-35) (PCR of pG3 with JER076 and JER(073 cloned into pBAD24) This work
pJS007 Piap PhdA(2-53) (PCR of pG3 with JER077 and JER073 cloned into pBAD24) This work
pJS001 Pgap phdA(19-73) (PCR of pG3 with JER074 and JER070 cloned into pBAD24) This work
pJS002 Psap PhdA(37-73) (PCR of pG3 with JER074 and JER071 cloned into pPBAD24) This work
pJS003 Pgap phdA(55-73) (PCR of pG3 with JER074 and JER072 cloned into pBAD24) This work
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TABLE 3. Repressor activities of Phd deletions

Relevant B-Galactosidase Fold Repressor

genotype® sp act? repression® activity
Psap (no insert) 5,235 1.00 No
Pyapphd™ 262 19.99 Yes
Psap-phdA(2-17) 4,672 1.12 No
Pgap-phdA(2-35) 4,665 1.12 No
Pgap-phdA(2-53) 4,564 1.15 No
Pap-phdA(19-73) 4,625 1.13 No
Psap-phdA(37-73) 4,307 1.21 No
Piap-phdA(55-73) 1,301 4.02 Partial

“ The indicated constructs were introduced into BR7024 and tested for their
ability to repress a lacZ reporter fused to the P1 plasmid addiction promoter.

b B-Galactosidase specific activity is the average from three separate experi-
ments. The standard deviations were less than 10% of the means.

¢ Fold repression is the ratio of the B-galactosidase specific activity of the
unrepressed control strain (no insert) divided by the B-galactosidase specific
activity of the experimental strain.

RESULTS AND DISCUSSION

Two Phd activities. The 73-amino-acid Phd protein regulates
transcription (by binding the promoter of the operon) and
prevents cell death (by binding and neutralizing the toxin).
Thus, it has two distinct and separate functions. Since DNA
binding and toxin binding can occur simultaneously, it appears
that these interactions involve different surfaces of Phd. In
order to further examine the structure-function relationships
in Phd, we generated N- and C-terminal deletions of Phd and
then tested those deletion constructs for antitoxin activity and
repressor activity.

Removal of Phd from its natural context. Immediately up-
stream of phd is the operator region which contains a pair of
Phd binding sites. Immediately downstream of phd is doc, the
gene encoding the toxin which is bound and neutralized by
Phd. In order to perform tests on the two activities of Phd, we
placed the phd gene under the control of the heterologous
arabinose-inducible Py, promoter. By separating phd from
its natural context, we were able (i) to alter the repressor
activity of Phd without simultaneously altering the transcrip-
tion of phd, (ii) to measure the intrinsic repressor activity of
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Phd in the absence of Doc, and (iii) to construct phd mutations
lacking antitoxin activity (without immediately killing the host
cell).

Repressor activity. The phd mutations, encoding N-terminal
and C-terminal deletions of Phd, were tested in vivo for re-
pressor activity (Table 3). Repressor activity was indicated by
the ability to reduce, relative to a vector control, the B-galac-
tosidase specific activity produced by a transcriptional lacZ
reporter fused to the promoter of the addiction operon (37).
Deletion of the N-terminal 17 amino acids eliminated the
repressor activity but not the antitoxin activity (Table 3), indi-
cating that the N terminus of the protein is specifically involved
in repressor functions (Table 3). Deletion of the C-terminal 18
amino acids decreased but did not abolish repression, indicat-
ing that this region was not absolutely required for repression.
However, the deletion of the C-terminal half of Phd abolished
repression, indicating that the third quarter, like the first quar-
ter of Phd, was required for repressor activity (Table 3).

Antitoxin activity. The Phd deletion constructs were tested
for antitoxin activity in vivo. Antitoxin activity was indicated by
growth (colony formation) in the presence of an otherwise
lethal level of toxin. In the test strain for antitoxin activity
(Table 2) the toxin gene doc was placed, under the control of
the IPTG-inducible P,,. promoter, on a pGB2 plasmid vector.
A second plasmid, pLaclQ, provided the Lac repressor, which
regulates the P, . promoter. A chromosomally integrated \ pro-
phage (\RDM11), which carries a single copy of pid under the
control of its own promoter, provided sufficient antitoxin to
neutralize the basal, uninduced level of Doc. In the absence of
IPTG, this strain grows well. In the presence of IPTG, the
increased expression of Doc increases, overwhelms the source
of Phd, and arrests the cell (Table 4). To test for antitoxin
activity, we introduced the Phd deletion constructs into this
background and tested the ability of the constructs to neutral-
ize Doc, and thus continue growth, in the presence of IPTG (to
induce doc) and arabinose (to induce expression of the phd
constructs). Growth was measured qualitatively, by the appear-
ance of a streak (data not shown), and quantitatively, by enu-
meration of CFU (Table 4) on LB agar with ampicillin, kana-

TABLE 4. Quantitative antitoxin assay

CFU/mlI”
Relevant genotype” EOP¢ Relative EOP? Antitoxin activity
With inducers Without inducers
Psap (no insert) 233 X 10? 228 X 108 1.02 X 107° 12X 1073 No
Puapphd* 1.78 x 107 2.13 x 108 835 x 1072 1.0 x 10° Yes
PeanphdA(2-17) 3.73 X 107 1.27 X 108 2.94 x 107! 3.5 % 10° Yes
PsapPhdA(2-35) 4.95 X 107 3.88 X 10° 1.27 x 107! 1.5 x 10° Yes
PeanphdA(2-53) 4.95 X 10? 1.63 X 108 3.03 X 107° 3.6 x107° No
PpapPhdA(19-73) 4.00 X 10? 233 X 108 1.71 x 10°° 20X 1072 No
PpanphdA(37-73) 4.03 X 10? 2.24 X 108 237 X 107° 28 x107° No
PuapphdA(55-73) 5.46 X 107 2.30 x 10® 1.79 X 10°° 21x107° No

¢ Plasmids carrying the phd constructs were introduced into the antitoxin tester strain BR7061, which contains an IPTG-inducible source of the toxin Doc. The strains
were grown overnight with aeration at 30°C in LB broth or LB agar containing 100 pg of ampicillin/ml, 30 pg of kanamycin/ml, and 80 wg of spectinomycin/ml to
maintain selection for the resident plasmids.

® Results are the means of three independent experiments. Standard deviations were less than 40% of the mean in all cases. Results with inducers were determined
by serially diluting cultures into 0.7% NaCl and plating in the presence of 50 mM IPTG, to induce expression of Doc, and 0.2% L-(+)-arabinose to induce expression
of the Phd constructs, and antibiotics, as described above, to maintain selection for the resident plasmids. Results without inducers were determined by plating and
culturing under similar conditions, but without IPTG or arabinose.

¢ The EOP is the ratio of CFU per milliliter in the presence and absence of the inducers.

@ Relative EOP is the EOP divided by the EOP of the strain with the Py,p-phd™ construct.
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P operator phd (73 aa) doc (126 aa)
Construct 10 20 30 40 50 60 70 REP ANT
Phd MQOSINFRTARGNLSEVLNNVEAGEEVEITRRGREPAVIVSKATFEAYKKAALDAEFASLFDTLDSTNKELVNR + +
PhdA(2-17) MNNVEAGEEVEITRRGREPAVIVSKATFEAYKKAALDAEFASLFDTLDSTNKELVNR - +
PhdA(2-35) MAVIVSKATFEAYKKAALDAEFASLFDTLDSTNKELVNR - +
PhdA(2-53) MAEFASLFDTLDSTNKELVNR -~ -
PhdA(19-73) MQSINFRTARGNLSEVLN -
PhdA(37-73) MQSINFRTARGNLSEVLNNVEAGEEVEITRRGREPA - -
PhdA{(55-73) MQSINFRTARGNLSEVLNNVEAGEEVEITRRGREPAVIVSKATFEAYKKAALDA + -
REP R Repressor (DNA and Dimerization)—=——e——eme—o——aea- >
ANT e Antidote-————mmmmmm oo >

10 20 30 40 50 60 70

P1 Phd MQSINFRTARGNLSEVLNNVEAGEEVEITRRGREPAVIVSKATFEAYKKAALDAEFASLEFDTLDSTNKELVNR

Kp

P1
P1
Kp
Kp

Phd

Phd
Phd
Phd
Phd

CF
GOR
CF
GOR

Sum2°Str

FIG. 1. (A) Schematic structure of the P1 addiction operon. (B) Deletion analysis of Phd: predicted protein products and summary of their

M+++N+ AR NL++VL + G V ITRRG + AVI+S FE ¥+ A +D EFA++ +EL ++
MRTVNYSEARQNLADVLESAVTGVPVTITRRGHKSAVIISAEEFERYQAARMDDEFAAIMAVHGDEIRELADK

. . .bbbbbbttthhhhhhhHHHHHHHHHHHEH. . . BBBBB. HHHHHHHHHHHHHHHHHEHHAHAEt TThhhhhh
BBBBBBB...........HHHHHHHHHHHTTT. . . HHHHHHHHHHHHHHHHHHHHHHHHHEHAH. . . . HHHHHH
BBBBBtthhhhhhhhhhhhhhh.BBBBBBBtt. . BBBBBHHHHEHHHHHHHHHHHHHHHHHHHHEt t HHHHHHHH
TT.....HHHHHHHHHHH. ... .BBBBBBBTT. . . BBBBHHHHHHHHHHHHHEHHHHHHHHHHEHHHHHHEHHH

<=BETA=>< e e e AMBIGUOUS———————— > ALPHA HELIX~m—m—————mm >

activities. The predicted protein products of phd and various deletion mutants of phd are shown. The repressor (REP) and antitoxin (ANT)
activities of each construct are indicated. Repressor activity was indicated by the ability to repress transcription of a lacZ reporter fused to the P1

addiction promoter (Table 3). Antitoxin activity was indicated by the ability of the cells to grow in the presence of an otherwise lethal level of the

Doc toxin (Table 4). (C) Secondary structure predictions for Phd and a Klebsiella homolog. The aligned sequences of Phd and a Phd homolog from

K. pneumoniae (Kp) are given along with their predicted secondary structures, as determined by the Chou-Fasman algorithm (CF) (8) and by the

Garnier-Osguthorpe-Robson algorithm (GOR) (16).

mycin, spectinomycin, arabinose, and IPTG. By either
measure, the deletion of the first and second quarters of Phd
failed to eliminate antitoxin activity (Table 4), indicating that
the C-terminal half of the protein was sufficient for antitoxin
activity. Further deletion of the third quarter of Phd abolished
antitoxin activity (Table 4). Deletion of the last, C-terminal
quarter of Phd also abolished antitoxin activity (Table 4). Thus,
the third and fourth quarters of Phd are both necessary and
sufficient for antitoxin activity.

Predicted secondary structure. Since homologs typically
have similar structures as well as similar sequences, a compar-
ison of predicted secondary structures for homologous se-
quences can be used to test or to improve the accuracy of
secondary structure prediction. Here, we used two secondary
structure prediction methods (those of Chou and Fasman [§]
and Garnier, Osguthorpe, and Robson [16]) on two homolo-
gous proteins (Phd and a Klebsiella homolog of Phd [Genome

Sequencing Center, Washington University, St. Louis, Mo.]).
For either method applied to either protein, the secondary
structure predictions suggested that the C-terminal half of Phd
is predominantly a-helical (Fig. 1). Predictions for the N ter-
minus were less concordant but indicated that the N-terminal
half of Phd is likely to contain a B-sheet segment and an
a-helical segment. Consistent with these secondary structure
predictions, circular dichroism measurements of purified Phd
indicate that the protein is ~45% a-helical (18).

Structure and function of Phd. It has been previously sug-
gested that Phd may be a B-sheet DNA binding protein and
that the N-terminal regions of Phd may form an antiparallel
B-sheet that makes specific contacts in the major groove of the
DNA (37). Consistent with this hypothesis, secondary structure
predictions suggest that the N terminus of Phd may adopt a
B-sheet conformation. Furthermore, deletion of the N-termi-
nal quarter of Phd abolishes repressor activity but not antitoxin
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activity. The second quarter of Phd was also dispensable for
antitoxin activity. Although flanked by regions required for
repressor activity, we cannot say whether or not the second
quarter is itself required for repressor activity, and the second-
ary structure predictions for the second quarter are ambiguous.
The third quarter of Phd was required for both repressor and
antitoxin activity and may be thought of as an overlap or
transition region. The fourth quarter of Phd was specifically
required for antitoxin activity, but not for repressor activity.
Secondary structure predictions suggest that the third and
fourth quarters of Phd, which are both necessary and sufficient
to neutralize the toxin, may consist primarily of a single a-he-
lix.

Modular structure of Phd. The N-terminal half of Phd was
necessary for repression of transcription, but not for neutral-
ization of the toxin. Conversely, the C-terminal quarter of Phd
was essential for neutralization of the toxin, but not for repres-
sion of transcription. Only a quarter of the protein, the reso-
lution limit of this analysis, was necessary for both activities.
Thus, Phd appears to have a modular, rather than a mono-
lithic, structure. Evidence from other systems indicates that
such a modular structure may be typical of the antitoxin pro-
teins.

N termini of other antitoxins are also implicated in repres-
sion. Point mutations in the N-terminal region of MazE (36,
60) also reduce or abolish DNA binding. Similarly, point mu-
tations in the N terminus of Kis (52) or short in-frame inser-
tions of five amino acids in the N terminal of ParD (49) dis-
rupted regulation but not antitoxin activity. Finally, and most
telling, deletion of the N terminus of CcdA abolished repres-
sion but not antitoxin activity (3). Thus, the genetic evidence
supports the idea that the N termini of the antitoxins are
typically involved in repressor activity.

C termini of other antitoxins are involved in toxin neutral-
ization. Here, we have shown that the C-terminal 38 amino
acids of Phd, preceded by an initial methionine, are sufficient
to neutralize Doc. Similar observations have been made re-
garding the CcdA-Kis-MazE superfamily (31). For example,
the C-terminal 41 amino acids of CcdA are sufficient for neu-
tralization of toxin (3). Point mutations in the C terminus of
Kis abolish antitoxin activity but not repressor activity (52).
Deletion mutations indicate that the C-terminal 45 amino
acids of MazE are sufficient to neutralize the MazF toxin (60).
X-ray crystallographic studies of the MazE-MazF complex
demonstrate that the C-terminal region of MazE makes exten-
sive contacts with the MazF toxin but not with N-terminal
moiety of MazE (31). Thus, the evidence supports the idea that
the C termini of the antitoxins are typically involved in the
neutralization of the toxin and are functionally independent of
the N-terminal (repressor) regions.

Toxin-antitoxin families. It has long been apparent, on the
basis of sequence homology, that the Kis (and the identical
Peml) antitoxins were homologous to MazE and, more dis-
tantly, to CcdA (39, 50). The three-dimensional structural sim-
ilarities of the corresponding Kid (23), MazF (31), and CcdB
(35) toxins have consolidated the evolutionary relationship of
these three toxin-antitoxin systems. However, there are still at
least four other well-studied systems, including Phd/Doc,
RelB/RelE, HigA/HigB, and Omega-Epsilon-Zeta that, on the
basis of primary sequence, cannot currently be grouped with

J. BACTERIOL.

the MazE/MazF superfamily or with each other (19). Since the
omega repressor (45) and ParD (46) are ribbon-helix-helix
(RHH) proteins while MazE has a novel and radically different
RRHRRH structure (31, 36), it appears that the antitoxin
proteins represent at least two and quite possibly five or more
protein folds.

Fission and fusion of protein modules. In the Omega-Epsi-
lon-Zeta system, the toxin Zeta is neutralized by the antidote,
Epsilon (40), while the promoter is repressed by the third
protein, Omega (13). Possibly, a bifunctional repressor/anti-
toxin protein such as Phd could arise from the fusion of two
single-function proteins, such as Omega and Epsilon. Con-
versely, a bifunctional protein could be split (or, more plausi-
bly, duplicated and then differentially reduced) to yield two
single-function proteins (58). To the first approximation, the
N-terminal and C-terminal functions of Phd appear to be fairly
independent and, as demonstrated here, the functions can be
easily separated genetically. To the second approximation,
however, the functions can and do influence each other. For
example, in the physiological context, Doc mediates coopera-
tive interactions between dimers of Phd bound to adjacent
DNA sites and thus enhances the affinity, specificity, and co-
operativity of the repressive complex (38). Thus, the fusion of
repressor and antitoxin domains may enhance repressor func-
tion.

Mosaic antitoxins. We expected Phd homologs and Doc
homologs would be found near each other in microbial se-
quences. Although this expectation was fulfilled in a few in-
stances (for example in Salmonella enterica serovar Typhi-
murium and Klebsiella pneumoniae), we also found numerous
Phd homologs without clear Doc homologs (in, for example,
Mycobacterium tuberculosis and Mycobacterium bovis and,
more distantly, the pRUM plasmid of Enterococcus faecium)
and numerous Doc homologs without clear Phd homologs (in,
for example, Brucella suis, Brucella melitensis, and Caulobacter
crescentus). Thus, contrary to expectation, toxin-antitoxin sys-
tems are susceptible to genetic rearrangements. At least one of
these mosaic systems encodes a functional toxin-antitoxin sys-
tem. Axe-Txe is a recently described antitoxin-toxin system of
pRUM, a multidrug-resistant plasmid from a clinical isolate of
E. faecium (20). The Axe and Phd antitoxins are clearly, if
distantly, related but the corresponding toxins, Txe and Doc,
are not, indicating a separate origin (or a separate and even-
more-distant evolutionary branching) (20). The N-terminal 46
amino acids of Phd (repressor domain) are similar to Axe
(~25% identity, with two single-amino-acid gaps), but the C-
terminal 27 amino acids of Phd (antitoxin domain) show little
similarity to Axe (between 0 and 12.5% identity, depending on
gaps). Thus, Phd (or Axe, or both) may be a mosaic protein
and, as might be expected, the putative recombination junction
falls within the repressor-antitoxin transition region of Phd
(Fig. 2). A second and much clearer example of a mosaic
antitoxin is provided by comparison of the StbD/StbE and the
RelB/RelE systems, as noted by Hayes (25). The N-terminal 57
amino acids of StbD are dissimilar to RelB (<10% identity).
However, the C-terminal 26 amino acids of StbD and RelB are
highly homologous (~46% identity), as are the corresponding
StbE and RelE toxins (~60% identity) as noted by Hayes (25).
The location of this recombinational junction strongly suggests
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~-Transition Region-
Phd MQSINFRTARGNLSEVLNNV-EAGEEVEITRRG-REPAVIVSKATFEAYKKAALDAEFASLFDTLDSTNKELVNR

| | 1] I | |

Axe MEAVAYSNFRONLRSYMKQVNEDAETLIVTSKDVEDTVVVLSKRDYDSMOETLRTLSNNYVMEKIRRGDEQFSKGAFKTHDLIEVESDD

RelE MGSINLRIDDELKARSYAALEKMGVTPSEALRLMLEYIADNERLPFKQTLLSD----EDAELVEIVKERLRNPKPVRVTLDEL

| I |

StbD MSYQILTTTAASITDLKKNPMGTVAEGEGDAVAILNRNEPAFYCVPPKLYAYYRELAEDAELNAVADERMKNPEIVKVNLDDL

B.

<————= lst Mcdule-—-><--2nd Module-->

First Parent
Recombinant

P operator repressor-antitoxin toxin
P operator repressor-antitoxin toxin

Second Parent P operator repressor-antitoxin toxin

FIG. 2. (A) Evidence of recombinant antitoxins. Inspection of selected antitoxin alignments provided evidence of recombination events within
the antitoxin sequences. The N termini of Phd and Axe are marginally similar, but their C termini, and their corresponding toxins, are dissimilar.
The apparent recombination junction revealed by the alignment of Axe and Phd falls within the repressor-antitoxin transition region (indicated
by bold type) as defined by deletion mapping of Phd (Table 1). Conversely, the N termini of RelE and StbD are dissimilar, but their C termini,
and their corresponding toxins, are very similar, as previously noted by Hayes (25). The complementary RelE/StbD recombination junction noted
by Hayes occurs in a comparable position. Protein sequences were globally aligned by using Clustal X (28) with default parameters. Alignments
of these proteins have been previously reported (20, 25). (B) Modular model for antitoxin-toxin systems. We propose that toxin-antitoxin systems
are a composite of two evolutionarily separable modules: an operator-repressor module and an antitoxin-toxin module. Recombination between
modules may contribute to operon and antitoxin diversity. A schematic of two analogous parental genetic structures (the first in plain text, the
second in bold text) and a recombinant structure are depicted. Such a recombinant is likely to be functional even if the parental structures are

distantly related or heterologous.

that the antitoxin activities of RelB and StbE are localized to
the C termini of these proteins (Fig. 2).

Modular evolution of toxin-antitoxin systems. To explain
these observations, we propose that (at least some of) the
toxin-antitoxin systems are a composite of two evolutionar-
ily separate modules, an operator-repressor module and an
antitoxin-toxin module (Fig. 2B). Recombination in the repres-
sor-antitoxin transition region preserves the operator-repres-
sor association as well as the antitoxin-toxin association and
may thus produce a fully functional recombinant. Less precise
recombination events might also be functional and undergo
later reduction. The production of a functional recombinant
from distant or heterologous components is presumably a very
rare event (27, 30). However, if similar toxin-antitoxin systems
compete for their shared ecological niche within the cell, then
the toxin-antitoxin systems may be under positive selection for
diversity and the rare functional recombinants may be well
favored (12, 38, 43, 48, 55).

A well-ordered operon. The production of function recom-
binants from a single crossover requires a well-ordered operon.
By well-ordered we mean that the distance between interacting
components is minimized. The P1 plasmid addiction operon,
for example, appears to be well ordered. Given that an operon
is well ordered, the recombinational disruption of coadapted
gene complexes is minimized (15) and the probability of pro-
ducing functional recombinants, with novel and possibly ad-
vantageous properties, is maximized (5). Thus, operons that
happen to be well ordered might have a slight evolutionary
advantage. Alternatively, and more plausibly, multiple rounds
of horizontal gene transfer, followed by deletion of intervening

nonfunctional or redundant sequences (32), could generate
well-ordered operons from poorly ordered ancestral operons.
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