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Abstract

Background: Several prokaryotic plasmids maintain themselves in their hosts by means of diverse
post-segregational cell killing systems. Recent findings suggest that chromosomally encoded copies
of toxins and antitoxins of post-segregational cell killing systems - such as the RelE system - might
function as regulatory switches under stress conditions. The RelE toxin cleaves ribosome-
associated transcripts, whereas another post-segregational cell killing toxin, ParE, functions as a
gyrase inhibitor.

Results: Using sequence profile analysis we were able unify the RelE- and ParE-type toxins with
several families of small, uncharacterized proteins from diverse bacteria and archaea into a single
superfamily. Gene neighborhood analysis showed that the majority of these proteins were encoded
by genes in characteristic neighborhoods, in which genes encoding toxins always co-occurred with
genes encoding transcription factors that are also antitoxins. The transcription factors
accompanying the RelE/ParE superfamily may belong to unrelated or distantly related superfamilies,
however. We used this conserved neighborhood template to transitively search genomes and
identify novel post-segregational cell killing-related systems. One of these novel systems, observed
in several prokaryotes, contained a predicted toxin with a PilT-N terminal (PIN) domain, which is
also found in proteins of the eukaryotic nonsense-mediated RNA decay system. These searches
also identified novel transcription factors (antitoxins) in post-segregational cell killing systems.
Furthermore, the toxin Doc defines a potential metalloenzyme superfamily, with novel
representatives in bacteria, archaea and eukaryotes, that probably acts on nucleic acids.
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Conclusions: The tightly maintained gene neighborhoods of post-segregational cell killing-related
systems appear to have evolved by in situ displacement of genes for toxins or antitoxins by
functionally equivalent but evolutionarily unrelated genes. We predict that the novel post-
segregational cell killing-related systems containing a PilT-N terminal domain toxin and the
eukaryotic nonsense-mediated RNA decay system are likely to function via a common mechanism,
in which the PilT-N terminal domain cleaves ribosome-associated transcripts. The core of the
eukaryotic nonsense-mediated RNA decay system has probably evolved from a post-segregational
cell killing-related system.
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Background

Post-segregational cell killing (PSK) is a widespread mecha-
nism that aids several plasmids to maintain themselves in
their bacterial hosts [1-4]. Operons containing genes for
interacting toxin-antitoxin (T-A) pairs that are borne on these
plasmids, are the basis for PSK. Typically, the first gene in
these operons encodes a labile antitoxin, which also acts as a
transcriptional regulator of the operon, while the second gene
encodes a stable toxin. Usually, the antitoxin forms a physical
complex with the toxin and neutralizes its action. A variation
on this theme is seen in the form of the unstable anti-sense
RNAs, which act as inhibitors of translation of the toxin
mRNAs. If the plasmid is lost, the antitoxin is rapidly
degraded while the stable toxin lingers on, killing cells that
lack the plasmid. Thus, plasmids with systems for PSK cause
their host cells to become addicted to them [1-4]. Addition-
ally, several of these T-A systems are also found on prokaryo-
tic chromosomes, where they may have alternative regulatory
functions [5].

A systematic survey of such T-A operons and their mecha-
nisms was presented in the seminal work of Gerdes in 2000
[6]. Subsequently, there have also been some important stud-
ies that have elucidated the biochemical details regarding the
action of several toxins. One of these toxins, ParE, was shown
to act as an inhibitor of the DNA gyrase, and it induced forma-
tion of DNA-gyrase covalent complexes, which could inhibit
replication and damage the integrity of the chromosome [7].
In contrast, the RelE and Doc toxins were shown to be inhib-
itors of translation [5,8]. More recently, it was demonstrated
that the RelE protein cleaved transcripts associated with the
ribosome, by specifically targeting codons associated with the
ribosomal A-site [9]. RelE displays codon-specificity by
showing highest preference for UAG among the stop codons
and UCG and CAG among the sense codons [9]. Interestingly,
this inhibition of translation by RelE is reversed by the trans-
fer-messenger RNA (tmRNA), which acts as a regulator of
protein stability in bacteria [10]. These studies have also sug-
gested that the chromosomal versions of these antitoxin-
toxin pairs could function as regulatory switches that control
gene expression under poor growth conditions.

Although Gerdes proposed that all T-A operons could have a
common origin [6], an objective evaluation of the evolution-
ary relationships of these proteins and the origin of these sys-
tems has not been conducted. The availability of a large
number of prokaryotic genome sequences allows us to use a
variety of computational approaches to address the problem
of the origin and evolution of these systems. One approach,
involving sensitive sequence searches using profile methods,
allows the detection of distant relationships, which were hith-
erto not detected [11-13]. Additionally, it also enables objec-
tive evaluation of relationships, based on statistical
significance of the detected similarities and multiple align-
ment-derived secondary structure predictions. A second
approach involves the use of comparative genomics to detect
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conserved gene neighborhoods, gene or domain fusions, and
to extract functional and evolutionary information from these
contextual connections [14-18]. This approach is particular
useful in the case of the prokaryotic PSK systems because of
the strong coupling of the toxin and antitoxin genes in a single
operon. Our objective in applying these analyses was to dis-
cover new functional connections that may not have been pre-
viously uncovered in experimental studies on these systems.
Given the recent experimental results suggesting a specific
role for these systems in the regulation of cellular responses
to stress [9,10,19], we were also interested in identifying
novel genomic versions of PSK-related systems with a wide
phyletic distribution.

As a result of our analyses we were able to uncover several
new T-A systems and establish an evolutionary relationship
between them and the eukaryotic nonsense-mediated RNA
degradation system. We also present evidence that the RelE
and ParE families of toxins, despite their very distinct modes
of action, have been ultimately derived from a common
ancestor. Furthermore, we show that the Doc toxin defines a
large family of enzymes that could potentially act on RNA and
function as regulators of translation in both prokaryotes and
eukaryotes.

Results and discussion

Unification of the RelE and ParE families and
identification of new related families of proteins

As Escherichia coli RelE and its close relatives are amongst
the functionally best-characterized toxins of the PSK systems,
with a wide phyletic pattern in bacteria and archaea [6], we
chose them as the starting point of our investigation of the
general cellular functions and natural history of these sys-
tems. In order to determine the deep evolutionary affinities of
the RelE proteins, we initiated a sequence profile search of
the non-redundant (NR) protein database (National Center
for Biotechnology Information, Bethesda, USA) using the
PSI-BLAST program (threshold for inclusion in profile =
0.01, iterated till convergence) [11]. At convergence, this
search recovered a large number of homologs of RelE-includ-
ing all the previously described versions - from a variety of
bacteria and archaea. We selected distinct representatives
from the newly-detected members and transitively searched
the NR database with these proteins as queries. As these pro-
teins are typically small (85-110 residues in length) and diver-
gent, several searches initiated with different seed sequences
were required to exhaustively identify distant homologs of
RelE. For example, RelE (gi: 16129522, E. coli) recovers a Sta-
phylococcus aureus protein (gi: 15925446, ortholog of E. coli
YoeB) in the third iteration (e= 6e-04), a Campylobacter
fetus protein (gi: 28974229, ortholog of E. coli YafQ) in the
fourth iteration (e = 2e-04), a Microbulbifer degradans pro-
tein (gi: 23028223, ParE family) in the fourth iteration (e =
0.004) and a Magnetococcus protein (gi: 23001539, with the
RelE-related segment fused to a SF-I helicase module) in the
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fifth iteration (e = 0.001). To further ensure the detection of
highly divergent members, all unique members detected in
these searches were included in a single PSI-BLAST PSSM
that was used to iteratively search the NR database till con-
vergence. As result of this procedure, we were able to recover
over 150 distinct homologs (less than 92% identical) of RelE.
Reciprocal searches started with diverse proteins detected in
the above procedure recovered a common set of obvious
RelE-related 'intermediate’ sequences supporting these rela-
tionships. For example, a reciprocal search with a protein
from Bacteroides thetaiotaomicron (gi: 29350140), which is
consistently recovered from various starting sequences that
were detected in the above searches, recovers other divergent
RelE-related proteins (for example, Nostoc punctiforme pro-
tein gi: 23129164) in the third iteration (e= 0.001) and the E.
coli RelE itself in the fifth iteration (e = 3e-06). These
sequences were then clustered using the BLASTCLUST pro-
gram and individual clusters were aligned using the T_ coffee
program [20]. These alignments were used to predict individ-
ually the secondary structure for each of these clusters with
the PHD program [21]. A very similar arrangement of the pre-
dicted secondary structure elements between diverse groups
of these proteins further reinforced their relationships.

A striking aspect of these searches was the establishment of
the relationship between the ParE (typified by the plasmid
RK2-encoded toxin, ParE) [22] and RelE families of toxins
that were previously believed to be unrelated. These toxins
have very different targets of action: ParE acts at the level of
DNA replication and recombination by interfering with the
action of gyrase [7], whereas RelE acts on RNA at the level of
translation [5]. This observation suggested that despite a
common origin and significant sequence similarity, these
PSK toxins could have diverged into different functional
roles. Hereinafter, we refer to this superfamily of proteins,
which includes the toxin families defined by RelE, ParE and
other evolutionarily-related proteins that were detected in the
above searches, as the RelE/ParE superfamily. The majority
of proteins in this superfamily are of similar length and
appear to fold into a single globular domain.

A multiple sequence alignment of the entire RelE/ParE
superfamily (Figure 1) was constructed by combining the
alignments of the individual clusters using the Profile Con-
sistency Multiple Sequence Alignment (PCMA) program and
refining it based on PSI-BLAST pair-wise alignments and sec-
ondary structure predictions. The predicted secondary struc-
ture which is conserved throughout this superfamily defines
an o + B3 fold with a single amino-terminal strand, followed by
a bi-helical hairpin and at least three strong strands at the
carboxyl terminus. This secondary structure pattern does not
appear to be consistent with that of the MazF/Kid/CcdB
superfamily of toxins [23-26], which adopts a SH3 barrel fold.
Furthermore, no statistically significant relationship can be
established between the profiles of the MazF/Kid/CcdB
superfamily toxins and the RelE/ParE superfamily. Hence,

Genome Biology 2003, Volume 4, Issue 12, Article R8I

even though both CcdB and ParE function as gyrase inhibi-
tors, they are likely to fold into very distinct three-dimen-
sional structures.

The multiple alignment of the RelE/ParE family shows that
much of the conservation is associated with the residues form-
ing the core of the conserved, predicted secondary structure
elements (Figure 1). Two charged or polar residues, one asso-
ciated with the first conserved helix and the second associated
with the end of the carboxy-terminal-most strand, are also
strongly conserved throughout the superfamily. A third,
slightly less conserved polar residue is also seen to be associ-
ated with the second universally predicted strand of these pro-
teins. This conservation of a charged residue is consistent with
the nucleic acid-associated role of the functionally character-
ized proteins of this family, and could mediate interactions
with RNA or DNA. However, beyond this general similarity,
the ParE and RelE proteins have very different modes of
action. Experimental studies have suggested that ParE inhib-
its the gyrase by trapping it with DNA in a stable complex, but
so far there has been no report of any catalytic activity in ParE.
In contrast, RelE and its homologs have been shown to cleave
mRNA only when it is associated with the ribosome, but not
free mRNAs [5,9]. This suggests that certain members of this
superfamily may possess catalytic activity under certain cir-
cumstances, and the conserved polar residues could contrib-
ute to this activity. In particular, the charged residue, which
occurs at the carboxyl terminus of the last strand in these pro-
teins, is an attractive candidate for a potential catalytic resi-
due in the RelE proteins. In light of the relationship between
the ParE and RelE families of proteins it would be of some
interest to investigate the possibility of an unexplored DNA-
cleaving activity in members of the ParE family, analogous to
the ribosome-associated RNAse activity of RelE.

We then investigated the evolutionary history of the RelE/
ParE superfamily by exploring its phyletic and phylogenetic
diversity. The superfamily is widely distributed in the cur-
rently sequenced prokaryotes: at least a single member is
encoded by the chromosome or one of the large genomic par-
titions in several bacterial and most archaeal lineages (Figure
2). Additionally, plasmids, particularly those from proteobac-
teria, encode their own RelE/ParE-related proteins. How-
ever, no members of this superfamily could be detected in
eukaryotes. This phyletic pattern could mean that the super-
family had its origin early the evolution of one of the prokary-
otic lineages, followed by dissemination via plasmids.
However, it is also possible that at least one representative of
this superfamily was present in the last universal common
ancestor and secondarily lost in the eukaryotes.

We determined the major lineages of the RelE/ParE super-
family through single-linkage clustering of the proteins with
the BLASTCLUST program and construction of neighbor-
joining phylogenetic trees with a multiple alignment of all
complete members of the superfamily. Several distinct

Genome Biology 2003, 4:R81

Anantharaman and Aravind R81.3

-
o
®
e
I
o
o
-
I
4
0
8
8
[o]
>




R81.4 Genome Biology 2003,

Volume 4, Issue |2, Article R8I

Anantharaman and Aravind

http://genomebiology.com/2003/4/12/R81

Secondary Structure
rel E_Ec_16129522
pasB_Pf [ u_10834753
AGR_C_1206p_At um 15888017
PD1184_Xxf 28199074
FN0211_Fnuc_19703556
FN0497_Fnuc_19703832
MA0049_Mace 20088948
asl 2100_Ana_17229592
asl 4561_Nsp_17232053
Rv1246¢_M u_15608386
Rv2866_M u_15610003
APE1558a_Ape_14602207
VCAD444_Vcho_15601207
Rel X_Ec_2499701
SM:04436_Snel _15965227
AF1075_ A 111198679
AF1080_Af 11498684
TTE2029_Tt en_20808431
TTE2611_Tt en_20808956
PHS016_Phor _14590326
MI0071_M an_15668242
PHS013_Phor _14590322
AF2342_AF_11499923
STS036_St ok _15920438
MI0909_M an_15669099
M1103_M an_15669291
asr 1049_Ana_17228544
Tery1030_Tery_23040342
Vng0070h_Hsp_15789404
Vng6191h_Hsp_16120134
M1173_M an_15669362
MM280_Mace_20093069
AF1093_Af 11498693
W5007MC872009231D
consensus/ 90%
AGR_C_1701_At um 15888273
Avi n4383_Avi n_23106190
yaf Q Ec_16128211
VCAD323_Veho_15601088
XF2080_Xf 15838671
consensus/ 90%

> 3658_At um 15889305
YoeB_Ec_3915522
Rv3358_M u_15610494
Pi1 u5013_Pf| u_23062981
SAV2407_Saur 15925397
SC02236_Scoe_21220707
SEE0020_Syn_22002544
RCD291_Reon_15892214
Synwh0508_Syn_23133188
asr4471_Ana_17231963
consensus/ 90%
©1910_Ec_26247767
m r1576_M ot _13471566
al | 2924_Ana_17230416
PP1586_Pput _26988318
SM02461_Sel _15064804
VCA0391 Vchu 15601154
XF1709_Xf _15838310
consensus/ 90%
al | 4407_Ana_17231899
5| 10664_Ssp_16332148
PP1199_Pput _26987934
VCAD468_Vcho_15601229
Avi n0676_Avi n_23102508
c4837_Ec_26250652
SME01995_Smel 15966221
NVA0565_Nm 15793557
275150_Ec_15804256
asl 1720_Ana_17229212
consensus/ 90%
23230_Ec_15802544
BT4732_Bt he_29350140
Chut 1829_Chut _23136722
al 1 1034_Ana_17228529
PSPTOB0025_Psyr 29171567
5045_Vcho_21885313
XFa0034_Xi_10956745
XF1573_Xf_15838174
Avin3079_Avi n_23104918
Avi n3751_Avi n_23105580
Neur 1224_Neur _22955257
al | 2402_Ana_17229894
ORF19_Pput _18150875
XF1703_X _15838304
XF1597_Xf 15838198
XFa0045_Xf _10956755
al | 0604_Ana_17228100
Rv3182_M u_15610318
consensus/ 90%
25902_Ec_15804881
CE2894_Cef f 25029450
NCgl 0704_Cgl u_19551964
MT13191_Msp_23001539
Tfus0527_Tf us_23017457
Tf us2014_Tf us_23018929
XCC1069_Xcam 21230527
consensus/ 90%
AGR_C_2785_At um 15888835
0C2984_Ccre_16127214
CC873_Cere_16125126
20510_Ec_15800138
msr 1301_M ot _13471355
Rv1959¢_M u_15609096
SMb20063_Snel _16263811
VCA0359_Vcho_15601123
VCA0311_Vcho_15601076
AGR_L_815_At um 15890523
AGR_C_3278_At um 15889086
AviN0922_Avi n_23102756
02513 @YB 16126752
OC2756_Ccre_16126988
ECS1067_Ec_15830321
msr 9263_M ot _13488359
PSPTOAO057_Psyr_29171531
SME00694_Srel 15966431
SMb20627_Smel 16265287
SVh0473_Smel _16262701
VCA0348_! Vchu 15601113
XF2066_XI _15838657
Tery2423_Tery_23041746
VCAD489_Veho_15601250
VCAD423_Veho_15601186
XACD081_Xaxo_21240855
AGR_C_151_At um 15888171
CC2880_Cere_16127112
CC0802_Cer e 16125055
PP2500_Pput _26989223
XAC2428_Xaxo_21243161
XF2074_Xf _15838665
Par E_Ec_78600
XF2032_Xf 15838626
SMh0572_Sel _16262752
AAMLA715_Ec_22035192
PA0729_Paer 15595926
AGR_C 2415_Atum 15888638
AGR_C_1483_Atum 15888152
Chut 3504_Chut _23138431
Magn9388_Mrag_23016802
Rv2142¢_M u_15609279
al | 7155_Ana_17233171
PA0124_Paer _15595322
consensus/ 90%
consensus/ 80%

. EEEE. L
1 MAYFLCFDERALKEVIRK] - GSTVREGLKKKLVEVLES
1 - DPQU AKRI LLFLHERVSN 3 PRSI GEALK 1 SRLGDFVKYRV-
1 M Wl EYHTLVQKENMRKI - - NPEVRRRI RSFLHERLAA 3 PRQI GATLQ 1 SELGNFWRYRV-
1 MAWII CYTDTAKQCLRKL- - - DKHVARRI VDFIVDERI AG 3 PRSSGKALT GPLGGFWRYRV-
1 MKYCVEYSKTAMNTI KKM - - DSSTSKLI RTVI EKNLI N 3 PRIKGKALT  GDLKGLVRYRI -
2 KKYEVKFSEAAI KELKKL- - DKPTATM KLVVI QNLEN 3 PRQHGKSLT  ANYSGKVIRYRV-
1 MRFCI WIBKPAAECLRKL- - DRPLAKRI FRKVSELQGED ~ PFRYVTKL-  VGS- PNYRLRI -
3 - QPKQFKQVVSKI LSLQGT KGYEGGYRVDQ:
1 EGEEDTYRI RV-
5 NDLEGLHSARR-
1 RELAGTFSARR-
1 3 LHGLYCFKLRR
1 1 AENI YKI KLRQ:
1 1 | KDCYKI KLRA-
5 1 MPDHYKI KLRQ
1 MAVKVRYHKKAI KFLEKL- - 2 GWDGFLRLRV-
1 - MNEVLI HK- - - KFLDCL- - - KI GPKTYRLRK-
6 KMYKVKLAKEAVKFTEKC: - 2 DKFPPLYRYRV-
3 2 SKKEKLYRLRV-
1 2 PVERYDVKP 7 | GKGKLYRFRI -
1 2 PKEKFDI KR 1 KGSDEVYRVRI -
1 2 PREKFDVI K 3 TGDLDLYRARL-
1 2 PWKRFDVKK 1 EGEENTYRI RI
3 2 NELDI KKLE 4 NENRDI FRI RVG
2 3 PPEI PNVKK 1 KGADSYYRI RV-
1 3 NDLKLDI KK 1 KGYHNYYRI RV-
4 VSLEMRYARSFLVCLKSL- - 5 GPELRQL- DDEG FHRETI -
1 M\LEVRYCRSFI ECLKI | - - 5 ELPELKQ GTSNI FYRFTV-
1 MIYNVLLSEEAQEYYQGL- - 9 CDREKI P- VDGETVYRLHI G
1 - MIKVEWrSKALDLLDCL- - TSHRLEK: LTGYPYYKLRA-
1 PHHYK-NLR  HPLNDFKRVHI D
4 - NTLLKESLSKKI GEI CES ~ PFHYK-PLR  NELHGVRRVHI L
1 - DPELLKRLGBKVEEI | KQ ~ PEHYK-PLR  GQVKGLRFAHV-
1 - DRPAYDYVKARLRLLAYK PEMGY- PLE AEFGGKWAL HI -
S.p.h.ho S ....ph+..
18 N 2 PLPTGFROH 3 BCVRDHRECHVG
1- 1 PLPAKYROH 3 BNWADHRDCH K
2 2 PLPAVYKDH 3 [BSVKGYRDAVE
9 SMYKLEYSTCFKKDFKKI TKM - 1 KLEPKNVDH 3 WW/GFRDCHE K
1 - MREI KQUGCFKRDLKREAKGQH- - 1 PLEPRHROH 3 WAKDLRDCHE K
..L.s .Ls...DH W's. RpsH .
1 - DARWEKI NCLI RNAKRT  FFAGLCKPE 3 GOMABYWSRAI T
1 - DKRI VKKI NEI | KDTRRT  FFEGKCKPE 3 HNLSEFWSRAI T
1 - DRKTARAI TRLIGEI QRO FFSGI GKPE 3 GELSEYWSRRI D
1 - - MKI GFTPTGAECYLVFQQN- - - DKAGLKRI NLLI KAl QGRQ PFEGLGKPE 3 HNVEEFWSRRIL T
2 ARLN TESPCAFECYKYFQQN- - - NKKMVKKI NELLKSI DRN 1 ALEG GKPE 3 SNLTRYYSRAIN
1 -- VAl TRTSHGAECYVHMAES- - - DRKVTKAI NRLIADI ARD  FFKGVCKPE 3 GCLSEYWSRAI D
1 - MRKLAWINEAVECYLYWQGQ - - DKKTLNAI NKLI TETLRS  PFEGI CKPE 3 ENLTIBFWSRAI D
1 - M1 IRYTI QUQKEAKKI VQ - AGLKN<VEVLLNI VSTD  PVIKI YPPYE 3 GCFSECYSRRIN
1 - SPALKAKAERLI ALLKSD  PYQQPPPYE 3 GCLKBACSRRI N
1 - KPQLKDCI VKVLRLLADD ~ PFTTSLKSH 3 GCLABLWSCSVT
P +h..I1....ps Pap.s..E .phsGhaSRRIS
1 -~ M MNFRHKGLRCLFLLGKTSGVI - - - - - PTQUKRL- RHRLAVI DA 6 -LHP 2 GDRDG WA SVS
1 - PSCLESRLFRALGM DOfj 7 VPPEN-FEK 2 GNLEGFHSI FVN
4 7 QUPBNFES 2 CORKGQYSIRIN
1 7 FLES 2 GNRADQHSI RVN
1 7 VPPBN-FEK 2 GNLAGLHSI RVN
21 7 1P REEH 2 GNLKGWES| RVN
1 7 AMELHYEK 2 DDPDNLYSMHLN
...u.+hc. ss..s..phpls
12 1 GEEYFVYKVRVR
6 1 GSDI YWYKLRI K
4 - ETGELRKI FWA
1 - GTGGLRKI RVA
3 - GTGGl RKVAVA
4 - ETGELRKVAW
1 DLGGCVI KQ-VA
4 DLGGCVI KQRI A
1 ALGGCVFKKRLH
1 DLGGCGLFKKAL A
. Los. KR
1 1 TI GPGVREI RTR
2 1 LI EECLYELRI E
7 1 1 ENTDCLYEI RVQ
10 1 GVGSCGVYEI VKR
4 1 TVGPCVQEI R R
1 1 SMEDCLFEI RAK
18 1 1 FGGAGVLEWED
3 1 TVGRGVREL Rl R
9 1 FCRDGVVELRI D
1 1 PVGEGVSENRI H
9 1 SVGEGVFEMREF
10 1 SVGDGVFELRI D
1 - MKTI KQTATYRWVERKLRDK- 1 PVGQGI SELRI H
2 HWELI KTSTFDAW NSLRDR- 1 PVGACI SEMRI D
1 - M ELKQTDTFRKVREKLKDA- 1 PVGKGVSELRI N
6 HYI TEDGRDLFSEWRDKVKDI - 1 - - PCRECWELRI D
1 MTVEVEFTDEFEMAWEL EEST- 1 AKLPFPYSS 4 SRHSHNRELRVQ
1-- NAV\ LLPC\IERVFFALVWA 1 PTLGRPWD 4 STFHNMKELRPA
S Ci........sh.Eh....
8 \/ALSDCFLG‘AFAFI PKAQQ(KV TSNCLNYEK 3 BRSKNVHSVAI D
1 - MAPVTI SVHRLE] DGSLRKQ TSPCLHVEP 3 BVDPRVRTGRUN
1 - - M/SYSVHGAL DI DGSLKKL- ASPCLHI EP 3 81 DSRVRTGAVN
8 V}il /ASDFLSAFSKI PRKQUNK- MBPCI NYEK 3 DTNLRSVAI D
22 LAl DROFLLEFAKLEKSVCDR: - RHTCIHLEK 3 BRODRFRTI A1 D
4 LAI CATCLPCYDRLDRPTRER- 5 SHPCLRIRE 3 [BQDPRI RTFRI S
3 FRI ADTFTTSLARL TGDEGKA- SGKCMBFHK 3 BKDLNFVIBVRVS
Lhs........pl....pp.. S...chos..... shphc.  u.s.ph.o.R's
CVNNYRLSTGAENEI LTI FLYG ERFGLNQARLYKDGVESCFQLLGAN ~ PRMGRSA--  TI VGEGI RRHEH
W MBYRLSRKAEQCLI Tl YVAGVGLFGVAQAERYQDTLEAAFGAI AAF PELRPPVRVHPC
- MKPYRL SRRAKACL DCI WI'Y SEQRWGVEQAADYAREL QATI EMl AEH ENLRAGYRRCAS
KNI VYKLSGKAVECFRCI YDYTLGKFGDEQADRYTDSLGTFLDTLSQM DAl P- EVKKI AF
- - MEFRLSLAAEEL] | G AEQGVRLFGAVQARQYHDELFAI FDLI AAG LELSPPMRI HPF
MBSRYLL SPAAAHL EEI VDCTYDRWGVDQAEQYL RELGHAI DRAAAN DEI RPGYRKLSA
TERPFRLAPTAKACLRKI WVRYTARRWEL EQAET YQDCL YTAFECLAVG 'VDVRPGYLKYPA
- MKPENL TVAAKACLRCI ALFTQRRWGKEQRNVYLKCFDDSFW.LAEN DEI REGYRKFPQ
QNKQYKLSQLAGEHLLKI KHYTI ENFAEAQWQKYKSTLLSGFQTLADN EDI YQNGFYFPV
- - MRLI WIRRYL RELDAI GVYI AER- NPRAAAKVVRAI HQTTARLLSD SGEI EGTRELW
'SDRAI RWI'LRAL RRLDEI GAHI EQD- NPAAAARVI SRI VSAADMLVEQ VGRI KGTREAVL
- - NKVLW/QRAQQDRAL VEYI Al E- NPRAALKNDDL FSEAAARLADF | GLI PGTRELLP
- MAQUWMITWRALACL TAI RDY! GQF- SPLAACRVALFLKTAADSLAEY - LATATLRELW
- MGRVI RTRPVSGLL DRVFROVCENNGVKVASAQLNFI ESVFHRL SAF SDLRPGLRTFSV
- MLFI LWLPSARDCLRGI | TYI AKE- NPPAARRLKI Rl ETSVLPLSEH SERVSGLREI VT
- - M VEFSDEAESCLERI AAY] AKD- NPRRALSFI GELRGKCEALAET RYEQHG RRRVH
- MLTI RWADEASTCLVEI | DYl EQR- NP| AAEALNANI LKAVECGLPSA HGRETGTRECVL
MBRELVFTPAAL ACLEETFWFVAAD- NPRRARSYVAE| EQACRNLCET PDLRPNLFI FPL
MRRPFVQUSRAAL DCLKDQVLFI ARE- DPDSAARVAGRVRDTAAAL GEM PGRVI GTYEKSI
- - MRLVMARYAL DDRDTI FSYI ERE- NPRAAVHVDEEI VSAVRRLLDF PGRI AGTRELVI
M FWEEASLNDREKI FEFL YDF- NPAAAKKTDEL | EAKVENLLEQ QRDG RGRLLI |
TPYF| KWRPKASECLRCI VRYI GKN- NPTRARSFGQELRDKTL PLAGH PGLPDYVRELVT
MGYKVVABSKAI DCVDAI ASYI ARD- SVSYAAAVVHRVI NVTRNLI NN EFGDDSYRQNYA
- MEI | WELALSCLNCI AEY! ALE- NVWAAKQLVQTVFTKVERLADF ELEHLNYREWV
- - MKVWWMSPLAL QKL GCAAEF| ALD- NPSAAEKWNEVFDKTELLGSM ~ PEMGRWP- HTNYRE! | F

- MAEI | WBVPALACLDAI ADYI Al D- NAPAAAALVKRVFGHVEGLI EH
MIFQUFLADRARDNI TRLYAHLLRQ DKYAAKRAYRAI EKCI AALADF
- MKSVEL GPRARRCL TKL RRALLNR- APSAADRAI DLI LSRAEGLAGH
MIFTVLVSVRAKRCFNRLI VWLVER- DPRAAARL GPLLEAALDSLTEA
- MPRLI VTEGAAKCL ERCRRFL SDK- DPQVARRAAQAl ERGFARLEES

FPDLPELRELI |

- MPQVI FAPAAI GEMQRL REFLKPK- SPDAARRAGEAI RRCVQAL GAH EDLPEQYREWLI

- MPRVI FAPEAI LN QRLRNFLHPK- NTDAARRAGEAI MRGARMLGAQ DDVPDEYREWL

- MTAYI LTAEAEACLRGI | RYTRREWGAAQVRRYI AKLEQCI ARLAAG SELFPALRMARC
- MIGYVL TEAAESCLRGI VRYTRKQAGNAQVRHYI ATLERCI ASLAEG SSLFPALRVERY
- MKTI | PRQUARSCVEAAI DYYAREAGTEVTHGFI GALQAAYASI ASH ELGLPDLRSVSL
- - NELKWTSKAL SCLARL YDFLVLA- SKPAAARTVQELTQAPVI LLTH QFEPREVRRI FA
SPVVI RFTDTAEQS] EDQVHHLAPFQGEQAAL QSVL SLLDEI EEKI SL 1 LLGVLSYRELNT
- MITYRLSDAAQSCI | EI LGATHATFGAAARKRYEKLLATALRCVAVD ELGEDVRSYHLR
MITKLVMWTPRARSCVKKI YVDI GKS- QPLAAERYFARFRAKAESL | DH PE| FPSARMLVE
MALKI FWFKRALANFDKI LEYLEEDFGEI PTIKAFAI KVHNFLDNLKDF DKQ RGFVI VK-

SRRLAI LSPEASAVYLAEI AYLAER- NALAAEKVARRI RAARKTLAEH
MIRRLRVHNGVEDCL FEAFSYYADA- APDQI DRLYNLFVDAVTKRI PQ 1
MNYFLI | KDRATECLRHLANY! LVNGNADVAVKFLNAAETTFACL GKN
MBLKWIRKAAACL DAl YDHYWWLI GPEKALKAVQ:I \/E(VKPLQ;N

. ~h..ph

Y I N T L L )

h.h
Sh.h

Thopohoho ....n n.n. s..

R NNNNN OO

-

[EYSINERPIN

PESISFUN

EEEEEEE.
SGYRLVYGVI DE
GCYRLI SSI EDG
GCYRI | €T QDQ
GCEFRWCAI Q0S
GCYRI LAEI QDD
G\YRLLAEI YOO
GCYGVI LEI QGs
GEYRI LYTI DDE
G\YRI LYEI KDD
GCYRWYAI DDG
GTYFLLYRI DDE
GCYRLVYCYVPN
SCYRLVYGVEND
SCFRLVYGVI DE
LGYRLWYRVDDG
GEVRI | FKI NVE
GEl Fl | FCFDI G
G\ FIEYQ QKG
GCYRI | FEVDNE
GCYRVFYTI LWD
GKERVQYWLVD
GCYRVI YSVWK
GCFRVI YFLDKP
ROl Rl LVSFDNE
GCYRI GFKYE- -
G\YRI Gl EVN- -
DNYLVGI EI R -
ENYLI Gl EVT- -
RTHTALYCI LEA
CGCYRATTGSNAY
KSEVLVFTVDEN
KSEVLI FAVDEN
GKFVI | FKVE- -
GPFVLI YTFDKV

h.l.h.h ..
GOFLLI YTVDEK
SCLVLLYRKPD-
POW LI YKLT- -
PCLVLI YRVF- -
LCLVLI YTRVD-

Dhl LI Yp. . ..
AEHRFVYRVSGS 2
EEHRLVYAVT- -
DEHRLVYRAG -
AEHRLVYAI V- -
HERRLVYTVD- -
DTHRLVYKPT- -
DTNRLVYAVA. -

| GHRLWYEVYKQ

| CHRLWEVLEE
YCCRI | FTRSED 4

GAWAI TREFV- -
QQWALI FRADG-
EQWA CENWPD-
DQWALCETW - -
QUWALI FRADG-
KCYRLIFQW - -
DQWALI WLKAK 3

RLI YLLES-
VRVI YYHVTA

Rl | YYFLDE
RV YYHEVS
RVI YEHQVK

IYRTI | LFRL-

YRSLI LFKQ
NRERAI | LAKG-
BEFRTLI ATNN

DI YR FCFFDK-

SCYRI YEGEG
PEYRVYFQRRG:
PGYRI YENKHG-
PCYRVYF(

'SCHRI YYAQVE-
EPYRI LYAFDP-
TSI Rl LEAFDP-

QTYRCI VLKPEQ
QQYRAVNFELTG 2
DCFRAVLFELHD 2
NTYRAI VLSPEA
GFURCWLAPEA
DSWIGVLLAPES
RCIRLI VHKTA-

ESYRLVYELDE-
PPYVI RYYV-

YPYLIFYRD: - -
GEYEI RYELTGQ 5
GPYRVFYEFHE-
PRHLLLYRAL- -
APYVI LYETVPD 4
- QUTI FYKV- - -
GSYVLTVRL-
FRYYVAYRT- - -
QCYLVFYR -
VIPFSAPERV-
“hoa
alha.

. . EEEEEEE.

KVWVFVI SVGKR 6\ Rel

ALRI LVl KI GNRREVYR 69 |op Met JAr ¢

KLVLWEI GHRREI YR 89 |

VLRVLWRVGHRGEI YR 88 |

KIVILILCI GHRSKI YL 88 |

EI LI LI FKVAHRSI WK 89 |

LLVI LVLKVGHRRDI YK 83 |

TQLVCVFRVGKRNDDEV 87 |

LLI VKWKI SHRRDVYR 85 |

HHRVEI | H ARRSASYR 90 |

HTTWI LRVDHRADI YR 86 |

RDTVYI | AVGHRGEI YE 87 |

11 WTVLAVGKRERSEV 86 |

QLI | AWAVGKRERSDV 86 |

SVIVLWAVGKRERVTS 90 |
|
|
|
|

DETI FI YSI HFREKVY- 92

TNRVFV- KFAASEGVFT 79

EKI I FIVTI GYRGDVYK 92

NFVI KVKCFDSRGOVYK 86

EKAVVI VCI KSREKAYK 95 |
DRI || | RKI SRREGAYK 88 |
DKVI KI LKLKPRGRAYK 90 |
TKTVH LKVERRGKWYD 87 |
KKGI H Rl ARRESVYD 94 |
NGKI VEYRVLHRKQ YK 88 |
GDTI | FRRVLHRKSI YD 85 |
GEI VKFLRVI PVPDV- - 88 |
GKI VKFI RI LPKPEI - 85 |
EEQVRVI ELLPI DEAHD 93 |
STTSSTSRRFPSSPVRA 82 |
NKTVI FVCEDH-DN YK 87 |
KKSVTLVSESHYDTAYS 91 |
EDTVKFVTEKH-NHAYK 85 |
NSTLTLLVFEHYTRAYD 87/

QNLU FT\ LFR 1111yafQ
DEALGLVFL| o o \on Met JAr ¢
KLLRFERTRTRALFG. 52
NDCLCLARI } iCL | 98 \
SKTLTLVR’L L(1 93/

U hoR GoRbe L
PECRLEVI CGRFIYG - 89\ Yoel

DDSLLI AACRYHY-
DDEVTMLKARYHY-

- 84 \up Phd/ Yef M

DO QM TR - 04 |

DNAKRSEH - 88 |

DOGLVI VGARY/ 84 |

DOMTII SO Yoo . 87 1

EKVWKI LRWTYYE--- 86 |

ERVWKVLRLWSHYDE- - 88 |

EWI LLVDI GSHDEVY- 94/

1. hhph

- NGDAYI LDYEDYH- - - 92\ mi r 1576
DCHSYK- 98 | op: cHTH

DFLKPFNI EI TOYH--- 99 |

TEHGPVNVEI VCYH-- - 92 |

TRGEADG YLDCHSYR- 98 |

VDGVALNTYLDPHKY- - 117 |

TRNLVVIVSEVDYH: - 96/

L.s....h.-ap..
PTNI VLTI YSKSDRED 109\ VCA0468
ENSI|LLLTI YSKAEQED 103 |0p CHTH
AHCI RM LI YRKG VDT
KRREYLLTI YGANEMSD 89 \
ESQIALLLI YPKNEKDD 93 |
HYEI RLLLI YRAGI KDD 94 |
EQRAFFVFGFAKSEQAN 86 |
ADFAFFVYAFAKNDREN 90 |
VSNWEYTFLYAKQDVEN 80 |
EDVGFLFLAFQ<TNAVT 84/
_pph. hh. ha. Ks. . . s
EEAVWVLHCFQUKTQTT 89\ Rv3182
GRI VI LENGFQKTEKT 89 | op: CHTH
GQLWI TNGFQKTCKT 96
GEKI YLHAFQXKSKQG 98 |
STAVYVLHCFQUKTQKT 92 |
GNHI YVLHAFVKKSQKT 89 |
TEAVFVLHCFQKKSKSG 107 |
SEAVYVLHCFQUKTEKT 91 |

AVLI LLLCOGDKSSQWR 86 |
DTI YLLLOGGDKGLQAR 84 |
R VI LLLOGG KRSCEA 90 |
RRVAI LLLGGNKGGODR 93 |
ARCAI LLLGGDKAGNVK 89/
.. hhlh.s. K
GALYMLMAVDK! DEAYD 93\ 25902
MH-EVI EGVYNHOCAYN 87 | Rel E+SF-1 Hel i case
DH-FVWGVYPHDDAI T 86 | op: restri ction-modi fi cation conpl ex
GWYLLLVVDH-DAAYD 93 |

GDI ¥TLLKVLPHCCAYA 106 |
GETFLLVHLLPRENAEQ 94 |
r&LLLC\NDHH\RAVQ 86/

cohol

DGSGVLI LTI VHGQS\ R 95\ ParE
DERGALI VRVRHAGEDW 94 | op: Met JAr ¢
VGVRVEI | RVLHQSMNA 91
RVDCI LI ARI LHQLMEP 100
ADGCVFI VRVRHGHEDW 92
GEGTI DWRVLHGRVDV 94
RGDRI Ol | RI LHGRVDA 94
GSQQI RVI RI LHKSMV 93
EANFI LI VAVLGGEQLP 100
TEEQUDI VFVQHAAREW 91
VGREI EI LTI I'HTSRRW 92
VGETWI NAWHTARQN 91
ADGLVH VRI RHAARL- 88 |
NGECWVI LRI LDGRWNL 92
AASSI EI VSVTHSRRGF 91
ERECI VI | HVLHGAI DY 91

LSHEI RLTLRQEQTVN 90
DGQRI VWHVVRSERAL 92
SAEKVTI LA RHQREDD 97
YPDAWI ARI RHSLERR 92
LGSSVHVTRI WGLEQR 93
ADDTAYVLAFRHQKEAG 96
AGDTVTI LAVRHQKEAG 95
DGDTVTI LAVRHFKEVG 95
AGEPALWAI LHERVDL 93
EEAPALI VA FHERVDL 93
QPDHVDWIRVL 97
HGIRNFVI AVSCVKLLS 99 |
EQGEVAVI LVLRQKGSV 101
RPGLVGVGRVLHDSME! 111
El RCVEI VRVNDGRROL 99
YDDHVRI LNLFANRQDS 93
KGGAPEI | DI RHGRQAD 92
TDEAI DI LAVRHGVENP 92

1 El LRVFHGARDL 100
KeeidiRoRvE TP g/

P

Figure | (see legend on next page)

Genome Biology 2003, 4:R81




http://genomebiology.com/2003/4/12/R81

Figure | (see previous page)

Multiple alignment of the RelE/ParE superfamily. Multiple sequence alignments of the different families of RelE/ParE were constructed using T-Coffee [20]
and PCMA [50] after parsing high-scoring pairs from PSI-BLAST search results. The PHD-secondary structure [21] is shown above the alignment with E
representing a 3 strand, and H an a-helix. The consensus of the individual families and the entire superfamily is shown, and the names of each family are
shown on the right. The 90% (or 80%) consensus shown below the alignment was derived using the following amino acid classes: hydrophobic (h:
ALICVMYFW, yellow shading); the aliphatic subset of the hydrophobic class (I: ALIVMC, yellow shading); aromatic (a: FHWY, yellow shading); small (s:
ACDGNPSTYV, green); the tiny subset of the small class (u: GAS, green shading); polar (p: CDEHKNQRST, blue); alcohol subset of polar (o: ST, blue);
charged subset of polar (c: DEHKR, pink); positive subset of polar (+: HKR, pink); and negative subset of polar (-: DE, pink). An amino acid in capitals like
'G', or 'E' shows the completely conserved amino acid in that group. The operon information (op) and/or the domain architecture information are shown
on the right for each family. The limits of the domains are indicated by the residue positions, in bold, on each side. The numbers within the alignment are
non-conserved inserts that have not been shown. The sequences are denoted by their gene name followed by the species abbreviation and GenBank
Identifier. The phylogenetic relationship between the families is shown as a tree to the right. The species abbreviations are: Af, Archaeoglobus fulgidus; Ape,
Aeropyrum pernix; Hsp, Halobacterium sp.; Mace, Methanosarcina acetivorans; Mjan, Methanocaldococcus jannaschii; Phor, Pyrococcus horikoshii; Stok, Sulfolobus
tokodaii; Ana, Anabaena sp.; Atum, Agrobacterium tumefaciens; Avin, Azotobacter vinelandii; Bthe, Bacteroides thetaiotaomicron; Ccre, Caulobacter crescentus;
Ceff, Corynebacterium efficiens; Cglu, Corynebacterium glutamicum; Chut, Cytophaga hutchinsonii; Ec, Escherichia coli; Fnuc, Fusobacterium nucleatum; Mlot,
Mesorhizobium loti; Mmag, Magnetospirillum magnetotacticum; Msp, Magnetococcus sp.; Mtu, Mycobacterium tuberculosis; Neur, Nitrosomonas europaea; Nm,
Neisseria meningitidis; Paer, Pseudomonas aeruginosa; Pflu, Pseudomonas fluorescens; Pput, Pseudomonas putida; Psyr, Pseudomonas syringae; Rcon, Rickettsia
conorii; Saur, Staphylococcus aureus; Scoe, Streptomyces coelicolor; Smel, Sinorhizobium meliloti; Ssp, Synechocystis sp.; Syn, Synechococcus sp.; Tery,
Trichodesmium erythraeum; Tfus, Thermobifida fusca; Tten, Thermoanaerobacter tengcongensis; Vcho, Vibrio cholerae; Xaxo, Xanthomonas axonopodis; Xcam,
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Xanthomonas campestris; Xf, Xylella fastidiosa.

families could be delineated within the superfamily, of which
two of the largest families were the RelE and ParE families.
Most of the families could be distinguished by means of cer-
tain lineage-specific conserved residues (Figure 1). As previ-
ously noted [6], the RelE family had the widest phyletic
spread with members in several bacterial and archaeal line-
ages. A small, proteobacteria-specific family, typified by the
YafQ protein of E. coli (YafQ family), is the one that is most
closely related to the RelE family. These two families are uni-
fied by the presence of shared polar residue at the beginning
of strand 1 (Figure 1). The ParE family is restricted to bacteria,
but is widely distributed with representatives in proteobacte-
ria, cyanobacteria, actinomycetes and cytophagales. The ParE
family is distinguished by the presence of a single polar resi-
due in the second conserved strand, whereas all other mem-
bers of the RelE/ParE superfamily possess two conserved
polar residues in this strand (Figure 1). Two of the remaining
families, one typified by the protein Rv3182 from Mycobacte-
rium tuberculosis (Rv3182 family) and one defined by the
YoeB protein of E. coli (YoeB family), are fairly widespread
across a range of bacterial lineages (Figure 1) and are prima-
rily encoded by the main chromosome. The remaining smaller
families are far more sporadic in their distribution, and
chiefly occur only in proteobacteria and cyanobacteria (Figure
1). One of the most divergent families of the ParE-RelE super-
family is typified by the Z5902 protein (Z5902 family) from
the enterohemorrhagic strain of E. coli (O157:H7), and has
sporadic representatives from a number of unrelated bacteria
such as Magnetobacterium, Corynebacterium and Thermob-
ifida. All members of this family occur fused to a carboxy-ter-
minal superfamily I (SF-I) helicase module, and represent
one of the rare instances when the ParE-RelE domain occurs
in a multidomain protein (Figure 3).

Wider phyletic spread of the RelE family and its relatives, as
compared to the ParE family, may suggest that the former
group represents the more ancient member of the

superfamily, with the ParE lineage being secondarily derived
in bacteria. This would imply that the RNA-cleaving activity
is likely to be the primitive function of this superfamily, with
a secondary innovation of gyrase inhibitor activity in the ParE
family. The sporadic, but widespread phyletic patterns of sev-
eral families, and differences in representation between
strains of the same species (for example, E. coli), suggest a
potential role for lateral transfer in the spread of these genes.
At the same time, the extensive occurrence of genes for this
superfamily in the chromosomal partitions of the genomes,
and not merely on plasmids, supports the proposal that they
may be widely used as cellular regulators. Thus, the acquisi-
tion of members of the RelE/ParE superfamily through lat-
eral transfer could be a means by which certain strains could
rapidly evolve a new regulatory pathway that helps in adapt-
ing their gene expression to unique environmental stresses.

Gene-neighborhood analysis of the RelE/ParE
superfamily and identification of PSK-like systems
encoding PilT-N terminal (PIN) domain proteins
Given the tight coupling of the toxin-antitoxin gene pairs, we
investigated contextual information derived from their gene
neighborhoods [14-18]. We concentrated on the newly identi-
fied members of the RelE/ParE superfamily to glean previ-
ously unknown contextual connections to other genes.
Upstream genes encoding transcription factors of the MetJ/
Arc superfamily accompany both RelE and ParE families
[6,27,28]. This transcription factor serves as the antitoxin,
which not only regulates the transcription of genes in the T-A
operon, but also physically binds to the toxins and counters
their actions [6]. A systematic survey of all the newly identi-
fied members of the RelE, YafQ and ParE families showed
that the majority of the genes encoding these proteins were
associated with upstream genes for MetJ/Arc transcription
factors (Figures 1,3). In contrast, a range of novel gene
neighborhood associations was observed in several of the
newly identified families of the RelE/ParE superfamily.
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Figure 2

Relative abundance of some major families of toxins, associated transcription factors (antitoxins) and the UMA2 superfamily in various genomes. The
number of proteins containing PIN, RelE/ParE, Doc, Phd/YefM, AbrB, MazF/CcdB/KiD, Rv0623, AF0319 and AF0608 domains in different genomes is
indicated for each genome. The species abbreviations are as shown in Figure | and additionally: Aae, Aquifex aeolicus; Bfun, Burkholderia fungorum; Bsub,

Bacillus subtilis; Camp, Campylobacter; Caur, Chloroflexus aurantiacus; Cbur, Coxiella burnetii; Clos, Clostridium; Ctep, Chlorobium tepidum; Dhaf,
Desulfitobacterium hafniense; Dr, Deinococcus radiodurans; Efae, Enterococcus faecalis; Gmet, Geobacter metallireducens; Lint, Leptospira interrogans; Npun,
Nostoc punctiforme; Rick, Rickettsia; Rsol, Ralstonia solanacearum; Sone, Shewanella oneidensis; Gthe, Guillardia theta; Sc, Saccharomyces cerevisiae; At,
Arabidopsis thaliana; Cele, Caenorhabditis elegans; Dmel, Drosophila melanogaster; Hsap, Homo sapiens.

Genes for proteins belonging to the YoeB family of the RelE/
ParE superfamily were consistently associated with upstream
genes that coded small proteins (~75-90 residues) that were
unrelated to the MetJ/Arc superfamily. We investigated this
family of small proteins further by initiating iterative PSI-
BLAST searches seeded with the E. coli YefM protein, which
is their archetypal representative. These searches showed
that they formed a group of bacterial and phage proteins that
included the previous characterized DNA-binding proteins,
like Phd from phage P1 and DnaT [29,30]. Reciprocal
searches initiated with the Phd protein recovered YefM and
those of its relatives that are encoded by genes co-occurring
with genes for the YoeB family of RelE/ParE related toxin
homologs. Hereinafter, we refer to these proteins as the Phd/
YefM superfamily. The Phd/YefM superfamily is character-
ized by a conserved domain that is approximately 70 to 75 res-
idues in length. This domain is predicted to bind DNA based
on the experimental studies on the phage P1 Phd protein and

the E. coli DnaT protein, which functions in DNA replication
[29-32]. Secondary structure prediction based on the multi-
ple sequence alignment (Figure 4) revealed that the DNA-
binding domain of the Phd/YefM superfamily is likely to
adopt an a + B fold with amino- and carboxy-terminal helices
flanking a central B-hairpin. This secondary structure pattern
does not suggest any direct relationship to the MetJ/Arc or
HTH folds, suggesting that the Phd/YefM domain may define
a unique DNA-binding fold. The Phd protein is a transcrip-
tion regulator of the toxin Doc, and functions as the antitoxin
of the phage P1 plasmid PSK system. Though the Phd-Doc
PSK system is functionally analogous to the RelE/ParE sys-
tems, the toxin Doc is unrelated to the RelE/ParE superfamily
(see below). However, based on the organization of the gene
neighborhoods in YoeB family (Figure 3), the Phd/YefM pro-
teins encoded by the upstream genes are predicted to func-
tion as transcriptional regulators and antitoxins of the YoeB
proteins. Interestingly, the Phd/YefM domain is also fused to
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Figure 3

Contextual information and an ordered graph of gene neighborhood and domain architectures of the PSK network. The top panel shows the gene
neighborhoods (predicted operons) for some of the PSK systems and other relevant gene clusters. The arrows indicate the direction of transcription. For
each gene neighborhood, representative gene names are given below the depicted operon and the phyletic distribution of the operons is provided in
brackets. The organisms are abbreviated as Figures | and 2. If an organism has more than one representative of a given PSK system, that number is
appended before the organism's abbreviation. If one of the organisms has additional functionally relevant genes in the neighborhood, then these
neighborhoods are shown separately, and linked to the core conserved gene neighborhood with an arrow. The lower right panel shows the ordered graph
for the contextual information contained in conserved gene neighborhoods and domain fusions. The red edge in the graph denotes a neighboring gene,
while the black edge denotes domain fusion. The direction of the edge denotes the order of the genes or the order of the fusion of domain in the
polypeptide. Members of the vast assemblage of DNA-binding domains that share common structural features, namely the HTH (helix-turn-helix) and the
RHH (ribbon-helix-helix) folds, have been colored blue. The triangles indicate toxins and the stars indicate anti-toxins/transcription factors. Domain
architectures of a select set of proteins discussed in the text are shown in the lower left panel. The domain abbreviations are: abhydr, alpha/beta hydrolase;
eif2G, translation initiation factor elF-2, gamma subunit; FF, protein-protein interaction domain from human hypa/fbp| I; Frpts, tetratricopeptide repeats;
HTH Psq, HTH of the pipsqueak variety; LRR, leucine rich repeats; N, amino-terminal alpha-helical domain found in MloA-like proteins; RpoE |, DNA-
directed RNA polymerase subunit E9; RpoE2, DNA-directed RNA polymerase subunit E99; S6E, ribosomal protein S6E; S24E, 30S ribosomal protein S24E;
S27AE, 30S ribosomal protein S27AE; Sag, Yersinia/lHaemophilus virulence surface antigen; TPR, tetratricopeptide repeats; YjeFKin, YjeF-like ribokinase. The
species abbreviations are as shown in Figures |, 2 and additionally: Pab, Pyrococcus abyssi; Pfu, Pyrococcus furiosus; Pyae, Pyrobaculum aerophilum; Hsom,
Haemophilus somnus; Pmul, Pasteurella multocida; Spne, Streptococcus pneumoniae; Styp, Salmonella typhimurium; Ypes, Yersinia pestis.
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the MinD ATPase in Deinococcus that is involved in chromo-  that it is has been secondarily recruited in certain bacteria to
somal partitioning in bacteria, and domains of the Uma2  tether other catalytic activities, such as the MinD to DNA. The
superfamily in Desulfitobacterium (Figure 3). Given that the =~ Uma2 domain family shows a lineage specific expansion in
Phd/YefM domain is a DNA-binding domain, it is possible cyanobacteria, Streptomyces and Desulfitobacterium (Figure
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ANVRFTEFRQNFATHEDRVLET- - RAPLLVTRQGKEAVVWVILAEGEYESMQETL HLL SNPANASRL RASMGEL ERGDTI

DDTWILANAKARLSQVI DRAQ- - - TGPQ! | TRHGKPNAVI VSAEEWARKT ARKGTLAEFLL ASPLRGADLAL ERVHDA
DEI YTATEVVRNFSPI MEKLKKSESGKI VI LKNNKFEAVM. SMKEFERL QNAMQLLENI YKNQKA- - - - - = = - = - - - -

SDI RPLSEFRANTAALI TQVRKT- GRPLVL TQHGKSAVVL L DVRHYQSM. SAFEQVHGL QSGAEASVL TGGEKS- - - -

GGVVPI SGAAASLAALI RRAKVS- GQPWWI TQKGYPSAVLLNI ELFEQLRALALQAEQSHQQ: - - - === === = === - =

MQ KPSASI RQNYNEI AALCKES- GEPVYL TKNGEGDLVWMDI EAFTRREKM_KL REEL LAVEEDRLAGRI GVTPDEL
EVI RPSADLRNHYSEI SKQCKET- REAVI | TVNGRGETAVL GLQDYYQVKSEL EL LRTLAEAEDDVRAGRVALMKDSF
M | KPTSSLRTELGEI TKI CKEK- AEPVYLTKNGEGELVI VBl AAYEHREAM. DL RTKLLEAEKQRLNGAPSYTSDEV
MRTI SYSEARQNLSATMVKAVED- HAPI LI TRQNGEACVLVEL EEYNSLEETAYLLRSPANARRLVDS! DSLKSGKGT
MKSI GI KELKNNLSSYLEFVKK- - GETI | | YDRNNPI AEI KKI LKTDNRTDL Y] KEATENNSLI PAKKFKEI KFPKVK
MKSYPVGEL KSHFSEVLESVKNGESVGI LYGKGKKPI AN | PVMKSKKEGKRKI GLLYGKVKI SFSKGFKI SEEEFLS-

MQTYPVSEAKTNL SALVDEVEST- HQPVTI TRHGKAAAVLI APEDLATL VETLAW. SDPDHAAEMAEAEEAVAQAAP-

PMQVSVSCAKGQLL CLVRRAEA- - GEEVVL TRHGQDVVRLVPAHVRPDRTERRAL L EENMFGSARPENGDI AARSQDFL
MTRFTLTOLGNKSGEVWEAAY- - - RGPVEI TKRGTRKFVLL TAEHFDRL SERNAQRR! VSKTSREL SVMKFSLA- - - -

DQ KPI SYLKAHAAEWRNLSTQ VEPLVI TQNGEAKAVMOG KSYEQTQETMALLKMLAL GQRQI DEGKVQPAGDV
MBEVASREL RNDTAGVLRRVRA- - GECVTI TVSGRPVAVL TPVRPRRRRW. SKTEFL SRLRGAQADPGL RNDLAVLAG
VEAI Gl RELRQHASRYLARVEA- - GEELGVTNKGRLVARLI PVQAAERSREAL | ESGVLI PARRPQNLLDVTAEPARG
- MBI SASEARQRLFPLI EQVNTD- HQPVRI TSRAGD- AVLVBADDYDAWQETVYL L RSPENARRL MEAVARDKAGHSA
SATI PARCLRNHTAEVLRRVAA- - GEEI EVLKDNRPVARI VPLKRRRQALPAAEVI GELVRLGPDTTNLGEELRETLT
MAVVPLGEVRNRL SEYVAEVEL T- HERI Tl TRHGHPAAVLI SADDLASI EETLEVLRTPGASEAI REGLADVAAGRFY
MRI LPI STI KGKLNEFVDAVSST- QDGI TI TKNGAPAAVLVGADEWESL QETL YW.AQPG RESI AEADADI ASGRTY
- - - MTATEVKAKI LSLLDEVAQ - GEEl El TKHGRTVARLVAATGPHAL KGRFSGVAMAAADDDEL FTTGVSWAVS- -

MTSVGVRAL RQRASELLRRVEA- - GETI El TDRGRPVALLSPLPQGGPYEQLLASGE! ERATLDVVDL PEPL DLDAGY
MFQANI HGAKTNL SGLI QRAEA- - GEI VI | AKAGKPCVGLTG EKPARNAGRLKKFSHVENTDI SRI LEDDNETAALF
MFQANI HCAKTNLSGLI QRAEA- - GEI VI | AKAGKPCVCLI GI EKPARNAGRLKKFSHVENTDI SRI LEDDNETAALF
| TTLSSRELNQDI GR- AKRAAR- - NGPVI | TDRGKPVHVLLSYDEYQR! | GQQENI VDQLGLPSG EDVEVEFPRSRE
TQ RPI SYLKANAAEVLAYLTEN- REPLI | TONGEAKAVI QDI ASFEETQETLALLKI LALGNAEI EAGEVQPVHEVI

MKVWTYSHARNALKSI LDCVI QDRADVI VI SRDAEGCAVVVEL DSYNS| VETLHL TSNPANAAAL AKAI AQDKAGQAQ
MNTI NANDLKTRG AAI EAQLEE- QPEAI | AVRGKDRYVVMOL E- HYYYL RECEL TAALAETRADL AAGRCEQESPEA
MKAI TAKDAKNKFGEMLDTAQ- - - REPLTI EKHGRAVAVI MBV- - QEYQQVKL ERL RAKL AAGEEQL DRGEGVEGETF
- - - - MTSQVVDTTSCLI AKLET- - LPPEKLQQVLDFVEFLAQK- - YTQTPESEQTPQKRVL GLNQGE! WWEDDFNEPL
MYSLEI PEGQAEFAELLRRVRD- - GEEVI | SQAGTPI ARI VPI A- EQKLPRI PGLDRGQVTI SPDFDAPL PDEVLNAF
MHQI NLKEAETRLAELI EEVAS- - GQEVI | TRSDGASFKI VPI GEVKAYPKFGSAKGLVKI SDDFDEPL ADFEEYAP-

SNTYTYTGARDRL SELCDKVTSE- RDFVWI TRRNAENVALI PVDEL SSLLETAHLLRSPRNAERL L RAL DRAKSGVWE
| DPVSATEARAKFGEI | NRVEYG- KERI LI ERHGKPVVAVI - - - - GLDDLKRLETLEDAI DSAQLREAI AQNAGFTTL
MKKVTLTELSNNI EFLLDEVWET- Gl Pl El NKNGK- LFKI VPVEKTDKLKNLI FKPDVI QGNPDDLVNI SVEQE! NI D
MHVL TFSCARAEL KGTIVDEVCRD- HEPAVI TRQRGEPVVMVEL EDYNGVNET! HLL GSSKNASRL RSS! AQLRDGQAL
MQSVQVQAAKARFSCWKRAAD- - DGPQEI TVHGRPVAWWI SRAL FDRL SGSGESL VSFVMRQSPLADQDDVVFERERS
RDVI PLSGARANL SELAEGQVKA- - GAEKI VTKNGESYI ALI DAQRLDYYHQLERARI HLL VL DEASKGLADVEAGRVK
MEI YNTSEARSKL YKLI DYV/SDV- HKPVYI - KGKRNNWI | SEEDYRNIVEETLYLLSI PNVRKS! | EGRAEPI AKCSD
KNTI TAFCAKTHFSKLLDRVSK- - GEEI LI TKRGKAAAKI VP! - - DSHNNI El AKI AALRLRKLAKE! NLQPSDLEVW
SNQI NLLEAKTHFSELI QRVQD- - GEQSTI CKHNI PVAKI | TQK- PKVD- NI VEQ REFRKGKTLELLI LI KELRDEG
MNKWOL HEAKNKL SNI | DI AVH- - GTPQCI TKRGEEAWI | SI KDYKQLTKQKPDFKEYLLSI PKTDNLDI QRAKGYA
MRTVNYSEARQNLAEVLESAVT- - GGPVTI TRRGHKSAVI | SAEEFERYQTARVDDEFAAI MAVHGNEL RELADK:- - -

- MQUTI RNPKTNLSKLI EAAKA- - GEEWWI AKGTVPVARWAL PQNKFTI GLTAALERVON- - KGLDFRGSVKAGRFL
VDAVNL ACAKAHL SELVDRVEA- - GDSI El TRRGKPVARL TAVARPR- KRI DAAL L QSL TATMPL QSGSAADL VRSMR
EEAVSAADANRKFSLI LRSVRE- - GHSYVVTSHGRPVARI VPAAKSDNAVSGARTAL LSRLERQPAVI AGRWIRDELY
M | KNYSYARQNLKALMIKVNDD- SDM/TVTSTDDKNVVI MSESDYNSMVETL YL QONPNNAEHLAQS! ADLERGKTI

M | TSPTEARKDFYGLLKNVNNNHEP! YI SGNNAENNAVI | GLEDVKS! QETI Y- LESTGTVDKVREREKDNSGTTNI

MEAVL YSTFRNHLKCYMKKVNDEFEPL TVWWNKNPDEE! VWL SKSEWDS! QETLRI AQNKEL SDKVLRGVAQVRAGSTQ
MEAVL YSTFRNHL KCYMKKVNDEFEPL TVWNKNPDEL! WL SKSEVDSI QETLRI AQNKEL SDKVL RGVAQVRAGSTQ
- MBI TASEARQNLFPLI EQVNED- HAPVHI TSRK- GANAVLVEEEDFTAWTETVHLLRSPRNARRL L DS| AEAEAGDAT
AYEI PVTGARAELACLI NRWYG- GERVWWVTRHGKPLVALVSAADLARL EEL RESPDAQVI ASVAGVHDASAASAPRE
MKAI TTTGAKDHLDELI NAVI SDL- EPTI VSNNQGQGAVLI SLDEFNSWQETL YLLSNPTNAEHLVASI KQAETGQ |

METVNVDGI El NLPELLYSI KP- - GEEVI VADQG Pl AKLVPLQRQKSV- DRCSSL GVDRGL FVWPDDENDPLPNDI W
METI NYQGFSEKLPTLVEKI GNE- QEPLCLELPNYLRAVI | SEQDYRSLMETVYLLSNPVNAEKLLTTASRS! DQATS
MNAVSQ! | AQKLAAI MEQVCSD- HVPTI | TRDTQPSVVM SLEDYQSLEETAYLLRSPNNAQKLMBAI KQLENDQGY
MVQVSSTEFKNNVGKFLKL SE- - - KEDI LI LKNGKPVAKL TAVSKNEKEI AYDRLLEM KKSKPVTEE! DLKAAREER
EKVI G DKLRPKLGEYLKEVEK- - GDVI | VSSRSEPKGVLI SYSMYNQLKEFEKKAKQLE! MQ| LNEFRDKAEKAGLS
VSFYSLACAKARFSQUVEEAK:- - - TKEVWVTKNGVPAVAVI DYEKYKKLVEFMDE! LDTYLLD- - | GNVEKYLELKRY
MHTL TANCAKRNFGELLL SAQ- - - REPVI | SKNSKNTVVWNVBI KDFEEL - EAVKL DYL KHCFESAQKDL DSGKTVDGA
QDI QPLSEFRAGVASFI KGI NET- RRPLVI TQRGKGVAVVL DVAEYEAMQEKI ELLEENRTAEAQLAAGLGH SNEDAR
MKVELVTSLKRQATKI LACLHDT- KEPVLI TEHGKPSAYLI DVDDYEFMQONRLAI LEGH ARGERAL ADGKVVSHQDAK
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DTSASVSELKKNPMATVSAGD- - - GYPVAI LNRNQPAFYCVPAEL YERM. DAL DDQEL VKL VTERSNGQPL HDVDL DSY
SFSASI SELKKNPTALLRKAE- - - GETI Al LNHNLPTAYLVPAEVYELLVEKLEDYELGEl VKARQAEKHLAI EVSLD
El AASI SELKANPMKVWWASGK- - - GVPI AVLNHNEPAFYCVPAAAYEAMVEL LDDI ELLKI VKERVDEPSVKVSLDDL
EAAVSI SELKKNPSRI LAEAA- - - GAPVAL LDQDRVNAYLVPAEL YEQ LERL DDFELAALAKALAAEKS! RVSLEDL
TTAASI TELKRDPMGTENAGD- - - GAPVAI LNRNEPAFYCVPPAL YAHLMDI LEDEELGRI | DERANERVI EVNI DDL

SYM SVSECLGRGKASKI | EKVAKKKEHY! VWKNNKPCAVI | Pl EEYDEL| EAQEDLELLQLAI ERTKNLKEGETLPFE
DVAAS| TEFKANPMKVATSAF- - - GAPVAVLNRNEPAFYCVPASTYEI MVDKLEDLELLAI AKERLSEDSVSVNI DDL
NCSAS| SELKKNPTALLNEAD- - - GSAI Al LNHNKPAAYLVPAETYEYL| DMLDDYELSQ VDSRRADLAQAVEVNI D
EKSVNI TELRKNPAKYFI D- - - - - - QPVAVL SNNRPAGYLL SASAFEAL MDMLAEQEEKKPI KARFRPSAARLEEI TR
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Figure 4 (see previous page)

Multiple alignment of Phd/YefM. The labeling and coloring conventions are as followed in Figure |. The species abbreviations are as shown in Figure |, 2
and additionally: Bjap, Bradyrhizobium japonicum; Cjej, Campylobacter jejuni; Mdeg, Microbulbifer degradans; Spne, Streptococcus pneumoniae; Styp, Salmonella

typhimurium; Tmar, Thermotoga maritima; Ypes, Yersinia pestis.

2). The proteins of this superfamily contained conserved
acidic residues (data not shown), suggesting that it might also
function as an uncharacterized enzyme that acts on DNA.

Genes encoding members of the Rv3182, mlr1576, VCA0468
families of the RelE/ParE superfamily were consistently
associated with conserved downstream genes that encoded
small proteins (90-110 residues) unrelated to either the Phd/
YefM or MetJ/Arc superfamilies (Figure 3). PSI-BLAST
searches initiated with these proteins showed that they all
contained a conserved helix-turn-helix domain related to the
lambda cro protein (cHTH domain). This suggested that they
are likely to be DNA-binding proteins that act as transcription
regulators of the upstream genes, which encoded members of
the RelE/ParE superfamily. By analogy to the other PSK sys-
tems, these cHTH proteins are also expected to function as
antitoxins countering the action of the products of their
upstream genes. However, given the 'reverse' organization
with respect to the classical PKS systems, it is conceivable that
the functional interaction between the cHTH transcriptional
regulator and the toxin component is different in these
systems.

One possibility, which is supported by the specific relation-
ship between these cHTH proteins and cro/cl repressors, is
that these proteins act as repressors of the toxin gene. The
degradation of the repressor under certain conditions could
then allow the expression of the toxin component. The Z5902
family of the RelE/ParE superfamily, where the RelE/ParE
domain is fused to a carboxy-terminal SF-I helicase module,
differs from all other families in its predicted operon organi-
zation. These proteins typically co-occur with genes for
another large helicase of superfamily II (SF-II), a restriction
endonuclease and a DNA methylase. This implies that these
proteins could constitute a novel restriction-modification
complex, in which the RelE/ParE domain could function as a
DNA-binding domain.

The above observations suggested that there is considerable
unity in the organization of these toxin-antitoxin gene sys-
tems: typically these comprise of two small genes, in which
one member of the pair encodes a toxin and the other encodes
a DNA-binding protein that functions as an antitoxin and a
transcription factor. However, the transcription factor and
toxin in a functional comparable pair might belong to entirely
unrelated superfamilies of proteins. Thus, genes of the RelE/
ParE superfamily may be associated with genes for transcrip-
tion factors belonging to either the MetJ/Arc or Phd/YefM or
cHTH superfamilies. Likewise, a survey of the operonic asso-
ciations for transcription factors showed that the Phd/YefM

might be associated with at least two unrelated toxin super-
families, namely RelE/ParE and Doc (see below). Neverthe-
less, this strongly coupled operon architecture in the form of
a gene-dyad encoding a transcription factor and a toxin,
appears to be a unique signature of PSK and related regula-
tory systems. Hence, to detect other potentially novel tran-
scription factors and toxins, we systematically surveyed the
gene neighborhoods of transcription factors which were close
homologs of those associated with the RelE/ParE-super-
family toxins in order to find organizations similar to the PSK
systems. We then transitively extended this scanning of gene
neighborhoods on the homologs of any potential toxin candi-
dates that were detected in the first screen and sought to
detect any other transcription factors they may be associated
with these newly predicted toxin-like genes. In particular, we
concentrated on only those potential toxin or transcription
factors that are conserved across a wide range of cellular
genomes. Figure 3 illustrates the network of contextual con-
nections that were recovered in these screens in the form of a
directed graph. Previously observed associations such as that
of MetJ/Arc transcription factors with toxins of the MazF
superfamily [25], and Phd/YefM transcription factors with
toxins of the Doc family were recovered in these screens sup-
porting the effectiveness of this procedure.

Importantly, the screening procedure recovered a novel wide-
spread family of small proteins (~100 residues, typified by
MJ1121) that was consistently found downstream of genes for
MetJ/Arc transcription factors (Figure 3). In this respect they
closely resembled the operons of the RelE/ParE and MazF
superfamily PSK systems. Sequence profile searches initiated
with MJ1121 and its relatives showed that these small pro-
teins comprised entirely of a RNA-binding domain, which we
had previously described as the PilT-N terminal (PIN)
domain [33-36]. Transitive analysis of the gene
neighborhoods, using this class of solo PIN domain proteins
as the pivot, showed that those versions which were not
encoded by genes downstream of MetJ/Arc transcription fac-
tors were associated with other sets of conserved upstream or
downstream genes (Figure 3). Analysis of these genes showed
that two groups of solo PIN-protein-encoding genes were
flanked by genes for transcription factors of the Phd/YefM
and AbrB superfamilies [37,38], which are also found in other
PSK operons as antitoxins and transcriptional regulators with
other unrelated toxin genes (Figure 3). For example, MazF,
the archetypal member of the MazF/CcdB/KiD superfamily
of toxins, is encoded by a gene that is operonic with the MazE
gene, which encodes an antitoxin of the AbrB superfamily of
transcription factors. Two other groups of solo PIN-encoding
genes were associated with upstream genes encoding
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conserved proteins, typified by AF0608 from Archaeoglobus
and RV0623 from Mycobacterium tuberculosis, respectively
(Figure 3). Secondary structure prediction based on multiple
alignments for these gene products showed that they
comprised of small globular domains (Figure 5a,5b) with a
conserved extended region followed by two helices. This sec-
ondary structure, together with the conservation pattern of
the residues in these families, strongly suggested that they
might define novel transcription factor families possessing a
‘ribbon-helix-helix' fold as seen in the MetJ/Arc superfamily
[28]. Yet another group of solo PIN domain proteins, typified
by AF0099, were encoded by genes associated with upstream
genes which encoded predicted DNA-binding proteins con-
taining HTH domains belonging to the Pipsqueak family
[28]. Finally, one group of solo PIN-protein-encoding genes
was consistently associated with upstream genes encoding a
family of small proteins that did not show detectable similar-
ity to any known family of transcription factors. A multiple
alignment of this family, with AF0319 as an archetypal mem-
ber, reveals a simple o + B fold with a highly conserved
amino-terminal region enriched in positively charged resi-
dues (Figure 5c¢). Based on the contextual precedence offered
by the other T-A operons, we predict that AF0319 defines a
novel class of transcription factors that regulate the expres-
sion of the PIN protein-encoding genes.

Based on this web of contextual connections offered by gene
neighborhoods (Figure 3) we predict that the above-detected
group of solo PIN domain proteins defines a toxin-like com-
ponent of novel PSK-related regulatory systems. These
predicted PSK-related systems with the PIN domain are as
widespread as the systems with proteins of the RelE/ParE
superfamily in both archaea and bacteria.

Functional and evolutionary connections of the PIN
and Doc domains and eukaryotic nonsense-mediated
mRNA decay

In contrast to the RelE proteins that are restricted to prokary-
otes, the PIN domain is found in all three superkingdoms of
life. This suggested that the PSK-related regulatory systems
with PIN domain proteins might throw light on the more gen-
eral roles of such systems. Given the RNA-binding role for the
PIN domain [34-36], it is likely that these systems elicit their
action by acting upon some RNA substrate. Importantly, a
highly-conserved solo PIN domain protein is encoded by the
archaeal super-operons that contain genes for ribosomal pro-
teins and translation GTPases, like eIF3y (Figure 3). This con-
textual connection implies that this version of the solo PIN
domain is likely to function in the translation process in asso-
ciation with the ribosome and eIF3y. This observation, along
with the analogy to the Doc, RelE and possibly the MazF sys-
tems, implies that the PSK-related systems with PIN domains
might function as translation inhibitors. The PIN domain
proteins from eukaryotes suggest a deeper functional analogy
between the PIN and RelE domains. These eukaryotic PIN
domain proteins, such as SMG-7 from Caenorhabditis ele-
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gans and Nmd4p from yeast, are known to participate in the
process of nonsense codon mediated decay (NMD) of mRNA
[36,39-41]. In eukaryotes, this system specifically targets
mRNAs with stop codons for degradation [42,43]. This sug-
gests that the prokaryotic PSK-related systems with PIN
domain proteins are likely to target transcripts in a process
analogous to NMD of mRNA. There has been an earlier pro-
posal that the PIN domain may be related to 39R59 exonucle-
ases [36]. However, even though these two domains may have
a common fold, they show differences in the conserved resi-
dues that constitute their active sites (additional data file 1)
[34]. Hence, it possible that certain PIN domains, analogous
to the RelE domains, cleave RNA only when it is associated
with the ribosome. Thus, we predict that a ribosome-associ-
ated RNAse activity is likely to be the common mechanism of
action for the solo PIN proteins in NMD as well as in prokary-
otic PSK-related systems.

The above observations suggest that the crucial PIN domain
protein of the NMD system is perhaps a remnant of an
ancient PSK-type regulatory system. The emergence of the
nucleus in eukaryotes, and the uncoupling of translation and
transcription could have caused the PIN domain protein to be
released from the tight regulatory circuit involving a coupled
antitoxin transcription factor. Our earlier studies have sug-
gested that other key components of the NMD system and the
eukaryotic translation initiation systems have evolved from a
common group of ancestral proteins [44]. The evolution of
interactions with this eukaryote-specific complex might have
contributed to the decoupling of the solo PIN domain pro-
teins from the ancestral PSK-related system, and led to their
incorporation into the NMD system.

We examined other superfamilies of toxins to determine if
they included widely distributed members with a general
functional significance similar to the solo PIN domain pro-
teins. Several PSK-systems have a very limited phyletic distri-
bution [6] and are not further detailed here because they are
unlikely to throw light on broadly deployed regulatory mech-
anisms. The well-known MazF/CcdB/Kid superfamily is
widely represented in the bacterial superkingdom [25] and a
single archaeal genus, Pyrococcus, but not in eukaryotes (Fig-
ure 2). As the structures of several proteins from this super-
family are currently available, we searched the PDB database
[45] with them to detect other related structures. These
searches indicated that although the MazF/CcdB/Kid domain
possessed a SH3-barrel fold, they were not closely related to
any other members of this fold. Hence, it is likely that these
domains represent a specialized version of the SH3-barrel
fold that was derived in the bacteria.

The Doc toxin of the Phd-Doc PSK system has been hitherto
detected only in P1-like phages and related mobile DNA ele-
ments from y-proteobacteria [6]. Our sequence profile
searches with the PSI-BLAST program recovered several
homologs of Doc from several proteobacterial lineages, low
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AF0608_Af _11498216 1 MVSERI PPELKKRMKEI - - DI N\\SEEI RKFI EAKSREY RKKKALEEI NAM 3 LSGAEKGTAEKYVREDRDS 70
AF1456_Af _11499051 1 MRI PKEI RKMVEKMK- - - - DVNQEEI RKI | | ERVRRE ~ AKKRLLEETRKL RVEMKSSKI AEMI REDRDA 65
STS214_St ok_15922329 4 VYSI RI PKKLRELMNLV- - NVDWOKEI SKYI EDRVREE LI RKYI EEGRKN LAKVKNI SNADL| REDREA 70
STS101_St ok_15921133 1 --- MRLPKELKEKMEKY- - EVEMDQLI KDFI EKKVEEL ERENHAKKAKEL 3 | DLSTNGFAI KEVRRHREG 67

AF0319_Af 14424047
AF0314_Af 11497928
AF1092_Af 11498692
AF1074_Af 11498678
AF1084_Af 11498686
AF0316_Af 14424048
AF1712_Af 11499302
AF2212_Af 11499794
APES010_Ape_14424017
APES043_Ape_14601252
MI0975_M an_15669165
PAB8218_Pab_14521080

PRRPARRUONRRRRERRERR
Py
<
b}
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STS188_St ok_15921930 13 VI SI RVDEKLKKELEEL- - G DYPSLVRSYLEEVVRKE
ST1640_St ok_15921943 17 VI SI Rl DEKLKKKVDELS- YI NWSEI | RRKI EEVI EEE
STS003_St ok_15920167 20 VYSLRI DKELREEMEKY- - NI KANEEI ENFI RRRI EEL
PFO775_Pfu_18977147 35 G S| RVPPEI KHEMEKLKGEVNWSEEI REFI KRKI KEY
PF1353_Pfu_18977725 3 WSFRI PRELKKEMKKI - - DI NWSEEVRKFI EEKVKEY
PAE0152_Pyae_18311748 4 VI SI RVRRCLKKELEEL- - G NYAEAVRKFLEELVARE
al | 0854_Ana_17228349 14 VTSI RLERELKEKLKEI AGNQCYQALI RDI LWNYVQQK 4 KPRFSRADI RAS 22 PMLLGLTRNGDWVPLSVES 108
Tery1649_Tery_23040957 14 VTSI RLEKELKSRLKKLASNKCYQALI RDI LWI'YVQOK 4 QPQFSNADI RAS 22 AMLLGLTTNGNWVPLSI DS 108
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Rv0623_M u_15607763 1 MALSI KHPEADRLARALAARTG- ETLTEAVVTALRERLARETGR 3 VPLRDELAAI RHRCAALPWV- - - DNRSAEAI LGYDERGLPA 84
Rv0608_M u_15607748 1 MALNI KDPSVHCAVKCI AKI TG- ESQARAVATAVNERLARL RS- DDLAARLLAI GHKTASRVBPE- - AKRLDHDALLYDERGLPA 81
Mr2035_M u_15841459 1 MALNI KDPEVDRLAAELADRLH- TSKTAAI RHALSACLAFLESR 5 AQLLDI LRTEI WPLLADRSPI - - TKLEREQ LGYDPATGV- 86
Rv2760c_M u_15609897 1 MSLNI KSQRTVALVRELAARTG TNQTAAVECAVARRLSELDRE 5 EARRAAAEQTLRDLDKLLSDDDKRLI RRHEVDLYDDSGLPR 89
Magn1783_Mrag_23007220 2 MPLNI RSEEVNRLAEKLASRTR- VSKTEAVRI ALVNELERQESR | PLAERLRPLLDRI DAVP- - - - - ETGLPADKAFYDELNGEP 80
SMc00899_Snel _15964558 1 MALSI KDTETECLARTLARRTG ESI TLATKRALEERLRRTDTA 3 AALLEDLEAI QRRWNAMPVL- - - DSRSSDDI | GYDEDGLPS 84
SMb20629_Snel _16265289 9 MAI NI NDPQADALTRTFARMAG: LSI REAI VTAVKEAI DRRRNR 5 TARRLREKHG VI GGAASK- - - - PLOREAYDEMADDLVQW 92
SMc02716_Snel _15966131 1 MALYI KDPTVDRMAEKL QERLGVRTKTDAVRI AL QHEL DRVEDE | PLREKLAALRQQARDRLGP- - - PVHG DVKKLMDELWEEG 82
SMc02988_Snel _15966633 1 MPLYI KDPEVDRLAEELI SLTK- SSKVDAVKDAL KHEI AKRKAV LPVRERLAKSLAVMAREAG- - - - - PFAPGNHKRETDDMAGDD 79
msl 9358_M ot _13488336 1 MAFSVKDESTDAAVRRLAKLKN- MSLTDTI REAVEQEYQRSRGA | PLPORLKALAERYRAFP- - - - - ETSAQADKAFFDDLSGE 78
Rrub2335_Rrub_22967722 5 MSLTI KDPEAHRLAQAI ARATG KSMARVVTEALRERYAEI EHR 2 KASVEELLAI ADRAAAQGN- - - - RPRVDHADLLYDEHGLPK 86
riorf98_Rrhi _10954744 28 MPI NVNNPEADALTRKFAEVAG- VA TDAI VI AVREAI ERRNRT ETPLQTAARL REKHGVAMSE- - - DARKPLAREAFDEMADDA 108
Rsph4195_Rsph_22960612 1 MALYI KDAEVDELASNLARLTG KSKTASVRAALEAAI ATHRNM ~ PSLAERVLELQKRVR- - - - - - -------- DNGFKDDPRGRS 70
Consensus/ 90% Msh. I pp.ps..hs..hh...... s.s.sl..Ah...h.p.p...... S....hoo D.....

(c)
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KPLQKVDLKEGEKVKVELK- - -
KPLQKVDLKEGEKAKI VL- - - -

- - ESWWESVAG LKV- SDEKVKKA- - - LEM EYGED 63
- - ESI SDKTFG LKA- SETEI KKV- - - LEEI DDFWG 62
- - SEWAKTRGLLK- - - GCEMEEI - - - | EEI ESEGF 60
KPLQKVDLKEGERVRI KLEKV- - - EEVWDEVFG LK- - - GKDTLKA- - - LRELEEWGF 63
- - KKI DVEKFI MAKL- PEEKI REL- - - ERRFEDENL 62
KPLQKVNFRPGSKVRI VI QEDK- - KEI LRKYKGVFG- - - KAEVEEL- - - REYEGEVM. 64
KPLRKVSLREGEI VKVEI RET- - - KKVTGRFYAKLRE- LEKRI ERVEGAHRELEEI RD 68
- - LKVEPI DLGEPV- - SVEEI KKI - - - RDGTWVBS- 61
KPLEPVNLEDGEEVLI | | RENL- - AELARRI RRRLSQ- EREEPSEI - - - LSRERSRLA 66
KPLEPLVLSEGEEVEVVI RRRVFGEEDYREL VDFLSELPKGKAELLDL- VEELYLEEA 77
KLKKSI NLPEGCEVEI KI | P- - - - KKI SEKTFG LKL- SDKEI KEI - - - LEEI ENGCGE 68
| LKPLKKLPFKEGEKLI VEVKSTNK- EKLLEELKGSI KLGKKVTI TRI - - - LELEDEVWS 68

KPLQKVDLKEGEKI RI LL- - - -

KPLQKVDLKEGERVKI KLE- - -

PAB3298_Pab_14521403 - MEVI EWYE KPLKKI KLKEGTRGVVVVRLPKQ SEI AKKYRI KVR- - - EDVLEEF- - - LEERR---- 61
MIECL31_M an_10954492 MVSEL | EVI YE KPLKPLKI KGKKRLKI KI VNDD- - VEEFLKSM | KKC- KDI DYKKL- - - KEAYYESF- 68
AF1095_Af 11498695 MPKI | EAI YE KPLQKVDLKEGERI KLRI EEQ - - LDVI KKYQGKFKL- TEKDI EKF- - - LEERR---- 62
AF1090_Af _11498690 MPKI | EAVYE KPLQKVDLREGEKVKI | AG - - - - NLVERLRKYRVKV- DSDI VAEF- - - | SERR---- 59
AF1087_Af _14424148 IMPKI | EAVYE KPLQKVDLKEGEKI RLRI EEG- - - | ADVI KEFSRKV- - DQDVLEEF- - - LRERR---- 60
Consensus/ 100% coolles.Yp.@hK Lpoloheoopeacbohe oo hoooopooo ot

KMRRELKEADRI 5 KSHGYYSSSAELVREDRDON 84
EKKKKGKRKDYK 12 FLNYGGKSSEEI | REWRDK 96
KKEEI LKKI NEI' 2 TMPETNSSSAELVREDRDN 88
KVMRKALQ=VE AY 3 LPEAPRGTAQKLVGKDRDN 106
KRKKALEEI DAM 3 LPKAEKGTARKYVREDRDS 72
RRRRALERARAL 4 RKKGAFPPSAELI REDRDE 74

Figure 5

Multiple alignment of novel transcription factors associated with the PSK operons. (a) AF0608 family, (b) Rv0623 family and (c) AF03 19 family. The
labeling and coloring conventions are as followed in the legend to Figure |. The species abbreviations are as shown in Figure | and additionally: Pab,
Pyrococcus abyssi; Pfu, Pyrococcus furiosus; Pyae, Pyrobaculum aerophilum; Rrhi, Rhizobium rhizogenes; Rrub, Rhodospirillum rubrum; Rsph, Rhodobacter

sphaeroides.

GC Gram positive bacteria, actinobacteria, cyanobacteria,
spirochetes, Aquifex, Fusobacterium, some archaeal lineages
and animals, with statistically significant expect values (e <
0.001). Amongst these newly-detected homologs of Doc were
proteins such as the Fic protein from E. coli [46,47], and the
huntingtin associated protein E (HYPE) [48]. The conserved
region shared by all these proteins was approximately 125 to
150 residues long, and appeared to define a novel globular
domain that we refer to, hereinafter, as the Doc domain.

A multiple alignment of the Doc domain superfamily (Figure
6) shows that these proteins share several nearly absolutely-
conserved charged or polar residues, and the proteins are

predicted to assume an a-helical fold. The amino-terminal
half contains a highly-conserved histidine and a basic residue
(almost always arginine), while the carboxy-terminal half
contains a characteristic motif with a HX3 [DE]XNXR (where
X is any amino acid) signature (Figure 6). This conservation
pattern suggests that the Doc domain is a catalytic domain,
with the charged or polar residues constituting the catalytic
residues. While this pattern of residues does not match those
seen in the active sites of any known class of a-helical
enzymes, the conserved histidines and asparagine could form
a metal chelating site. A mutant version of the Doc protein, in
which the amino-terminal-conserved histidine is disrupted,
loses its toxin activity [30]. This suggests that the catalytic
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Secondary structure v HAHHHHHHHHHRH ... L EE L EEE Lo HHHHHHHHHHHHEHERH L HHHHHHRRHHEEEA + HHHHHHHHHHHHHEH, .. EEEEEE. . . HHHHHHHHHHH. . . . .. HHHHHAHHH. . .
Z5009Ec_15804129 175 AEPLTPALI RCLHAI CMG 3 DAKYRABEFFETDDVWI A 7 HQPPAAALLPEFRLEKVCQALNS HEGY! HPLVRACI LHENLAHEHFFRLBNGRTSRALFY- VYMLKSGY 6 SI SRLLHAAPVKYAASYQYTE 2 GVDLTYFLEYQA- GV 330\ HYPE
AGR_pAT_51_Atum 16119266 129 TLPMSLRLI REM-ARLLH 3 GGTKDHFEEF! GG 7 FVPPPVTEMAGCLDAFERFMHD DQSRLPALI KAGLLFVCFETI HPFLCBNGI GRLLVT- LYLOWNGV 6 YLSLYLKSHRREYYRLLQEVR 1 HGNVEAWEFFLTGV 284 |
AGR_pAT_503_Atum 16119577 110 HTPLRHECLFFWSM.MA 2 RYI ETVBAYRTHEDAMQ 11 FEAPPSRQVTGEMETFI AWFNQ 4 GQTSVQALTRAAI G-LYFESI HPFECBNGRI GRALAE- KSLAQNI G 5 SLAFTI EKSRKAYYSELERHQ 1 TLDI TGN | FFAETI 271 |
moA_Gej_: 109 RNAHI LEI QKRLERNNAG 8 LKNPI TEI KH P- - - - - - - PQNPNCI QELMGNLELYI ND 1 NLDEFDFLVKNAI | FYCFESI HPFYC@NGRTGHI I NI - LYLVYKGL 6 YLSAYI VKNKDEYYKLLQKVR 1 EGDI LKW EYI LKA 256 |
CT0678_Ct ep_21673509 82 GFPLSNRLI REM-TVLLF 3 GSNKGHBEFRRSQNW GG 7 FVPPPPHLVPQUMADLERFLHD ENNPYPSVLKAALARVCFETI HPFLCBNG?I GRLLI A- FI LHHDG 6 YLSLYFKRHRETYYRLLDRVR 1 EGDVWEAWIDFFLEGV 237 |
CT2139_Ct ep_21674948 116 SRLLTEEH RCLERQ TS 3 YEDNI PETYRNGWKVGN 7 TPPKI | ECVEMLVREFI DW DS 1 DLLNENVFVCAALAFFHESLI HFFWBNGRTARLI EA- MLLQAAG 5 MLSNYYYRHVDDYYRAFSDTI 2 SKDVTPFLEFNLHGV 272 |
CBU2078_Chur _29655356 101 GEPI TEGLI REI HKRLVQ 3 GDSATHELYRKI QNYWN 7 YTPPPAYEI SHLMQGLVDW.N- EEEDI HPVLVSG ACFCLVH HPFLCBNGRTARLLST- LCLYRKGY 6 Tl SEYYDRNRACYYKAI QSVR 2 DVDMIGALEYFSEGL 256 |
CBUD822_Chur _29654150 113 EQPLTLERLYCWHAALFP 5 | HKI TVBALRKTDPMY V 10 YEAPPSKRVNKENMRI FLNWF- - NKKDLDCLLRAG AHLVFELLHFFD@NGH GRAI | D- LTLAQDEK 6 SLSSAI MODRKNYYTQLGKSC 2 NWVDI TLWLI WFI NCF 272 |
Ddes2648_Ddes_23475731 127 GLPLSLRLFREI HGVLLT 3 GSNQTREEFRRSQNW GG 7 FVPPPAEEVLECMSKLELFLHD QPEPTPVLLKAALARVCFETI HFFLL@NGRLGRLLI A- LLLCEQKV 6 YLSLYFKTHRQYYYELLNNVR 1 TGDWEAW.DFFSEAV 282 |
Ddes0368_Ddes_23473466 100 NVSI TQSTI KCI HALVLI NRPADK] FKI PVRI MG 2 AQPEPPYHI EEKLREFLAENDA ASHSMHPVVFI ALFHLI FGG HPFI C@NGH GRLLLN- LCLI QOGF PPVNI KFTDRQRYYDAFDSYY 1 DGDANAM ALI AESL 241 |
FN0971_Fnuc_19704306 98 LDENSVKCLLLA-KI MTS ELI KESERFRSKNAGVYQ 5 HVGTLPEY] PELI NNLFLWL- - KNSKEHPLI KAAVFRYEFEFI HPEQ] 3 GRLWHS- LI LSKVKK 5 Pl ESLVQKYQKEYYI SI NNSN 1 DGESTEFI LFMLRI | 245 |
FNO017_Fnuc_19703369 128 KKSNKLDCI | KKYKDI ME 6 QHI DSLESFRKI YDEMFE 13 YFRKDTVKVI NCLGNTI H G N 16 NRKDI PFLVKASI THEFFEY! HPEYL GRYLLS- LYLARKLD 5 SLSYSI SKNLDCYYKSFVEVE 4 YGEI TFFVENI LKTI 310 |
VNGB349C_Hsp_16120251 172 GEELNVELLHCLHETLLT 6 VDTDTI @DYKTNPNYLGD FLPPAPGAVEDLNDGLFTYYR- TGGSYHPLVEI ALFHYGFET! HPYGBNG-LGRLLI T- LCLYDADL 6 YLSEYLNRNKTTYVERMEGVR 1 HGEWEAW SFFI EG 322 |
NP_052247_Hp_10954607 103 KEPLSLEYFKTLHKI LKN 1 CSDEVI BGFKKHPNFVGD ~ SATTRPQLVEKELTNLLQRY- - HSLTATSLENI | DFFVCFEK] HPFST VGRLVMF- KECLRNNI  MPFI | ENEHKAFYYRG KEYH  KTKGYLTDTI LQSQG 240 |
NP_848149_Hp_30387184 90 REPLSLEYLKTLHKILKN 1 CSDEVI BGFKKHPNFVGD SVTTRPQLVEKELTNLLQRY- - HSLTATNLENI | DFFVAFEKI HPEST AVERLVMF- KECLKNNI VPFI | ENEYKAFYYRG REYH  KTKGYLKDTI LQSQD 227 |
or f 4M Hp_20502850 89 DKI | DEHLI GHEHSVLMR NI LP FKTTYNEI 1 G 2 KPTASPI WQPRI NNLCLKI QD 4 NLSGEEKI KKI AEHHI EFEE| HFFSCBNGRTGRALMF- YCTI KANL - TPFVI EVSARSEYNHAMREQD ~ ANALVG | KNOQKI E 233 |
LA3952_Li nt _24216651 93 KKDI SI DLI REI HGLILK 1 | DDEEABVFRRTNVRI TG 2 HI PPNAAKVYDLI QELVEWYR NKKKI SVPELASWFHYKLVFI HFFI CEBNG-TARLLMN- LI LMREGY  PPAVI MHLDRKKYYRVLKEAD ~ RGKPEDFLDFVGRS| 234 |
pl i 0008_Li nn_18450294 76 LRPI SVPTI KCI HAYLTD RLQYDHEEFKASANAI LG 6 S PLLVQQVWDNVNYRLGT 7 EPSKDDKLETI LESH AFER| HPFSCBNGTGRMVMN- YLLMENDF ~ PPLI | KSEEKAVYMIYLANQD  VSGFHTFAKQKLAGE 227 |
m r2757_M ot _13472455 93 STPI VEACI RALHHLWA 1 TKPEI ABRYADSARYVNT 4 YDFPPPNDVPALIVERFCQW - - LGTARNTPQTAFEAHRRLVDI HPFNCBNGRTARLLMN- LVLARAGY  PPVAI RPEDRPAYI AALETAQ 1 GGGHAAFDRLLFDRL 234 |
MA1868_Mace_20090718 215 NEAFTPERILEI HRM TG 3 EQPQYEENFRESNEI AVY 7 HKPVEYTEVPKLVKELCDFAKS 1 DEDFI HPVI KG | | FELVGYI HPENCIGNGRTARALFY- WYLI KNDY 6 AVSRVI NNSKKCQYRNAYI YTE 7 SGDLTYFI KYNLDCI 377 |
MA2133_Mace_20090976 117 KRAI DHVI | QGEI HEI VTR G LEDABRYRTRNI RI TG 2 KAPPDWSKI VKLVDEL| QX - - AESKKHPI ETASFLHHRFVE! HPFSCBNGRAARLLTN- LYLI ARDY  PPWLKKEDWGKYYKSLRAAD  SGNLEPFANFI AKAV 255 |
NVB1759_Nm 15677601 186 NTPLSVEM LCLHRI ATS 3 ENKAEPBQFRQDDEI FI A 7 YQPPPHGQVHTLVEEVCAFANN 5 ENPFI HPWGCAI | LFFLI GYI HFFGBNGRTARALFY- WEMLKNGY 6 SI SRLLKNAPAGQYAKSYLYAE 2 DLDLTYFI YYQCDI | 347 |
Neur 1898_Neur _22955917 101 DMTI TENH RCLHQTLLR 3 KDERHREBEYKKI DNHWA 11 FETATPFDTPRKMEELVRWU/NK 2 TENSFHPLLI VAVFWVFLAI HPFQIBNGLSKI LTT- LMLLRAGY 6 SLESVVEDNKDLYYKALRRTQ 6 SPDVWEPW.GFFLRCL 267 |
PA0O574_Paer _15595771 112 QEPLDEQRLFTW-RW.FP 6 TRPLHI BALRGEEPMOW 10 FEAPPRACLEACLADFLAWES 2 RDASLDPFLRAG AHFVFVTLHPFDUENGLTRAI TD- LALAQGEQ 6 AMBAS| LDDRAGYYRI LEASQ 2 TLDI TNWLQWFLATL 276 |
RSc3413_Rsol _17548130 116 DAPVTVERLFCW-AALFP 5 LSRLRVEAWRDDAKGAMD 12 VEAPPADRLDAEVARLI DWN- AQTSDPPLLKAGLAFLVFVTLHFFDC@NGRI ARALGD- LLLARADG 6 SLSAQ QRERKDYYDMLERTQ 2 TLDVTGALAWFLGAL 278 |
RC0529_Rcon_15892452 96 FNPFKI ESLLKAEI LM) GLVEDNBKWRKGNASI FK 5 YFAPTARRVSLLMDLFEFI A- QDKQ SCI VKACI FRYEFEFI HPFSCENG GRLWQQ- LLLI 5 SVESLI RNNQSEYYSVLSKCD 1 LGESTLFI EFM.DKI 244 |
SMa2105_Snel _16263601 142 QLPLSLRLI REMAQRLLD 3 GCRRSHEEFRTSQNW GG 7 FVPPPANEVMICLGDVERFI HE ETPSI PPLI KAGLI FVCFETI HFFLCBNGRLGRLLI T- LFLCATGV 6 YLSLYFKSRRPCYYRLLQEVR 1 YGTVWEAW.EFFLDGV 297 |
SAV1603_Saur _15924593 146 | KVDNVRLI RAI YDKLVS 5 QDKLDGELFRKNFVGVHD 8 VGLQPETKI VEYI GEMLTFL- - KYFDAPQPFKI MASHYLFEY! HPEYL@NGVGRFI | AKLLSDYYDN 4 TFSYVI NRNKSKYYKAFMTAS 4 CGDLTEFI DTMLELL 304 |
W20172_Wul _27366628 109 EVPLTLERVLHW-ALLFP 5 FNPVI GBQLRSETPMQW 10 FEAPDRACLDAELSTFI QAFND 2 TDTSLDPLLFRAAI THLVFVTLHPLDOENGH TRVLTD- LALAQAEH 6 AMBVAI LANRKSYYEI LEQTQ 2 DLDI TAWRWFLDTL 272 |
XACD234_Xaxo_21241008 129 DFPLSLRLIREM-ALLLQ 3 GASKQPEEF! /GG 7 FVPPPPDALPDTLAALEQFLHA  SQGQVPSLVKAALARVGFETI HPFSCENGRLGRLLI T- LI LCSEGV 6 YLSLYFKRRRADYYDRLNAVR 1 NGDWEGW.GFFLDGY 284 |
YPC0874_Ypes_16121181 107 GEDI TEYFVRELHAMIVN 4 ECDKTHBAYRSHGVSI AQ 2 HLPPEFI HVPAYMQELVGFMNR ADAPKYCLNMKVALAHHRFGW HPEG\@NGRTVRLLTY- SLLI KYGF 9 NPTAVFCNDRERYYSMLAEAD 2 AVEGLEQWCLYVLTG 262 |
PfhB2_Pnul _15601924_A 3046 QGQDLTVDMWVEKLNHCLR 1 DEGADRLLYKKETLTKEN AVFSSPEAAKI CLGETVDFI NK 1 RQQGVEPSVLAGLVYQRLI AYHPFA] MARVI VN- KLLLDAGY ~ PPFTKFNSDFETCI | PQTDSS 3 ATSAKVVKKFLTELG 3189|
PfhB2_Pnul _15601924_B 3464 QGKNLTVEM EKLNHGLR 1 DEGADRLLYKKETLTKEN AVFSSPEASRI CLAETVDFI NK 1 KTQGE EPSVLAGLVYQRLI AYHPFSE MARVI VN- KI LLDAGY  PPFTKFNPEFETKI | PQTEKT 3 ATSSEWQEFLKELG 3607|
XCC2565_Xcam 21231996 374 GAPI TLDRI FKLNQLLLP 4 DNDPI RKVG QAAP 6 CRYPPPETLKDEMAKFSGALEH 6 ARDALGHI EFAAQLHQRLVSL HPFDUBNGRTARLAND- VAL QRHGL PPAPPVGEASRLPASFLGGKR ~ VSPEKWLETLEG A 528 |
09523_Dnel _24582217 294 KI DI TIKCI LELHRRVLG 1 VDPI EGBEFFRNQVYVGG H PPGPGCLALLMORFERWLNS 1 HSSTLHPVNYAALAHYKLVH HPFVOBNGTSRLLMN- TLLMRAGY  PPVI | PKQQRSKYYHFLKLAN  EGDI RPFVRFI ADCT 434 |
HYPE_Hsap_13027624 273 | GSVTI SCVLEI HRRVLG 1 VDPVEABRFRTTQVLVCGH HI PPHPQCVEKCMEFVQULNS 1 EAMNLHPVEFAALAHYKLVYI HPFI CBNGRTSRLLMN- LI LMOAGY PPl TI RKEQRSCYYHVLEAAN  EGDVRPFI RFI AKCT 413 |
ZK593. 8_Cel _7511227 298 SGWI PGKSI REFNEVI G 22 DDI LEMHRRVLGNADPVE 13 FTPVSPEYVMECLKDI VDW.ND 1 STLTI DPI ERAAI AFYKLVLVHPETL] TARLLLN- LI MVRSGF PPVl LPVETRAEYYASLHVAN  LGDLRPFVRYVAKHS 472 |
SG66_Paer _24461719 214 KSRRFI QLLRGAFERQPL 14 NPLDVABAFRHEQNHLSD 9 YLPPPPELCRELNVESLMGFANE APTQ DFLVAAG | SFGFVLI HPEM: SRFLI H- CALCRAGA 7 PVSVAMKRQERQYLETLQSFS 2 VRDFVDVQW DFGQY 384/
Desu7183_Dhaf _23121605 58 RGDFDLLHLKTI HKYVEG DVYI LRCVNVAKGN 6 FI EPNAHI LFRKLKEENYLK- - DVPRDEVPLRLAFYLSEI NALHPFREBNGVQRLFI E- YLAENI GY  QVDFSQV- TDKQMVEASAASF  LCDYAKMNEI LMAI T 199\ fic
CAC29207_Ef ae_12957036 39 | EVGTFKCLSEl HEFLFS D YDFABKI RSVNI AKGN FRFAPVMYLEHSLCHI DQVP- - QTSFEEI | K- - - - YVEMNI A-PFREENGRSTRI WLDLI LKEELQK  VWDVRLI - DKACYLSAMERSP | NDLEI RYLI SNALT 171 |
fic_Ec_16131240 51 PLVRGLPHLRTI HRQLYQ DI FI REVDI YQGD 7 YI EKEGNALMCLEEEGYLV- - GQLEKAKFVERLAHYYCE] NVLHPFRVBSGLAQRI FFE- GLAI HAGY ~ QLSWQG - EKEAVWNQANGSGA  MGDLTALQM FSKW 193 |
HI0977_H _16272915 34 | El GSTKCLQGI HHYLEN GLYEFABKI REQNI SKGH FREANALYLKEALCKI - - - - - - EQWPEDTFENI | NKYVEMNI AHFFLEBNGRSTRI WLDLVLKKHLGK  VWNWQNV- DKTCYLQAVERSP | NDLEI RFLLQANLT 166 |
HP1159_Hp_15645773 23 | EVGTI KCLQEI HRFLFE GLYEFABKI RDKNI AKGN FREANCLYLDLI LPRI - - - - - - ESMPQNNENCI VEKYVEMNI A-FFLEBNGRATRI WLDLLLKKELKK | VLVDRI - DKAAYLSAMERSP  VNDLEI KTLLKKHLS 155 |
Rv3641c_Mu_15610777 60 GDRTDLAYLRAI HRQLFQ Dl RTVG EKED 7 G SRPMEHVAAEI YQLDRLR- - AVGEGDLAGCVAYRYDYVNYA-HFFREGNG-STREFFDLLLSERGSG ~ LDWGKTD- LEELHGACHVARA ~ NSDLTGLVAMFKG L 203 |
NVB0255_Nm 15676179 34 | EVGTTACLQQI FRYLFG  GLYDFABQI REDNI SKGG  FRFANAMYLKEALVK| - - - - - - EQVPERTFEEI | AKYVEMNI A-PFLEGNGRSTRIVEDLVLKKNLKK — VWNWGNV- SKTLYLQAMERSP  VNDLELRFLLKDNLT 166 |
Rpal 0028_Rpal _22960757 47 SGKLDHVRYSAFHRHLFQ DVYI RTVRI AKGG 5 PEYI EQQWRLFASLQADDHFR RCSREDFASSAAHFLAELNS| HPFRE@NGTQLAFLT- HLAEVSGH ~ PLHLKRL- DPAAVVAAM SSF LGDERQLRDLI DALL 189 |
fic_Styp_16766758 51 PLVRGLPHLCAI HRQLYQ D Fl REVDI Y( 7 Yl EKEGNALMXLLEEEGYLV- - GLAHEKFVERLAHYYCEl NVLHPFRABSGLAQRI FFE- CLALHAGY  ALSWQG! - AVETVAK( GA  MGDLSALRAI FQKAI 193 |
SMU. 1207_Snut _24379632 39 KEAGCFATLAFI HQFLFE El YDF, RTVNLAKGN FRFAPVMYLAASLEH - - - - - - DSMPQDSFECI VEKYVEMNI AHFFREGNGRSVRLW.DHLLKEKLGQ VI DWSQV- DKECYLLAMERSP | RDTEl KHVLKQALT 171 |
XF1657_Xf _15838258 52 KGKFDLAHLQEI HNRLFQ DVYI RQVEI SKGN TMFAQQ Al QBAAQQ FGQLAK 5 GLDAEEFSKRAGDYLGEI NVLHFFR] TQREFI A- CLAQRAGY Rl DWGVWV- SQACM KASI DAY NGDSSGLASI | REG 194 |
ORF152a_Cbur _10956015 9 VEI ATLDFVKKVHRRVFG K RTSNKNI GV 3 G PVELRVLVDCLRYQUKNK- - SYPLDELAVR: - - FHHRLVAVHPFVN HARLMTD- | LLLSQGE ~ KRFSWGR- AEDLI VKSPVRKK Yl SALRAADKLDYAP 144 |
SM02710_Snel _15966125 59 SGNFDTAHLKAI HRYI FQ DVYI RNESPWDG 13 TSFLPGSRI EVMCLNEALRPI AD 5 KATPEQFAERAAKVLSEPNYVHFFRE “AQEAF| S- ELGRHYGH Al DFSLI - TMPRM EASI ETT NDPSSPLMKHAI EDA 214/
doc_Ec_1359618 1 MRHI SPEELI ALHDANI S RAEAI | GRVQARVA- 'YEEI TDLFEVSATYLVATARGH! FI KRTALNSAL- LFLRRNGV ~ QVFDSP- - ELACLTV- GAA- - TGEI SVSSVAATLRR 120\ doc
CC3363_Ccre_16127593 7 PVWRI EALKVLHERSLA LLESALERPKNRFH- 'YEGVDDVVEL AATYAVAVSSN-FFVUENKRAAFHAMT - LELRLNGL RLVADQ- - ADAARTI FKLA- - AGELDI PALTDW.RT 127 |
doc_Qtep_21673172 1 MRFLDLHEVLH HRDCI T LLTSAI AMPTAMFKG DFLHTDI YENAAAYL FHLVRN-FFLCBNKRVGAVSAI - VELALNGY  DFEAPE- - NDLVEM/YGVA- - RSEFEKSDVALFMRR 122 |
Chl 03956_Caur _22974756 10 | VYLSLDCEVLELHTLVI E RLQWLQAPRQI LFE TELYPDLCSKAAVFTFLLVKH-FENSBNEATAFACLL- RFLAI NGA  CLRPEV- - GPDEI AW/FRALS ~ HGDVDREELERW.RE 133 |
CTC01933_Ct et _28211562 1 MKHLSKECMWLHSMAVK LLDSALNSPFQSFAG EELYPSI QAKAARLCFSI | KNHPELC@NKRI GVMLAMVE VELEI NG QLECSD- - EDI VLI GLG A- - SGKYEDDY!I I DW 1 S 122 |
EF0379_Ef ae_29375016 4 | YYLSADCLFGWNTFLIQ 2 SPAEQ [@ - KDRN- ALEMASNQPAQFVFD VDLYPTI EEKAAI LM NI ATKHCFYNBNKRTAVMATD- LELQLNGY  DFQLDT- - QEGVELLVFI ATY  RSDFDQLKNDVSKVI 129 |
Mc11821_Msp_23000153 3 LI YLTLECAI ESHKLTVE KSGGGSDG- HLEL- GKLDSVLCHI QN- - - DDYYPTNVADKL THLFFCACKFHSFQ@NKRI Al VLCA- CMLLLNGY  LYCTNA- - FLPEMEN SYH- - VAAGNI DKDLLREI | 121 |
NVB0917_Nm 15676812 1 --M DGELVALI HQTVLA DEAGLI - ADVA- RL- DCALSRI Al 'YENLEDI YEI AAL YAQAI AKAHAFPLENKRTALLTM. - TYLDLQG S| AADQ- - GLDCLI V- SLA- - AGETDFKQLAETLRR 118 |
Neur 2201_Neur _22956213 4 PIWDEQUALAIHERLIS L - RDKE- LLKSALARPLNLLA- YDQQADVI HLAAAYTACI LQNHPRVERNKRTGRWGY- LFLELNGY  RFTAAE- - EDSAGAVI ALA- - AGSLDEARFKLFLAD 124 |
al r9029_Ana_17227494 2 | RFLTLVEWELHRQ | E QBCGALE - FDRG TLESALAQPRMTFGG EDLYPTLVDKAAAI GESLI MNHFFI CBN\KR GFAAMVE- VELVMNGN  EIl DASV- - DEQETI | LSLA- - SGELEREAFVQALKN 123 |
STMB558_St yp_16766844 3 LQLI SAEEI | CFHDRLLR PDPG- RAEALMYRVLKQ E- 'YEGVTDWALLAAVHLLAI SRGH FNCE\KRTALFI TL- LELKRNG SLAANP- - DFVCMTV- DAA- - AGRLTLEQ AVRLRA 122 |
SP0889_Spne_15900772 2 TI YLTEKCI EKI NALAI Q PSALNM VNLPEQFV 2 KPLYPTI FDKATI LFVCLI KKHVFANBNKRTAFFVLV- KFLQLNGY  RFSVTV- - EEAVKMCVTI A- - VEALTDEKMISYSKW 125 |
VCA0475_Vcho_15601236 3 | | CFPFERVI El NAFI LK KLQGALGRI DNAI V- YEGLDDVFEI AAKYTACI AVSHALPLBNKRTGLAVAL - EYLSLNDF ~ ELTQEN- - DLLACAVRDLV- - | G | NETDFADI LYA 123 |
XAC1194_Xaxo_21241948 6 LVWWTHALALAI HERCLS LLDSALARPQQLFSY ~ GDPPPDLVGLTASLAYCLARN-FFVC@\KRTAFVCYR- VFLLLNGA  ELI ASQ - EEKYVAMVRLA- - DGAWSEATFAQALRP 127/
Consensus/ 85% T R 1 S | T LI | PO ...p.hooho o hoho U HPF -GNRs.hh....hh....................hho oo o PP
Figure 6

Multiple alignment of the Doc domain. The three major families of the Doc domain superfamily have been delineated by small blank spacers. The labeling
and coloring conventions are as followed in the legend to Figure |. The species abbreviations are as shown in Figure |, Figure 2 and additionally: Cjej,
Campylobacter jejuni; Ctet, Clostridium tetani; Ddes, Desulfovibrio desulfuricans; Hi, Haemophilus influenzae; Hp, Helicobacter pylori; Linn, Listeria innocua; Rpal,
Rhodopseudomonas palustris; Smut, Streptococcus mutans; Spne, Streptococcus pneumoniae; Styp, Salmonella typhimurium; Vvul, Vibrio vulnificus; Ypes, Yersinia

pestis.

activity of the Doc protein is required for its toxicity. Experi-
mental evidence has suggested that Doc blocks a step in
translation [2,8]. This observation, along with the predicted
enzymatic nature for the Doc domain, suggests that it might
possibly act as a nuclease that blocks translation by cleaving
transcripts. Alternatively, it is possible that it acts as an
uncharacterized RNA-processing enzyme that modifies tran-
scripts and makes them unusable for translation.

A phylogenetic analysis of the Doc superfamily reveals that it
contains three distinct families (Figure 6). The first family
contains the Doc protein from phage P1 and its homologs
from several bacterial genomes. Typically, upstream genes for
an antitoxin transcription factor accompany genes encoding
members of this family (Figure 3). All these proteins contain
aminimal stand-alone version of the Doc domain. The second
family, typified by the animal HYPE protein is also found in
several bacteria and some archaea. These proteins contain a
longer insert after the conserved amino-terminal motifs (Fig-
ure 6) and are typically multidomain proteins. The animal

HYPE contains a amino-terminal tetratricopeptide repeat
(TPR) module, whereas most prokaryotic versions are fused
to a carboxy-terminal DNA-binding winged HTH (WHTH)
domain [28]. Interestingly, a single bacterial protein,
XCC2565 from Xanthomonas, has leucine-rich repeats (LRR,
Figure 3) amino-terminal to the Doc domain. The presence of
TPR repeats is reminiscent of similar TPR modules that are
present amino-terminal to the PIN domain in NMD proteins
such as Smg-7 [36]. The human HYPE protein interacts with
the huntingtin protein, which also contains similar a-helical
ARM repeats that adopt a superstructure similar to the TPR
repeats [48]. While the physiological relevance of these inter-
actions is unclear, it is plausible that the HYPE is part of an
uncharacterized multiprotein complex in the animal cells that
may have a regulatory role similar to the chromosomally
encoded versions of the bacterial Doc systems. Although no
transcription factor genes are seen accompanying the genes
for the prokaryotic HYPE orthologs, the carboxy-terminal
wHTH could possibly function as an inbuilt transcriptional
regulator for these proteins. A single bacterial member of the
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HYPE family, namely PfhB2 from Pasteurella, contains two
Doc domains fused to several fibrinogen-type repeats and a
conserved domain found in several bacterial agglutinins (Fig-
ure 3). This protein is likely to be an extracellular protein, and
may represent an unusual case of recruitment of the Doc
domain for a novel function, perhaps as a secreted nuclease or
an enzyme for the processing of extracellular polysaccharides.
The third family of Doc-related proteins is comprised of the E.
coli Fic protein and its orthologs from diverse bacteria (Fig-
ure 6). Like the HYPE family, they also contain a longer insert
in the Doc domain after the amino-terminal conserved motif
(Figure 6). These clearly do not appear to be parts of a PSK-
related system for they do not show any conserved operon
architectures. Mutations in the Fic protein result in filamen-
tous growth, indicating a role in cell division [46,47]. Based
on the predicted catalytic activity for the Doc superfamily, it
is possible that the Fic proteins may target specific transcripts
when induced under certain growth conditions.

The above analysis suggests that there is considerable diver-
sity amongst the T-A systems. Most widespread prokaryotic
PSK or related systems appear to have been derived by mixing
and matching a few major classes of toxins and antitoxins
(Figure 2) that appear to have independent evolutionary ori-
gins. The major classes of toxins are the RelE/ParE super-
family, the MazF/CcdB superfamily, the Doc superfamily and
the solo PIN domain superfamily (Figure 2). The major
classes of antitoxin transcription factors are the MetJ/Arc
superfamily and related ribbon-helix-helix fold proteins, the
HTH superfamily, the AbrB superfamily and the Phd/YefM
superfamily. This suggests that all PSK-related systems have
not descended from a common ancestor, but have been
assembled on different occasions from a relatively small pool
of proteins. One simple hypothesis that could account for the
observed pattern of gene neighborhoods is the in situ dis-
placement of genes for functionally related proteins in a
tightly maintained operon. In this process, the operon archi-
tecture is maintained due to the strong functional interac-
tions of the encoded polypeptides, but the actual origin of the
polypeptides encoded by it is not constrained. This is likely to
happen if unrelated polypetides can perform the same func-
tion equally effectively. This is consistent with the functional
identity of different superfamilies of antitoxins that act as
transcription factors. The potential functional equivalence of
several unrelated toxins, such as RelE, the PIN domain and
Doc domain toxins, or ParE and CcdB suggests that even the
toxin genes are viable candidates for in situ displacement by
analogs. Thus toxin or antitoxin genes could be displaced in
situ by functionally equivalent, but unrelated genes, while the
operon architecture itself is preserved. This process is highly
reminiscent of the displacement of functionally equivalent,
but evolutionarily unrelated genes in certain DNA recombi-
nation related operons in bacteria and phages [49]. However,
the case of the RelE/ParE superfamily suggests that toxin-
antitoxin gene pairs could undergo vertical evolutionary
divergence to acquire very distinct functions.

Genome Biology 2003, Volume 4, Issue 12, Article R8I

Finally, the abundant presence of PSK-related systems in
prokaryotic chromosomes supports the original proposal of
Gerdes and recent experimental studies that these systems
could function as more generic regulatory systems [5,6,8,19].
In particular, they appear to have proliferated on the chromo-
somes of some prokaryotes, such as the RelE system in
several proteobacteria and the PIN system in archaea, Nostoc
and Mycobacterium tuberculosis (Figure 2).

Furthermore, in some cases, domains such as Doc, PIN,
RelE/ParE and YefM proteins appear to have been incorpo-
rated in systems that function outside the context of classic
PSK-related systems.

Conclusions

Using sequence profile analysis and contextual data derived
from comparative genomics, we investigated the evolutionary
relationships of prokaryotic T-A systems. As a result we were
able to unify the functionally unrelated toxin families defined
by the ParE and RelE proteins and detect several new families
of this protein superfamily. The contextual information
obtained from comparative genomics allowed us to identify
several new operons of PSK-related systems. One of these
encodes a protein with a solo RNA-binding PIN domain as the
toxin component. We suggest that these PIN domain proteins
function similarly to the RelE proteins in cleaving ribosome-
associated transcripts. We predict that this is likely to be a
common mode of action of the PIN domain containing PSK-
related systems of prokaryotes and the NMD system that
cleaves transcripts with stop codons in eukaryotes. We also
show that the Doc toxin defines a large family of proteins that
include the animal huntingtin-interacting HYPE proteins and
the bacterial Fic proteins. These proteins are predicted to
function as metalloenzymes that could potentially cleave
RNA. Finally, we also describe several new families of associ-
ated transcription factors that are predicted to function as
antitoxins in the newly identified PSK systems. These predic-
tions are likely to aid in experimental investigation of poorly
understood aspects of both eukaryotic and prokaryotic regu-
latory systems, including the process of nonsense mediated
decay in eukaryotes.

Materials and methods

The non-redundant (NR) database of protein sequences
(National Center for Biotechnology Information, NIH,
Bethesda) was searched using the BLASTP program [11]. Pro-
file searches were conducted using the PSI-BLAST program
with either a single sequence or an alignment used as the
query, with a default profile inclusion expectation (E) value
threshold of 0.01 (unless specified otherwise), and was iter-
ated until convergence [11,13]. For all searches with composi-
tionally biased proteins we used a statistical correction for
this bias to reduce false positives in these searches. Multiple
alignments were constructed using the T_Coffee [20] or
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PCMA [50] programs, followed by manual correction based
on the PSI-BLAST results. All large-scale sequence analysis
procedures were carried out using the SEALS package [51].

Structural manipulations were carried out using the Swiss-
PDB viewer program [52] and the ribbon diagrams were con-
structed with MOLSCRIPT [53]. Searches of the PDB data-
base with query structures was conducted using the DALI
program [54]. Protein secondary structure was predicted
using a multiple alignment as the input for the PHD program
[21]. Similarity-based clustering of proteins was carried out
using the BLASTCLUST program [55]. Phylogenetic analysis
was carried out using the maximum-likelihood, neighbor-
joining and least squares methods [56,57]. Briefly, this proc-
ess involved the construction of a least squares tree using the
FITCH program [58] or a neighbor joining tree using the
NEIGHBOR [57] or the MEGA program [59], followed by
local rearrangement using the ProtML program of the Mol-
phy package [57] to arrive at the maximum likelihood (ML)
tree. The statistical significance of various nodes of this ML
tree was assessed using the relative estimate of logarithmic
likelihood bootstrap (ProtML RELL-BP), with 10,000 repli-
cates. Gene neighborhoods were determined by searching the
NCBI PTT tables with a script that was custom-written by the
authors. Briefly the procedure involved collecting fixed neigh-
borhoods centered on a set of query genes, followed by the
clustering of their products using the BLASTCLUST program
to determine related products. The presence of clusters of
related genes amongst the neighbors of the query set implied
the presence of conserved gene neighborhoods. This was used
in combination with a previously reported screen for con-
served gene neighborhoods [15,35]. These tables can be
accessed from the genomes division of the Genbank database
[60].

Additional data files

A complete list of all the novel proteins belonging to the vari-
ous superfamilies discussed in this paper will be made availa-
ble for download via [61]. A multiple alignment of selected
PIN domains (Additional data file 1), including the predicted
toxins of PSK-like systems is provided with the online version
of this article.
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