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ABSTRACT

The use of nucleases as toxins for defense, offense
or addiction of selfish elements is widely encoun-
tered across all life forms. Using sensitive
sequence profile analysis methods, we characterize
a novel superfamily (the SUKH superfamily) that
unites a diverse group of proteins including
Smi1/Knr4, PGs2, FBXO3, SKIP16, Syd, herpesviral
US22, IRS1 and TRS1, and their bacterial homologs.
Using contextual analysis we present evidence that
the bacterial members of this superfamily are poten-
tial immunity proteins for a variety of toxin systems
that also include the recently characterized
contact-dependent inhibition (CDI) systems of
proteobacteria. By analyzing the toxin proteins
encoded in the neighborhood of the SUKH super-
family we predict that they possess domains be-
longing to diverse nuclease and nucleic acid
deaminase families. These include at least eight
distinct types of DNases belonging to HNH/
EndoVIl- and restriction endonuclease-fold, and
RNases of the EndoU-like and colicin E3-like cyto-
toxic RNases-folds. The N-terminal domains of
these toxins indicate that they are extruded by
several distinct secretory mechanisms such as the
two-partner system (shared with the CDI systems) in
proteobacteria, ESAT-6/WXG-like ATP-dependent
secretory systems in Gram-positive bacteria and
the conventional Sec-dependent system in several
bacterial lineages. The hedgehog-intein domain
might also release a subset of toxic nuclease
domains through auto-proteolytic action. Unlike
classical colicin-like nuclease toxins, the

overwhelming majority of toxin systems with the
SUKH superfamily is chromosomally encoded and
appears to have diversified through a recombination
process combining different C-terminal nuclease
domains to N-terminal secretion-related domains.
Across the bacterial superkingdom these systems
might participate in discriminating ‘self’ or kin from
‘non-self’ or non-kin strains. Using structural
analysis we demonstrate that the SUKH domain
possesses a versatile scaffold that can be used to
bind a wide range of protein partners. In eukaryotes
it appears to have been recruited as an adaptor to
regulate modification of proteins by ubiquitination
or polyglutamylation. Similarly, another widespread
immunity protein from these toxin systems, namely
the suppressor of fused (SuFu) superfamily has been
recruited for comparable roles in eukaryotes. In
animal DNA viruses, such as herpesviruses,
poxviruses, iridoviruses and adenoviruses, the
ability of the SUKH domain to bind diverse targets
has been deployed to counter diverse anti-viral
responses by interacting with specific host proteins.

INTRODUCTION

The use of toxins as a defensive, offensive or selfish
addictive strategy is observed across the tree of life.
Interestingly, a diverse set of protein toxins from distantly
related organisms have a propensity to catalyze nucleic
acid modifying or cleaving reactions in their target cells.
Well-known examples are currently known from across
the phylogenetic spectrum: plants deploy toxins such as
ricin, abrin and modeccin to protect their seeds, which
are RNA N-glycosidases that remove a specific purine
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base from eukaryotic 28S rRNA to render it
non-functional (1,2). In a similar vein, the fungal toxin
a-sarcin, produced by fungi such as Aspergillus giganteus,
acts as a specific endonuclease that cleaves the 28S rRNA
at a position close to the site of action of the above plant
toxins (3). Among animals the wuse of nucleic
acid-targeting enzymes is observed in the venoms of
snakes (4). Several animals, including vertebrates,
are known to deploy cytotoxic RNases, such as RNase
A, which potentially target RNA from bacteria and
viruses (5). Bacteria are a particularly rich source of
nucleic acid-targeting toxins, which are deployed in
various contexts. Pathogenic bacteria secrete RNA
N-glycosidases that target the 28S rRNA of eukaryotic
hosts similar to the ricin-like plant toxins (6). Bacteria
are also known to deploy RNase and DNase bacteriocins
in intra- and possibly inter-specific competition that target
molecules such as tRNA and genomic DNA (7). The best
known are the plasmid-borne toxins of the model bacter-
ium Escherichia coli, which kill closely related competing
strains. Of these colicins E3, E4 and E6 cleave rRNA,
colicins E5 and D cleave tRNA and colicins E2, E7, E8
and E9 cleave DNA (8). Additionally, bacterial genomes
are also colonized by systems such as the toxin—antitoxin
systems and restriction-modification systems which
produce enzymes that function as nucleic acid-targeting
toxins (9—12). In these systems the primary function of
the toxin is to kill the host bacterial cell if the toxin
encoding system is genetically disrupted in some way
(10,11). Thus, they act as selfish elements that forcibly
‘addict” the host to maintain them in genomes or
plasmids. In many of these cases, organisms or genectic
elements that produce the toxin also produce an antitoxin
or immunity protein that renders the ‘self” resistant to the
action of the toxin. The study of these toxins and anti-
toxins or immunity proteins has not only expanded our
understanding of the evolution of inter-species competi-
tion but also thrown considerable light on the biochemis-
try of nucleic acids and other molecules that interact with
them (9-12). In practical terms these nucleic acid- target-
ing toxins and antitoxins/immunity proteins are potential
reagents that could be utilized in numerous biotechno-
logical contexts ranging from chemical analysis of
nucleic acids to bio-defense.

Availability of an enormous wealth of genomic
sequence data provides opportunities to identify novel
versions of such toxins and associated immunity and
delivery systems through computational analysis, thereby
opening the door for new investigations on nucleic
acid-modifying enzymes. The first step in this process
requires detailed case-by-case analysis of protein se-
quences and structures using the best available methods
for detecting sequence and structure similarity. Results
from such an analysis of protein structures needs to be
further combined with in-depth analysis of genomic
contexts and domain architectures to glean novel func-
tional associations. Finally, these results need to be
placed in the context of phyletic patterns of the occurrence
of various components of the system in order to recon-
struct a total picture of their natural history and predict
aspects of their biochemistry and biological functions.
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Indeed, such a strategy has allowed the prediction of
novel biochemical activities and has laid the foundations
for further systematic investigations of the toxin—antitoxin
and peptide-modification systems of prokaryotes
(9,13-15).

In this article we present the results of such a strategy
that helped us uncover and characterize a remarkable,
diverse class of nuclease toxins, whose immunity appears
to depend primarily on a protein superfamily prototyped
by the Saccharomyces cerevisiae protein Smil/Knr4. The
Smil/Knr4 protein was first recovered in a screen for
S. cerevisiae mutants that confer resistance to the killer
toxin produced by the competing yeast species Hansenula
mrakii (16,17). Smil/Knr4 was shown to physically interact
with the tyrosyl tRNA synthetase and it appears to func-
tionally interact with the non-ribosomal peptide ligase
Ditl, with a tRNA-synthetase-like catalytic domain, in
the efficient synthesis of dityrosine a peptide metabolite
that is typical of fungal spore-walls (18). Interestingly, it
also shows synthetic lethal and physical interactions with
a great number of proteins (19). Nevertheless, its exact sig-
nificance and biochemical action has remained poorly
understood (20). Parallel studies recovered other
Smil/Knr4 eukaryotic homologs namely FBXO3, a
subunit of a SCF-type E3 ubiquitin ligase in vertebrates
(21), and PGs2, a subunit of the tubulin polyglutamylase,
which is a non-ribosomal peptide-ligase that links multiple
glutamates to the y-carboxyl group of target proteins
(22,23). Exploratory sequence surveys suggested that
Smil/Knr4 homologs are also abundantly represented in
bacteria  (Smil/Knr4 domain, Pfam: PF(09346).
Furthermore, our preliminary contextual analysis of
conserved gene neighborhoods of these representatives sug-
gested that they might be functionally linked to potential
nucleases. Very recently, a novel contact-dependent inhibi-
tory (CDI) toxin system has been reported in
proteobacteria that delivers multiple nuclease toxins into
target cells (24,25). Our observations indicated that
Smil/Knr4 homologs are potential immunity proteins in
a subset of these CDI systems. Together, these observations
prompted us to systematically investigate both the bacterial
and eukaryotic Smil/Knr4 homologs and explore their po-
tential connection to nuclease toxins, their delivery and
immunity against them. As a result we were able to
identify a diverse group of previously unknown nuclease
toxins and immunity proteins that are present across all the
major bacterial lineages with considerable significance for
intra-specific and host interactions. This investigation also
allowed us to uncover diverse, previously unknown
nuclease and deaminase domains in bacterial toxins and
predict their folds and biochemical mechanisms. We also
show that the Smil/Knr4 homologs, which were ultimately
derived from bacterial toxin—-immunity systems, have been
recruited by eukaryotic double-stranded DNA viruses to
perform multiple roles in intracellular survival and mor-
phogenesis of these viruses. Finally, we present evidence
that the ability of the conserved domain in the
Smil/Knr4 superfamily of proteins to bind structurally
diverse protein partners has been re-used in eukaryotes as
a means to recruit targets to peptide-modifying systems
such as the ubiquitin and the polyglutamylase systems.
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METHODS

Iterative sequence profile searches were run using the
PSI-BLAST program (26) against the non-redundant
(nr) protein database of National Center for
Biotechnology Information (NCBI). Similarity based clus-
tering for both classification and culling of nearly identical
sequences was performed using the BLASTCLUST
program (ftp://ftp.ncbi.nih.gov/blast/documents/blast
clust.html). The HHpred program was used for profile—
profile comparisons (27). Structure similarity searches
were performed wusing the DalilLite program (28).
Multiple sequence alignments were built by MUSCLE
(29), PROMALS (30), KALIGN (31) and PCMA (32)
programs, followed by manual adjustments on the basis
of profile—profile and structural alignments. The consen-
sus for alignments were calculated and colored by the
Chroma program (33). Secondary structures were
predicted using the JPred and PSIPred programs (34,35).
For earlier known domains the PFAM database (36) was
used as a guide, though the profiles were often augmented
by addition of newly detected divergent members that
were not detected by the original PFAM models.
Clustering with BLASTCLUST followed by multiple
sequence alignment and further sequence profile searches
were used to identify other domains that were not present
in the PFAM database. Signal peptides and transmem-
brane segments were detected using the TMHMM and
Phobius programs (37,38). Contextual information from
prokaryotic gene neighborhoods was retrieved by a PERL
custom script that extracts the upstream and downstream
genes of the query gene and uses BLASTCLUST to cluster
the proteins to identify conserved gene-neighborhoods.
Phylogenetic  analysis was conducted using an
approximately-maximum-likelihood method implemented
in the FastTree 2.1 program under default parameters
(39). The Modeller9vl program (40) was utilized for
homology modeling of the structure of the IRSI
N-terminal domain. Structural visualization and manipu-
lations were performed using VMD (41) and PyMol
(http://www.pymol.org) programs. The in-house TASS
package, a collection of PERL scripts, was used to
automate aspects of large-scale analysis of sequences,
structures and genome context (Anantharaman,
V., Balaji, S., and Aravind, L., unpublished data).
Species abbreviations used in the figures are: AHVI,
Anguillid herpesvirus 1; Aave, Acidovorax avenae; Abau,
Acinetobacter baumannii; Adef, Abiotrophia defectiva;
Ahyd, Aeromonas hydrophila; Ahyd, Anaerobaculum
hydrogeniformans; Amar, Acaryochloris marina; Aory,
Aspergillus oryzae; Apla, Arthrospira platensis; Asp.,
Anaeromyxobacter sp.; Atha, Arabidopsis thaliana; Bamb,
Burkholderia ambifaria; Bamy, Bacillus amyloliquefaciens;
Bant, Bacillus anthracis; Bbac, Bdellovibrio bacteriovorus;
Bceen, Burkholderia cenocepacia; Beer, Bacillus cereus; Beyt,
Bacillus cytotoxicus; Bflo, Branchiostoma floridae; Bgra,
Bartonella grahamii; Bmar, Blastopirellula marina; Bmcb,
Brevibacterium mcbrellneri; Bmyc, Bacillus mycoides; Bpse,
Bacillus pseudofirmus; Bpse, Burkholderia pseudomallei,
Bpum, Bacillus pumilus; Bsel, Bacillus selenitireducens;
Bsp., Bacillus sp.; Bsp., Bacteroides sp.; Bsp., Beggiatoa

sp.; Bsub,  Bacillus  subtilis; Btha,  Burkholderia
thailandensis; Bthu, Bacillus thuringiensis; Btri, Bartonella
tribocorum; Bvie, Burkholderia vietnamiensis; CHam,
Candidatus Hamiltonella; CKor, Candidatus Koribacter;
CV, Crocodilepox virus; Cace, Clostridium acetobutylicum;
Caci, Catenulispora acidiphila; Cbac, Campylobacterales
bacterium;  Cbei,  Clostridium  beijerinckii; — Cbol,
Clostridium bolteae; Cbot, Clostridium botulinum; Ccar,
Clostridium carboxidivorans; Ccel, Clostridium
cellulolyticum; Ccel, Clostridium cellulovorans; Ccol,
Campylobacter coli; Cdip, Corynebacterium diphtheriae;
Cgle, Chryseobacterium gleum; Cgra, Campylobacter
gracilis; Chom, Cardiobacterium hominis, Cjap, Cellvibrio
Jjaponicus; Clen, Clostridium lentocellum; Clep, Clostridium
leptum; ~ Cmic,  Clavibacter — michiganensis;  Csak,
Cronobacter sakazakii; Csho, Campylobacter showae;
Csp., Chloroflexus sp.; Csp., Clostridium sp.; Csp.,
Cyanothece sp.; Cspu, Capnocytophaga sputigena; Ctro,
Candida tropicalis; Ctur, Cronobacter turicensis, Cure,
Corynebacterium urealyticum; Ddad, Dickeya dadantii,
Ecol, Escherichia coli; Efer, Escherichia fergusonii; Erec,
FEubacterium rectale; Even, Eubacterium ventriosum; Exsp,
Exiguobacterium sp.; FAV1, Fowl adenovirus 10; Faln,
Frankia alni; Fmor, Fusobacterium mortiferum; Fsp.,
Fusobacterium sp.; Fsym, Frankia symbiont; GHV2,
Gallid herpesvirus 2; Gaur, Gemmatimonas aurantiaca,
Ghae, Gemella haemolysans; Gint, Giardia intestinalis;
Gsp., Geobacillus sp.; Gsp., Geobacter sp.; Gvio,
Gloeobacter violaceus; HHVS, Human herpesvirus 5;
HHV7sJ, Human herpesvirus 7 strain JI; Hasp,
Halobacterium sp.; Haur, Herpetosiphon aurantiacus;
Hbor, Halogeometricum borinquense; Hche, Hahella
chejuensis;  Hoch,  Haliangium  ochraceum;  Hpyl,
Helicobacter  pylori; Hsap, Homo sapiens; Hsom,
Haemophilus somnus; 1loi, Idiomarina loihiensis; Kalg,
Kordia algicida; Kfla, Kribbella flavida; Krad, Kineococcus
radiotolerans;  Kset,  Kitasatospora  setae;  Lara,
Lentisphaera araneosa; Lgoo, Leptotrichia goodfellowii,
Ljoh, Lactobacillus  johnsonii; Lpla, Lactobacillus
plantarum;  Lsph,  Lysinibacillus  sphaericus; Mabs,
Mycobacterium  abscessus;  Maur,  Micromonospora
aurantiaca;  Mcat,  Moraxella  catarrhalis;  Mext,
Methylobacterium  extorquens, Mgil, Mycobacterium
gilvum; Minf, Methylacidiphilum infernorum; Mlep,
Mycobacterium leprae; Mmar, Microscilla marina; Msp.,
Micromonospora sp.; Msp., Mycobacterium sp.; Mxan,
Myxococcus xanthus, Ndas, Nocardiopsis dassonvillei,
Nmen, Neisseria meningitidis; Nmuc, Neisseria mucosd,
Nmul, Nakamurella multipartita; Nsic, Neisseria sicca,

Oana, Ornithorhynchus anatinus; Osin, Oribacterium
sinus;  Patl,  Pseudoalteromonas  atlantica;  Patr,
Pectobacterium  atrosepticum; PbCVN, Paramecium

bursaria Chlorella virus NY2A; Pcar, Pectobacterium
carotovorum; Pcry, Psychrobacter cryohalolentis; Pdag,
Pasteurella dagmatis; Plum, Photorhabdus luminescens;
Pmar, Planctomyces maris; Pmar, Prochlorococcus
marinus; Pmel, Prevotella melaninogenica; Pmir, Proteus
mirabilis; Pmul, Pasteurella multocida, Pput,
Pseudomonas putida; Prum, Prevotella ruminicola; Psp.,
Paenibacillus sp.; Psp., Prevotella sp.; Pstu, Providencia
stuartii; Psyr, Pseudomonas syringae; Ptim, Prevotella



timonensis; Ptor, Psychroflexus torquis; RHV1, Ranid her-
pesvirus 1; RbIV, Rock bream iridovirus; Rcat, Rana
catesbeiana;  Rery, Rhodococcus —erythropolis; Rfla,
Ruminococcus flavefaciens; Rinu, Roseburia inulinivorans;
Rsol, Ralstonia solanacearum; Salb, Streptomyces albus;
Save, Streptomyces avermitilis, Sbal, Shewanella baltica;
Sbin, Streptomyces bingchenggensis; Scla, Streptomyces
clavuligerus;  Scoe,  Streptomyces  coelicolor;  Sent,
Salmonella enterica; Sgri, Streptomyces griseoflavus; Sgri,
Streptomyces griseus; Shyg, Streptomyces hygroscopicus;
Sisp, Silicibacter sp.; Slin, Spirosoma linguale; Smut,
Streptococcus mutans, Snas, Stackebrandtia nassauensis,
Sone,  Shewanella  oneidensis; Spie,  Shewanella
piezotolerans; Spom, Schizosaccharomyces pombe; Spri,
Streptomyces pristinaespiralis; Srot, Segniliparus rotundus;
Ssal, Salmo salar; Ssp., Streptomyces sp.; Sspi,
Sphingobacterium spiritivorum; Sste, Sagittula stellata,
Ssui, Streptococcus suis; Ssvi, Streptomyces sviceus; StIV,
Soft-shelled turtle iridovirus; Ster, Sebaldella termitidis;
Stro, Salinispora tropica; Svir, Streptomyces
viridochromogenes; Swol, Syntrophomonas wolfei; Taue,
Tolumonas auensis; Tcur, Thermomonospora curvata,;
Tfus, Thermobifida fusca; Tsp., Thauera sp.; Tthe,
Tetrahymena thermophila; Ttur, Teredinibacter turnerae;
Valg, Vibrio alginolyticus; Vcho, Vibrio cholerae; Veis,
Verminephrobacter eiseniae; Vmet, Vibrio metschnikovii,
Vmim, Vibrio mimicus; Vpar, Vibrio parahaemolyticus;
Vsp., Vibrio sp.; Vspl, Vibrio splendidus; Vvul, Vibrio
vulnificus; Wend, Wolbachia endosymbiont.

RESULTS AND DISCUSSION

Sequence profile searches and structural comparisons
reveal a vast superfamily of Smil-related proteins

As a first step to computationally characterize the
Smil/Knr4 protein, we analyzed it using the SEG
program to identify potential globular regions in it (42).
This indicated the presence of a single globular domain
that was then used as a seed in iterative sequence profile
searches of the nr database with PSI-BLAST and
JACKHMMER from the HMMER3 package. In
addition to recovering other eukaryotic proteins with a
homologous region, such as FBXO3 from animals,
SKIP16 from plants and PGs2, a subunit of tubulin
polyglutamylase complex, the search also recovered a
large number of bacterial proteins such as the Bacillus
subtilis YobK. Given the great diversity of sequences
recovered prior to convergence from bacteria, we initiated
transitive sequence profile searches with several distinct
bacterial starting points to achieve maximal coverage in
terms of detection. We also noted that a crystal structure
for YobK has been solved by the joint structural genomics
initiative (PDB: 2PRV). We used this structure as a query
for structure similarity searches using the DALIlite
program and recovered hits to four other homologous
structures (3FFV, 2PAG, 2ICG, 3D5P; Z>17.5). Of
these, 3FFV was the structure of the earlier characterized
protein Syd from E. coli which interacts with SecY, a key
component of the Sec-dependent protein secretion system
that traffics proteins across the bacterial inner membrane
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(43-45). Consistent with this, we also found that Syd
homologs were recovered with borderline e-values
(e~0.03-0.05) in the above JACKHMMER and
PSI-BLAST searches. Hence we included the Syd
homologs in the profiles to further expand the relation-
ships of the group of proteins homologous to Smil/Knr4.
At convergence, some of these searches also recovered
with borderline e-values proteins (e ~ 0.05) from certain
DNA viruses such as FPV250 (gi: 9634920) from the fowl
poxvirus, and the US22 family of proteins (e.g. US22,
UL26, IRS1 and TRS1) from herpesviruses. To confirm
the relationship of these proteins to Smil we used them in
a profile—profile comparison search with the HHpred
program against a library of HMMs created using the
sequence of polypeptides in the PDB database as a
query. These searches recovered the structures 2PRYV,
3FFV and 2ICG as the best hits with significant
P-values (P = 10"* *© =% Furthermore, examination of
the hits produced by the viral proteins in profile—profile
comparisons showed that most of the versions from
herpesviruses possessed two tandem repeats of the
domain homologous to Smil. Additional transitive
searches with these viral proteins revealed that homolo-
gous proteins are present in a number of distantly related
or unrelated DNA viruses. Finally, the above searches
also recovered hits to two distinct groups of proteins
each with over 100 representatives in the nr database, pre-
dominantly from bacteria, typified respectively by
CA_C3700 (gi: 15896931) from C. acetobutylicum and
SGR_4389 (gi: 182438182) from S. griseus. Profile—
profile comparisons with the HHpred program using
alignments of each of these groups of proteins also con-
firmed their relationship to the Smil-like proteins via
recovery of significant hits (e = 107 *° ~%) to HMMs
generated using the sequences of 2PRV and 3FFV as
best hits. Thus, it became clear that Smil/Knr4 defines a
large superfamily of conserved domains that is widespread
in bacteria, eukaryotes and various DNA viruses but prac-
tically absent in currently sequenced archaeal genomes.
We accordingly named it the SUKH (for Syd, US22,
Knr4 homology) domain superfamily.

Structural features and internal diversity of the SUKH
domain superfamily

Despite the low average pairwise sequence similarity
across this superfamily, all representatives are known or
predicted to possess a similar core fold comprising of four
conserved helices and six strands (Figure 1,
Supplementary Data). Strands 1 and 2 form a B-hairpin
and the strands 3-6 form a 4-stranded [-meander;
however, the B-hairpin and the B-meander show only
limited or no hydrogen-bonding along their length,
despite being spatially beside each other. Thus, the struc-
tural core of the SUKH domain can be described as a split
B-sheet with only weak interaction between its two parts.
This structural peculiarity could potentially be critical for
the functional interactions of the domain (see below).
Based on sequence-similarity-based clustering and phylo-
genetic analysis five major groups can be recognized
within the SUKH domain superfamily (Figure 1,



4536 Nucleic Acids Research, 2011, Vol. 39, No. 11

A

sMIlél;};M group (SUKH-1)

Minf_1180_Minf_. 189219192
PGs2_Hsap_68534'

GL30581 R605 51 nt_, 253745024

FBX03_Hsap_1581218

smu_snom_lsusoso

TTHERM_OOB35350 Tthe_ 118397935

SKIP16_Atha_18390613

FSAG_00165_! Fsp 237740091

SYD_group (SUKH-2)

SS_3FFV

FFV
BT9727_3056_Bthu_49478128
t]_ 109599497

VC0903_vcho_15640919
Tola_0494_Taue._. 237807269
svn 1101 56459962

SUKH-3 group
SS.

>_Jpre
CA_Cg700_Cace_15895931
ECUMN_0650_Eco1_218703894
CLOBOL_04379_Cbo]l_: 160939486
Haur_1547_Haur_15989807.
HMPREF0765_3732_Sspi_. 227539488
HMPREF0204_4944_Cgle_227370655
SSHG_02122_salb_291451829
FMAG_01630_Fmor_237737159
CLO_2150_ bot 25 777787
DSM364! 222_B 7311406
Pcarcw_010200006: 04 Pcar_227326924
SvirD4_010100024565_: Sv1r‘ 256803990
ssm_o1 L ssp. 9 99
Strop_0:
RflaF_( 0101000184 6_Rf1a_268611460
roup

r
96jb1n 2971624¢
100_Bsp.

N
A

5_Sgri_182440778
CcarbDRAFT_1426_Ccar._. 35524471

07251
18268

791791
90

GYMC10_4477_Psp
MLSDRAFT_1420_Msp._28
KSE_33900_Kset_. 311596
SSDG_02083_. Spr‘1 297191
SSTG_02468_S:

1
AO090011000162 Aory_169782758

US22 group (SUKH-5)
S_Jpred

s

UL26_HHV5_270355790
UL38_HHV! 442345656
UL23ZHHV5-270355953_N
UL24_HHV5_!
UL28_HHV5_29
UL29_HHV5_
UL36_HHV5_.
UL43_HHVS5_.
IRSI_HHV5_2
US22_HHV5_2
US23_HHV5_:
US24_HHV5_.,
US26_HHV5_.
UL23_HHV5_2
UL24_HHV5_!
UL28_HHV5_2
UL29_HHV5_.
UL36_HHV5_.
UL43_HHV5_.
TRS1_HHVS_.
US22_HHV5_2
US23_HHV5_4

US; _HHV 2

Us. V5_15 2_
SORF2. GHV2_194 73
ORF56_AHV1_28. 3
ORFOO7R_StIV. 216
ORF104R_SEIV. 312
CRV021_CV_. 15
ORF4_FAV1_149
ORFO77R_RbIV_ 59
RF OLRHV 1 8 70

20 932
LOC100091076 _Oana_149585893
BRAFLDRAFT_68179_8flo_260824181
BRAFLDRAFT_76406_8f10_260804041
V250_Rcat_226372072
Consensus/60%

H1 H2 El E2 H3 E3 E4 6
hhhhhhhhhhh hhhhhhhhh  eeeeee eeecce hhhhhhhhihibh b eceeeee eeeeee eeee hhhhhhhh
hhhhhhhhhhh hhhhhhhhhh “eee ee hhhhhhhhh eceecee eee hhhhhhhhhhhhhhhh

15 ASSASIDDVEKLL- LPKQYKSHLLWSN-EGEGKL - -~~~ GDNYIVIWAI—---EDVIAYNHDYGIQ—- -YLQKEYWAH] ILGKATYLNFNKL 1

24 ASHENIGRIEENL- GL -GLTDGLWI bt [FYNKIQEAKDDW

29 VNOVLIEKAEKTL- CEETLSVYNTNF —DDIVWHITDIEN-- - LATPQQLVVER -SoPoYvA----GNFYERLEKRIIANLE -
161 VIEQQVQGVEEDL- DQPFFTV--3-AAVNDLVYVNKCL - 12 - FVQGGLLAV. PAD--3-RLLLPC] QElicserete

0 VDGEAPARAEAAL - ~YGLLPLLDHDP- - -AAVAQYLAN DSG--6- C--2- PQRTVLL Y

35 AIEEADRKCQEKF- RSDIYRDLLEEN-13-WNNPNFLFLL 10-EDQEYNFTPF--1-TKEERL —EDFVSMLEGELAVFFEVL
45 AERHMISSWEQ) 7-TIPLGSMAINS-- ~TQLTOSSHYSLPN-24-DSREVIFELDSCN- -7-EDTEIFLDR--1-LYWHFLT-

29 ANQADFEVWTKRN- LDACW---S ~DKVAGRFLLNQ DSKD- -1 VeIVETSLS 5 - ERESVIFLPG-10-NDLHMLC PLFSSNVRLNSLHFCITC
122 AREEDLDAVEAQI- SMAL 4 EoLLDWD YCLPLTFC LSQYTAVEA--4-NKNEVEYQCP- -9~ TOMFIT] [FTSYVKNVVSGG
154 ATVADVDSLEYEL- -GILFGVTLLDI- EEIEEESELWRRV~32 YAHPHTRER IDL--6. - -REUARTVATNENGK
425 ATDKQIDDLQDNV- -QLHDSYKTLSV----QQIIEQNEWN - FWKKI Tﬂ -GV ILENIRNGLLKKE
115 VIEDDLQEFETSL- O Cey AV -4 JSLLPOKEVMRET- 10- CORLBLEW -RQLLPcv 174 DAMLL LEEHGRRLQTGT
177 ATDEDFEKVEKEL----GYRLPDSYKAL RK--15-FDVIGY 8 PDIGVVICGTS- --2-GHDMIFLDY - - 6-GEPCVWNIDQ- - 3-YEITYL-- --DN EGLFPSFDDED

hhhhhh hhhhhh eeee eeeee h hhhhhhhhhhhhhhhhhhh ee eceeee eeeeee eeeee hhhhhhhh

57 T IVIQPTI FG-DIKLTLL QENL IGHLVTQKR- LKLPP’TLFmTLE--—1-ELEVISVCN-—--L ~RKRTHLRA- - - -SNLAEBLNQLKPLL -~~~

57 VJLDDETETEKKL - ---BMNTHHEMERJ iR - FLSLQGFYG-SRLVNLEPTEPC-KSTL| 1-EDMATT! K ~EENEFLA- - - -NSLAELINNLKVELW-

60 EQTSEFKDLSEAL- ---ELTLHPDVAQHYSRYW-EONIVAQHP -SGKLQILQAWNE -EDF ERLQQNIVGHILMKRR - LRQPETIF LTD- --1-DDFVLSVDN- -QPKEQI- - - -PDLATRLDEIEPTTTD-

57 APSVALDGVERAL- HPDVAARYTAQY-FGDMAAGFD-SLSCOLL QUWSE -EDF TRVQENL IGHLLTOKR- LK - --1-EMTMVSLCN: -KKRQH PTLAABLSGLNPLAV-- -

58 EQPGSFTNVEHAL----ELKLWPDIHSEYGQYF-HAPVL FDST-WGTGELLQVWNE-ADFDALQQNI IGHLMMK QK- LKQPPTWF LLD-~-1-GDKMLTVOR- ~LPsvaLll---- JELARRTANL SPRIAPPY

73 EVWADFSNVERAI - ---ELTLHEDIKARYASQF -SADMPAQWR-GRELTLLC VWEE-DDFTRLOENTLGHLVMORR- LK -1-EMAVVSVCN- ~AQREVLT- L LEPKVN-- -

55 PEMSDLQNIASAL----ECVFHPATHAYYGHGY -JAGQITAS FK-GLAVTLVQPWI LQQNLVAHVLMLRR - CKpETL FUTV- -1~ ESRVISLON- RWV] -DSLPA LQRLSPLAQTAV

23 PEAUNFODLESAL- -~ EMSFHOSTKTLFCRMY-GBLALDYQ-GHTI SLLQTQSA- EDGERL LENETGHTLKRR - LKGPETVF E8LGS- -2 -DGLLVTION- GLEWV- - - - EQHDVL} SLAABLDNCQPQVETDK

ee hhhhhhhhhh eeee eeeeee eeeee eee hhhhhhhhhh

20 TDITDLVWYYEKR- ---GFETFPEAKKELEEFG-MTDVYC-13-YHFNRYDLYTTN- -8-L SROCTSEVEE ~YVEEKL NGNQYLMIS- FBWDRILNYDIVTN

24 ENIDKYIKCLSIK- ---KYFVNEI ICDRLSEFG-{EL IVRH- -4-DPNEYDKSDFDP--7-DSKWITEVYEP - LVNKRLCPV SEHMTYFIS- LNGGFD- - - -NYFCIIE- - --GNINDAMLHLF FEHEKTK

31 VDISIAEQYYANH----GVPMMKTTQREYRKYF -[€LCCEW- -7 -NWAADFQFAL FP--1-LVNGIKNHLE -EPISGICPA RSNRLPVRS- -SPSTGNCMRNMSTRMRS S

21 IDPEPWLYELRQQ----QYPIFPQLIEILSRYG-€FRLNS-18-WIDSPLEIQLLP--8-ATFWRSHAYVQ ~RGVSSLFVL- ~ESLPLAMQRLLQSFLLIQ

18 FDGRNILKNLEFP----IEGYPLDAKKELQEYG-LLKVQD-~7-QRYIASYFEINP--7-DSDGDFTY! YICCD- ~VDLYEGIENILLMNTLKS

20 RNIETALNQKINN- ---FGELPNHLKERLIFYG-DLVIE-----DCKPYKSDVVNT--6-FLKNNVSANL TYYKVEYFY YTD- ~TIFIKGIENLIEDNWDQC

28 VDPGQWVLPLEGE- ---GYRSHPLAEGI LAAMG-[ELSTi YNFDP -5 -GOHDLILEVE GGDY SYSSVFVE- -STFEDSLELAVCANRPLN

61 VDVEKITEYYQKN- ---NYILNDFAKKELQEFS (e TKENW-10-V LKQT ---1 -YNFRYMLGNEIYVTFENQ

20 INIDLIEKTFKEK----SINMPEKIRVELQKYG-MLEIKF--5- XIATORVIEFNP- 8- DSEVFMEIFDE R ~ENIEEMLDCVVGECKEPT

8 ADRNVLNQLDMPK- BYLMPRTINIFARFE-NLELAT--1-RETIWT EEC: -~LDIYGATECLLLDRWRCD

17 GWPRAETQPI ILRAFS 4-EACASGDITFGG- - -QEDETLLENQG -ATFGAAV ERTLLGRKGQP
174 PTETWETILLQTG- !L vcvpv--a DSMPWMEFSLDP--4-WDAEIIDDLAE -~PTPDEALRRLTGRMQPAA

33 IEDARASFRNDGG- ---SLDVIQPAVE b -NDKYSALMSYSRGYPLDD
119 VDLWLARFADELA----GLECFPAVRAALTE! -PDIDTATIALIRGGRMPA
173 IDIDPLLEESMED- DVFPT‘DIQLAIIREFG -RNFIEALNCIIGY-----

hhhhhhhh hhhhhhhhh  eee hhhhh hhhhhhhhhhhhhhh
VTHAELVSAFGSL-11-RHFANPDDRRLLTEVG-MPQSL -~ -1~ GHL QTISQA -TSLES
NFGVSVENADEMIDIG- VPxEF—--l——DFEFVEPr --------- SFRKTVI- ===~
SKSNLLKEIRDKWLI -Q YY HI
L
15 VVRNKLKIRESEE- 1 NLKLPQET] V;E‘
1 - MDAATFDNYSKY--6-ELGLHLST TSNE!
57 LQVESWISFFGAD- T RLj
~MEPQYHTLYDHG- 1 —GQGMHDKTVETL DT[EGVE
VIREQLTALWGER - 11-AVLGPLGPEVEPPDGA-LPVEV. GT[EAV.
237 GLGKRLAALFGED-11-AADL PEEFSRELORVE-LPREL AQERVI
KSLERTVGEE-11-AYGFNGE ALRBLTEIG-L PDDE N Q
VRRGRLVRVFGEG- 1 -BAMDTE CARLLEIVE - veRcl 2 Tl A
24 VIPNELVQAYGLD--9-T/ LSFV S| TDLDATSLGS--10- TESRSWWML] A
IBRETLESEFDPE-11-TIRHE-ES L RNVG-TPARP-—-1--PFDL TLGDAYDDL EGWL L LIEMV] V3
TREQLAEAYGEE-11-DLLIHQ} LTSVG-LPNST- FG--10-AMCADFLLL} RTgavgvvsE
213 LPDGLLOEVFGGG- 11-PALVHAPTRRELTEVG-LPODG PTLPQRWAES- - 17 - PDAEHLVVL! RTEALEYTE LHQJ
70 PNQAWLEKQFGPG-11-VDLTNKPARERLINIG-FPSVK DSLCRYTGEE---9-EVPALSFCL] wvnc--7-RDRGL\@»---QGLDSLAVLLGMWAVTK
hh eee eeeeeee hhhhhhhhh eeeee eeeee eeeee hhhhhhhh
--------- DGGLNLDDEVRRQR -ERHLDL - -4-GYTLFVCDVEET--2-TPRDVEYWKLLV-- ---VTQGQLRV] VLCYEI--2-ENFVVRA- - -ADSLQQLLERGLLHSYFED

21 RQTQMDVGGLIQA- ---SALGKVALRYAVRKLM-KRGARL - -4-GLYVCICDPSYE- - 5-LSKISWL ERHCP- - - - - PLDQEL IMF| - ~PSMAQEWHGATVL EYWNA

=MSVIKDC FLN- - --L LORWRPPKTSRPWKP §QRVAL - -4-DRCLVIRRRWRL - - 3- EGRDAQRLASYL - -- - CCPEPLRFV ~ESITEELNIGLRRCNFIT

56 ARHMSDLASLALT- ---AEFGLGCLEAVRINA-QVLPV- -4 -GWNLVLQEIETD- - 3-KPEDVKAWSHYL - - - - - CCQTRLAFVIERI ~RNLMEFARVGLRAVETLH

65 LRDAWTHKRPKPR- - -~ ERASGVHLQRYVRATA-JERWLPL- -4 -LHGIMLGDTQY TYRRFSCL ¥ -~LSFGERFENGLFAVYSFF

42 PEVFCTRDLADLC----VRRDYEGLRRMLRRFE-f€SCVSL--4-QCTY EIDLEHCONDFF- -~SDLAGEFAKGMIRCDPVH

LRDTLMAYGCTAT - - --RAGDFNGLNDBLEQEC € TRLHV- -4 -RCFIQLRSRSAL - - 5-KMGTVCS ~PTMKDELRHGFRHCDHFH

11 4-GNFFTYCDLLRV--4-HLNTHGLEKTEL - RSGFRGEVQEGLRNYAPLR
10 \TDLRQL ~RDADEWFRHGAGEVVRVY

4 fNWFLVMREQAAIﬂlfQIVARSLAADVLf -SDIKABSKNGLLWCEYVY

29 FLRVMGDFQGIFE----CQYSADVL] NWFLQVRPGSTM----PELRDQLLI ~RHLDELARYGMMYTEAVY

33 LYRQVLRDFKELF----FCLEPMET -~GWHVMLRTEDGI - -- - TTAAKQAASKLI - -HNLDELARYGVSRSEIAY

13 VRRTLKGLRKLIL----CQDSRQDIRHLVRSYA-DMNISL- - -GNRLDFVEFEDI--e»chErvwsqLI- -HSLDDFARHGL LHCEATY
138 EELPHTASLRALA----GCMHIHAF/ \TYR-[ERLMVM- -2-YSVIRVSTIRLY- - 1-WSET -DSLMEEVTRGMTRCHENG
T38 SLVKRVFRPLLRA- ---WSLOLDTHARBT RN JEQFMPL 7L RLCNLRCFENS- -3 -GHLLRNTKTAFG- -DN ICLGLNLL FENR
211 FKHTFAGMYELSQ----ILHDRTNLLRVCQLHA -ACTFT -ETLRGRIRQGSFWFRCPR
20. [rLRsHERERERE - EDTAARCANVEAHR - -KHSLVLRTARDL - -2 -SASMLRRFQRSL - -RDLRGEVRVGLALLIDDF
144 MVQYDDYWNAVML - - --YRGDVESLSAEVTKRG- - THFAFWTHNTEV- 16-IQTMELMIRTVP- EDVVMFTCVMGKKGHRNHR
252 RFETGGDVGREFM- ---LARDLLALWRL CMKRE-] ~EALTTVVLNGSQ- - 5-AHGNWLKETCSL- -RGLLGEFRVGFLRFCNNY
261 LLPQPALRQTLLR----AEEATALGREL RRRWA-] -LQPMVLLGAWQE-13-ASLLTAVRRHLN- -AELSHELRAGVLGALALG
189 TEPRYHVQKFLCT----DPTDAAAVAKTAREMS - ~EPLLMLGSIEGL - 11-ADFRDLLNFIRQ- KCGLLKLRGLC
167 TRVPHDVVAMLLR- - - -HGHDADALAACVGEHH-] -KTLKLLTSFGCL - 11-ARLAECEMYVTL- DSLEELFRAGLMKVYVRR 32
188 YPKGARTMHVLF NDTTPEGSYATAERIL - ~VIMRLMKTVQQL - 11-VESRRWWWAVRA~ NTITERFRMGLLKMVFRH 3
189 TTQPDHIICOLR 7-RPLLLCGQAENL - 11-EQFNDLLKFFY SVDMLLTVGLLKIYQAG

36 LHEGINEPILIPS- RLLPF--4-DFCLRIGGLEAS- - S-EELLEYCEALYL- -TSFSERLEIGVKSLGREV

--------- DRILL--2-GIVLRIAPLDGT--5-DDIVSAWETL FL- PSIAELDTNVSPTTPPIAS

22 SKEANKFIRELDK- KRLPI--3-DLYVRICDLSGT--5-TFMLESWRVLYL~ ~YSVKQLVEEGIQETGISY

52 YNEVLLLGLSLEN- AKLHP- -7 -DMYIRICGLDGT -~ 5-QYTLESWEELYL - - ---PE PTKMEVF] -DSLQKLVKDGIKTDVHYD

34 AEMRLLAKHLSER- RHLYF- -4-RCCLRVGDL SST- - 5-EHQMEDWAYL YL - - - - - PRPQRLAVLIES TN~ -SSLEQELRDGVLNLGREF

GGEKSSVKLDRFP- /API--3-KHFLVIGDLEGT - -4-QHLKEYCEVLYL - - --~PS PKRMTVIET! -STIPEEFRIGMONFGTE
PCLCGRLYNFIYI----QTIYRVCISNKMESTH-[ETTTAL- -4-GATLTFASAADT - - 3-SNTIRGWSKFYL - - ---PDVVQME! TGGMEQLRRRGLEYPASKS
1--oeee L - -5-NAYMEVCALADT- - 5-PQUVEDWNSCYL - - - - ETSVNFMVVERCA- -~YSLQHLLEEGVCNLNYAD

67 KKKSWMKISHYID- fverLGOTREIVERHR-NNETLL--4- SYELRIGGL EDT--5-GEQLEWIKDCYL.---—-PERMEMVIT -RSLEDL FETGAEFPGLEK

------ MGPD AAP- - --PPGSLDALSG (TVGL - - 1-DARLRVCDLGGT- - 5 -ERTLEFWENL YL - - -~ -PS PERMRVL] - LQVGLRRFGLKA

154 KKEAKLKKELACL----AYKSPTKLOA m:nv ISVPL--4-DIFTPL ~RFRVWKCSFAYY PEKLTVIEVLI -DTL. \YGCPNDPTFF

144 SKEAKLKKDLSCL- ---AYKSPKKLKABFQEYR- KT|’LAV--4 ERFTPWKGGSSD- - 2-RFRLLECSFGYV-- ---NPPEKLIVIEYLQ -DTH NPEEE

2 LINIFMY L RP--7- NLHIRTCGLDRT--5-NYRLESHGONFL-- -~ PREBIMKHL e - ~7-FEIYEV- -NSLEYLVKDGIKNI!
hp...hhhhbhhb. . ..shhh..shppalpphs. thp'lsh AAAAA hhbhbh. hbphbbhhb. .. ... .hsppbbsTthhs. .....sph11Ths. ss'lppabphhbbhhhhhh

SMi1_spom_te113060 (@HiD)
FBXO3_Hsap_1581218 @ (ourszsic)
Scoe_21221555 @
Ciro_255726254
Cspu_213961798

2PRVA
(SMI1 domain)

2ICG
(SMI1 domain)

3D5P:A
(SMI1 domain)

3FFV:
(SYD domain)

IRS1-N model
(US22 domain)

MoeA protein of the molybdopterin biosynthesis pathway; US, herpesvirus US-like family (PF05999).

Chom_258544654
Csp._160893417
Boen_170736423

CF-44_Cace_15026805 @
Svir_256803990
()
IRS1_HHV5_222354568

um_st_zAzuﬁss@
US_HHVT_1722827

Sbin_267162402
Ssvi_297200035

RLGRG

RRNBE

LSt 41

JIG53

SaG5R

3

o

Figure 1. (A) Multiple sequence alignment of the different groups of the SUKH superfamily. The consensus was derived using the following amino
acid classes: a, aromatic (FHWY, black on orange); b, big (EFHIKLMQRWY, black on light blue); h, hydrophobic (ACFGHILMTVWY, black on
yellow); 1, aliphatic (ILV, black on dark yellow); p, polar (CDEHKNQRST, blue on gray); s, small (ACDGNPSTYV, black on blue); t, tiny (AGS,
white on dark blue). Secondary structures derived from PDB structures or predicted using Jpred program are indicated above the alignment (‘¢’ in
blue, B-sheet; ‘h’ in red, a-helix). The numbers in bracket are indicative of the excluded residues from sequences. (B) Cartoons of known structures
and a homology model of the US22 IRS-N domain made using Modeller are shown in approximately similar orientation. The a-helices are shown in
purple, B-sheets in yellow, and loops in gray. Surface diagrams are colored based on their positions relative to the center of the structure (outside to
inside: blue to red) to illustrate the cleft. (C) Domain architectures of representatives of the SUKH superfamily. Other than the domain abbreviations
already provided in the text and the rest of the domains are the Ig-fold domain overlaps with PFAM DUF525; MoeA is a domain found in the



Supplementary Data). The first of these, and the most
widespread, is the one typified by Smil/Knr4, FBXO3,
SKIP16, PGs2 and YobK (that entirely includes the
PFAM model PF09346, ‘SMI1/KNR4 family’, and add-
itional proteins not detected by that model within it) and
is seen in both bacteria and eukaryotes. This ensemble,
which we term Smil-like or SUKH-1 group includes the
majority of the SUKH domains. We term the second
group, prototyped by Syd, the Syd-like or SUKH-2
group. This group is largely restricted to the
gammaproteobacteria and firmicutes. The SUKH-3
group prototyped by CA_C3700 (gi: 15896931) is widely
distributed across most bacterial lineages. The group
prototyped by SGR_4389 (gi: 182438182), the SUKH-4
group, is again seen in several bacteria and sporadically
in fungi. The SUKH-5 or US22-like group is present in
fowl adenoviruses, various vertebrate iridoviruses, archo-
saur poxviruses (Crocodilepox virus and Fowlpox virus),
and in multiple copies in several herpesviruses (represen-
tatives of the alphaherpesvirus, betaherpesvirus and
alloherpesvirus clades). Members of this group are also
encoded by genomes of the early-branching chordate
Branchiostoma, the salmon, the frog Rana catesbeiana
and the duckbilled platypus, where they appear to have
been acquired from the genomes of integrated
herpesviruses (46). Phylogenetic analysis of each group,
along with the phyletic patterns, strongly suggests that
SUKH domain proteins have been widely disseminated
both within and across the superkingdoms via extensive
lateral transfer (Supplementary Data). In light of this
pattern, the near complete absence of this superfamily in
archaea suggests that there could be certain specific func-
tional barriers that prevent acquisition of the SUKH
domain by that superkingdom. Phylogenetic analysis
strongly suggests that the groups SUKH-2-5 are mono-
phyletic clades. The largest group, SUKH-1 is likely to
represent the ancestral group from within which the
above clades have diversified through rapid sequence
divergence.

Contextual analysis of the SUKH domain proteins suggest
potential functional linkages with nuclease toxins in
bacteria

Contextual information gleaned from gene neighborhoods
in prokaryotes and domain architectures of proteins, when
combined with sequence analysis, can be a powerful
means of discerning protein function (47). Indeed, this
method has proven particularly effective in both
function prediction and identification of new analogous
systems, using the organizational syntax of tightly linked
genes, in case of toxin—antitoxin and restriction-
modification systems (9,13,14,23,48). To better under-
stand the role of the SUKH domain we performed a
detailed analysis of the gene-neighborhoods of all bacter-
ial genes encoding a protein with this domain (Figure 2).
Consequently, we were able to identify at least three
striking themes among the gene-neighborhoods of this
superfamily. Firstly, across the bacterial phylogenetic
tree we found numerous genomic neighborhoods that
linked two or more adjacent genes encoding SUKH
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domain proteins. In certain cases, e.g. B. grahamii
(gi: 240850988), we found tandem arrays with up to six
paralogous SUKH superfamily genes (Figure 2). We
found that in several instances these paralogous versions
are not closely related and in certain cases adjacent
paralogs might belong to completely different SUKH
groups. For example, we found combinations of genes
encoding proteins belonging to the Smil-like (SUKH-1),
Syd-like (SUKH-2), SUKH-3 and SUKH-4 groups in the
same neighborhood in several bacteria such as B. cereus
MM3 and various Streptomyces species (Figure 2). This
observation suggested that there appears to be selective
pressure for the diversification of the linked SUKH
domain proteins encoded in a gene neighborhood either
via sequence divergence, or independent assembly of
neighborhoods from distantly related paralogs of different
groups. This situation, wherein multiple paralogous genes
are linked together as tandem arrays in a neighborhood, is
relatively rare in bacteria (49). Given that products of
genes linked in conserved gene-neighborhoods physically
interact, it is possible that these paralogs interact to form a
single complex (47). On the other hand, the multiple
paralogs could also represent different alternative
versions of the same component of a system which is
under selection to display diversity. Given the great vari-
ability in the numbers and types of paralogous versions of
the SUKH superfamily encoded by these neighborhoods,
we favor the later explanation in this case (details see
below). The second major feature that emerged from the
analysis of gene neighborhoods was the linkage of genes
encoding diverse SUKH superfamily members to genes
encoding different types of nucleases (Figure 2). Among
these, we observed multiple linkages in distantly
related bacteria, such as B. thuringiensis and M. marina
and S. griseoflavus, to genes for nucleases of the
metal-dependent NucA family, which includes the
well-studied S. marcescens secreted endonuclease (50)
and the Anabaena non-specific endonuclease NucA,
which degrades both RNA and DNA (51). Another prom-
inent linkage observed in several bacteria, such as
M .infernorum, various Bacillus species and N. mucosa,
was to genes encoding proteins with a HNH superfamily
nuclease domain (Figure 3). Sequence analysis showed
that several of the HNH domains were related to similar
nuclease domains found in previously studied bacteriocins
such as pyocin AP41 of P. aeruginosa, Klebsiella klebicin B
and colicin E8 of E. coli (52). These linkages involved
members of both the Smil-like and Syd-like groups;
thus, despite their diversity, potential functional inter-
actions with different types of nuclease domains are
a common feature of the bacterial representatives of the
SUKH superfamily.

The third major linkage we observed was between
SUKH superfamily genes and those encoding gigantic
bacterial surface proteins with repetitive motifs such as
the hemagglutinin-repeats, RHS repeats (YD) and
another previously uncharacterized o-helical repeat
motif. All these proteins showed a characteristic feature
of possessing a highly variable but globular domain at the
extreme C-terminus of the protein, downstream of the
repetitive region. These proteins also usually contain
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Figure 3. Multiple sequence alignments and structural scaffolds of the distinct families of the HNH/EndoVII fold recovered in SUKH neighbor-
hoods: HNH, NucA, WHH, LHH, AHH, DH-NNK and GH-E. Their secondary structures are indicated above the alignments (‘e¢’ in blue, B-sheet;
‘h’ in red, o-helix). The numbers in bracket are indicative of the excluded residues from sequences. ‘hash’ indicates the residues involved in metal
ion-binding, ‘percent’ symbol indicates the conserved histidine which is required for activation of the water molecule for hydrolysis and ‘asterisk’
indicates the conserved asparagines. On the right, structures of HNH and EndoG families are shown as cartoon representations with the central
structural core colored by structural element type (a-helices in purple, B-sheets in yellow), and key catalytic residues highlighted. For those newly
identified families, inferred topology diagrams of their core nuclease domains are shown with conserved catalytic residues.
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certain domains related to adhesion and the two-partner
secretory (TPS) system N-terminal to the repetitive region,
such as PAAR (PFAM: PF(05488) and the TpsA-secretion
domain (TpsA-SD, also known as the filamentous hem-
agglutinin FhaB secretory domain; PFAM: PF05860) with
a pectate lyase-like fold (53-55). Some of these proteins
with repetitive domains, which were recovered in our
analysis of SUKH superfamily neighborhoods, are repre-
sentatives of toxins of the CDI systems (Figure 2) that
were reported even as this study was being prepared for
submission (24,25). Like the above proteins, the CDI
toxins are characterized by multiple N-terminal
TpsA-SD domains and hemagglutinin-repeats combined
with polymorphic C-terminal domains that vary greatly
between different CDI toxins. In all these CDI proteins
the polymorphic C-terminal domain is separated from the
repetitive region by either or both of two small o-helical
domains annotated as domains of unknown function in
the PFAM database (DUF638 or DUF637). Furthermore,
it was shown that the protein encoded by the gene follow-
ing the CDI toxin was an immunity gene, whose product
provided resistance against the toxin to the cell that was
producing it (25). By this criterion it became clear that the
SUKH superfamily genes in the CDI operons were
actually immunity proteins for the toxins encoded by the
upstream genes. However, in contrast to the pan-bacterial
distribution of the SUKH superfamily, the CDI operons
were only observed in proteobacteria (25). Furthermore,
we observed that polymorphic C-terminal domains of the
CDI toxins, which are found linked to the SUKH super-
family immunity proteins in CDI systems, are also seen in
bacterial lincages outside of proteobacteria, where too
they are linked to SUKH superfamily genes. In these
cases they are linked to other N-terminal domains that
are distinct from the TpsA-SD and hemagglutinin repeat
domains. Studies on CDI systems indicated that the toxin
function resides in the polymorphic C-terminal domains
and at least two of these domains are nuclease toxins that
cleave both tRNAs and DNA (25). Our above observa-
tions indicate that outside of CDI systems, the SUKH
superfamily genes are linked to genes encoding the HNH
and NucA nucleases; hence, it is likely that even these
nucleases function as distinct but analogous toxins that
cleave nucleic acids in target cells. Together, the above
observations raised the possibility that the SUKH super-
family protein might serve as immunity proteins, not just
in certain proteobacterial CDI systems, but also more gen-
erally function, across all major bacterial lineages, to
protect against linked genes, which are predicted to act
as toxins.

Interestingly, in addition to gene-neighborhoods with
multiple tandem divergent SUKH superfamily genes, in
several bacteria, we also observed notable lineage-specific
expansions of SUKH domain proteins (e.g. 21 paralogs in
Gemmata obscuriglobus, 20 paralogs in C. gingivalis and 15
in S. albus). These observations also make sense in light of
the above toxin—-immunity protein hypothesis: while the
SUKH superfamily gene adjacent to a nuclease or CDI
toxin gene is likely to provide immunity to the ‘self” toxin,
the supernumerary SUKH superfamily genes, which occur
as tandem arrays or as isolated versions, might provide

immunity against other ‘non-self’ toxins delivered by
competing bacteria in the environment. Such associations
of multiple distinct immunity genes have also been
observed in the case of plasmid-borne colicin gene
operons (8). Other features of the genomics of the
SUKH superfamily also support this proposal. Gene
neighborhoods encoding SUKH proteins and linked
nucleases or CDI toxin are highly variable in terms of
being present or absent between different strains of the
same species or between different closely related species
which share an otherwise similar genomic organization.
Secondly, there appear to have been recent duplications
of entire loci encompassing these gene-neighborhoods
within the same genome in several bacteria
(Supplementary Data). This kind of phyletic and
genomic polymorphism is also typical of loci involved in
inter- and intra-genomic competition such as toxin—anti-
toxin, restriction-modification and virulence toxin systems
(6,9,10,15), suggesting that even systems with SUKH
superfamily proteins might have comparable roles. To
test this proposal further, as the first line of investigation,
we aimed at exploring further the link between nucleases
and the SUKH domain proteins. While the polymorphic
C-terminal domains of two CDI toxins have been
characterized as nucleases, the C-terminal domains of
those CDI toxins which are found linked to the SUKH
superfamily immunity proteins have not be characterized.
We speculated that these domains, along with some of the
other uncharacterized domains in proteins encoded by
conserved gene-neighborhoods containing a SUKH super-
family gene, might be as yet uncharacterized nuclease
domains. As a second line of investigation we sought to
uncover those among the associated uncharacterized
domains, which might have a role in distinct toxin-
trafficking mechanisms, comparable to the two-partner
system used by the proteobacterial CDIs. Therefore, to
accomplish these two objectives and identify other com-
ponents of these systems we resorted to systematic
sequence analysis of the wuncharacterized proteins
recovered in the above gene-neighborhood analysis.

Sequence analysis reveals the presence of 11 distinct
families of nuclease toxins encoded by genes
adjacent to those of the SUKH superfamily

Sequence analysis indicated that at least 11 distinct
families of domains recovered in our searches in proteins
encoded by genes adjacent to one encoding a SUKH
domain protein are potential nucleases. While some of
these, as noted above, belong to the earlier characterized
families, several of those identified here belong to entirely
new families or are highly distinctive previously unrecog-
nized versions of previously known families (Figures 3-5
and Supplementary Data). Identification of this diverse
panoply of nuclease domains as being functionally
linked to the SUKH domain lends critical support to the
proposal that this domain functions primarily as an
immunity protein against nucleic acid-targeting toxins in
bacteria. We briefly describe below these newly identified
nuclease domains.
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Figure 4. (A) Multiple sequence alignment of the EndoU family emphasizing the new bacterial versions found in this study. The eukaryotic EndoU
domain (PDB: 2clw) is shown to the right to indicate the spatial position of the conserved elements and the two units with three-strands each.
(B) Multiple sequence alignment of the newly identified REase family. The structure of the archaeal Holliday junction resolvase (PDB: 10BS) is
shown to the right to indicate the spatial location of the conserved residues in this fold. Secondary structure elements are indicated above the
alignments (‘e’ in blue, B-sheet; ‘h’ in red, o-helix). The numbers in brackets represent excluded residues from sequences and ‘hash’ indicates the

catalytic residues.

Nuclease toxins of the HNH/ENDOVII fold. The HNH or
the ENDOVII fold is a version of the treble-clef fold. The
treble-clef fold is one of the most prevalent Zn-binding
motifs across the three superkingdoms of life (56).
Classical HNH nucleases, like the restriction endonuclease
(REase) McrA and the T4 endonuclease VII, contain the
four conserved, Zn-chelating cysteines of the treble-clef
fold (52). However, these cysteines are lost in several
forms, such as the REase Mboll, colicin E8 and the
NucA family, but these domains still retain the character-
istic structural geometry of the treble-clef (52,56). The
active site of these enzymes is formed at the interface of
the characteristic helix and B-hairpin and contains a
divalent cation, which is chelated by three polar residues
usually from the first strand of the PB-hairpin and the
C-terminal helix of the treble-clef fold. The residues
chelating the metal are typically histidine, aspartate and
asparagine but their exact configuration can greatly vary
between different members of this fold making them dif-
ficult targets for identification through sequence analysis
(52). Among the nucleases of this fold occurring in the
neighborhood of the SUKH superfamily we observed
eight distinct families spanning the entire gamut ranging
from conventional HNH nucleases to certain highly
derived forms that have not be identified before. The con-
ventional HNH versions (e.g.AM1_0143, gi: 158333371
from the cyanobacterium A. marina) retain all the four
cysteines of the treble-clef fold and a typical arrangement
of residues chelating the catalytic metal. Others, like the
nuclease domains of the PSPTO_3229 protein from
P. syringae (gi: 28870395) and some CDI proteins,
belong to the colicin E7/E8/E9 family (Figure 2).
A highly derived version is represented by the NucA
family (57), where structural analysis reveals that a
treble-clef domain which has lost the characteristic

cysteines is inserted between two copies of a
three-stranded domain with distinct loop-like C-terminal
extensions (Figure 3). We uncovered several divergent,
earlier unrecognized NucA family nuclease domains in
both the SUKH superfamily neighborhoods and CDI
systems, such as those typified by the B. subtilis protein
YeeF (gi: 251757354). The structural organization of the
NucA domain suggests that it arose from an ancestral
HNH/EndoVII domain, which ‘carried’ these duplicated
three-stranded units along with it to form a more complex
domain. Consistent with this proposal, we discovered
a family of novel HNH fold nucleases in our
gene-neighborhoods, which contain an active site similar
to the NucA nucleases, but are standalone versions
without the two flanking three-stranded units. We called
this family GH-E after the three conserved residues
associated with the active site typical of these domains.
Interestingly, a subset of the GH-E family preserves the
conserved cysteines of the treble-clef suggesting that they
indeed represent the potential evolutionary intermediate
from a classical HNH domain to the derived NucA-like
forms (Figure 3).

We also recovered three other novel families of
domains, which are respectively typified by nearly abso-
lutely conserved tripeptide sequence motifs LHH, WHH
and AHH (Figure 3). Most CDI operons, which encode a
SUKH domain immunity protein, have proximal toxin
genes with a LHH domain as the polymorphic
C-terminal unit of their products (Figure 2).
Additionally, the LHH domain is found in products of
genes adjacent to the SUKH superfamily gene outside
of proteobacteria in several other bacterial lincages
such as firmicutes, actinobacteria, bacteroidetes and
planctomycetes (Figure 2). Although we also found the
WHH domain as the polymorphic toxin unit of a subset
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Figure 5. Domain architectures of selected examples of nuclease toxins encoded in the neighborhood of the SUKH superfamily genes. A domain
architecture network of these toxins is shown to illustrate the directionality and syntactical features of their organization. Arrows indicate the
polarity of domain arrangement in a polypeptide with the arrowhead pointing to the C-terminus. Newly identified domains include DUF637-N,
A-link (a-helical PT domain), WXG-like, LDXD, NUC_N, PT-TGE which are non-catalytic domains, and AHH, LHH, WHH, DHNNK, GH-E,
EndoU, REase, [NSJHH, DEAM, which are toxin domains. The CdiAC domain is a predicted nucleic acid modifying domain that is present in the

C-termini of CdiA proteins of Photorhabdus and E. coli.

of proteobacterial CDI systems, none of these have a
SUKH superfamily immunity protein. However, we
found several non-CDI gene neighborhoods, which are
likely to define distinct but analogous toxin systems, in
proteobacteria, firmicutes, actinobacteria, synergistetes
and bacteroidetes that combine genes for WHH and
SUKH domain proteins (Figure 2). The AHH domain is
also found in similarly organized gene-neighborhoods
from the same bacterial lineages as those in which the
WHH and LHH domains are found. Profile—profile com-
parisons with multiple alignments of all these three novel
domains indicated that the best matches are families of the
HNH fold. Indeed, a visual examination of the conserva-
tion patterns of these three domains showed that the HH
dyad shared by them corresponds to the HH or DH
dipeptide found in the first strand of treble-clef fold of
the classical HNH domains (52). The first H forms one

of the catalytic metal-chelating ligands and the second H
contributes to the active site that directs the water for
phosphoester hydrolysis (58). Further, the sequence align-
ments of the LHH, WHH and AHH motifs revealed two
further conserved histidines, which were associated with
the helix of the treble-clef fold and aligned with the two
C-terminal metal-chelating residues in the profile of the
classical HNH domains (58,59). These observations
indicated that the LHH, WHH and AHH domains are
highly derived versions of the HNH fold. The eighth
family of HNH fold enzymes emerging from this
analysis comprises of proteins typified by the protein
Dd586_1447 (gi: 271499995) from D. dadanti found in
predicted toxins in SUKH neighborhoods and also in
CDI operon products which do not contain a
SUKH-type immunity protein (Figure 2). A subset of
these domains constitutes the PFAM model for a



‘domain of unknown function’, DUF1994, that does not
define the boundaries of this domain precisely. We were
able to define the proper boundaries of this domain by
using the diversity of distinct architectural contexts in
which we detected it and used the refined alignment for
profile—profile comparisons. This comparison revealed the
representatives of HNH domains as the best hits and
indicated a perfect match between the polar residues
conserved in this domain and catalytic and active-site
metal chelating residues of the classical HNH domains.
We named this family of HNH domains as DH-NNK
after the conserved DH dyad in the strand-1 and the
two asparagines and lysine which are conserved in the
helix of the core treble-clef fold (Figure 3). While all
these above versions have lost the cysteines of the ances-
tral treble-clef, they nevertheless, retain the catalytic con-
figuration typical of those nucleases. Hence, we predict
that these domains are likely to be nucleases with a
similar catalytic mechanism. Practically all characterized
HNH fold nucleases, barring those of the NucA family,
which show a distinct active metal chelating site (51), have
a preference for DNA substrates. Hence, it is likely that
most of these domains are the active components of toxins
that hydrolyze DNA in the target cells.

Nuclease toxins of the EndoU fold. The EndoU nuclease
domain is typified by the nuclease domain previously
identified in the U-specific, metal-dependent endonucle-
ase, which in eukaryotes processes intron-encoded U16
and U86 snoRNAs and generates products with 2-3'
cyclic phosphate and 5’-OH termini (60). A related endo-
nuclease was identified in nidoviruses, such as the severe
acute respiratory syndrome coronavirus where it appears
to process RNAs as a part of the replication complex
(60,61). Our structural analysis revealed that the catalytic
domain of these enzymes contains two elements each
comprised of a single helix followed by a three-stranded
unit. This suggests that it is likely to have emerged
through duplication of the simple helix-three-strand struc-
tural element, followed by flipping of the sheet in one of
the units (Figure 4A). The catalytic residues, i.e. two his-
tidines, appear to have emerged asymmetrically in
a peculiar hairpin insertion within the helix of the first
repeat. This hairpin insertion appears to be mobile
and adopts different conformations in structures
(60,61)—this mobility might have a role in accommo-
dating the substrate between the helix and the sheets
formed by the three-stranded units of the repeats (Figure
4A). We found that the bacterial members of the EndoU
family are linked to genes of the SUKH superfamily
mainly in firmicutes and proteobacteria (Figure 2).
Other than SUKH superfamily gene-neighborhoods,
related versions also comprise the polymorphic
C-terminal domain of the CDI toxins from Moraxella
and Mannheimia that, however, lack a SUKH superfamily
immunity gene. A further set of bacterial nucleases of this
family are predicted secreted versions encoded by intracel-
lular symbiotic and pathogenic bacteria, such as
Wolbachia (gi: 310643370) and Ehrlichia (gi: 73666818).
Most bacterial versions that we identified are extremely
divergent relative to the eukaryotic and viral forms and
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are not recognized by the previously available HMM
models for this nuclease (PF09412). Hence, the identifica-
tion of these relationships represents a significant exten-
sion of this superfamily (Figure 4A, Supplementary Data).
Versions within these gene-neighborhoods show consider-
able variability including loss of strands from the first unit.
This variability suggests that the EndoU fold is rather
flexible to accommodating drastic modification, which in
turn might help it recognize a diverse spectrum of sub-
strates. On the precedence of the eukaryotic EndoU and
the nidoviral nuclease and their genomic organization we
suggest that the majority of the bacterial EndoU
homologs are nuclease toxins that cleave RNAs in the
competitor cells. Those secreted by intracellular bacteria
could be deployed as toxins or regulators to manipulate
host physiology by cleaving specific transcripts. With the
identification of these new EndoU homologs it becomes
clear that the bacteria contain the greatest diversity of this
superfamily, with certain versions closer to the eukaryotic
and nidoviral versions and others that are more divergent
(Supplementary Data). This suggests that the original ra-
diation of this superfamily probably happened within the
bacterial toxin systems and were subsequently acquired,
perhaps from intracellular symbiotic bacteria, by eukary-
otes and viruses. In the latter they appear to have been
recruited as RNA processing enzymes.

Nuclease toxins of the REase fold. The REase fold is a
highly versatile fold that accommodates considerable
structural diversity and has, not surprisingly, been used
as the primary fold from which REases of
restriction-modification systems are derived (48,52). We
also found several proteins with this fold to be encoded
by genes that are neighbors of SUKH superfamily genes
(Figure 2). These versions were originally identified as a
distinct conserved domain of unclear affinities—both
PSI-BLAST and HMMER searches failed to identify
any relationships with previously known domain.
However, we observed that the multiple sequence align-
ment of this domain showed a characteristic signature of
conserved residues of the form GE-D-ExK-Q (Figure 4B)
that matched the pattern of similar conserved residues in
the lambda exonuclease and the RecB family of the REase
fold (52,62). The predicted secondary structure pattern of
these domains also closely matched the REase fold with
conserved D and ExK motif falling on a B-hairpin as is
typical of the REase fold (Figure 4B). These observations
induced us to use the alignment of this domain in a
profile—profile comparison with the HHpred program,
and we recovered a composite profile made of diverse
REase fold superfamilies such as the VRR-Nuc, lambda
exonuclease, the archaeal Holliday junction resolvase and
RecB as the best hits (P = 107°). This suggested that this
family defines a novel group of REase-fold nucleases.
Given that the majority of the REase-fold enzymes are
DNases, we predict that these toxins are likely to cleave
the DNA of the target cells.

Nuclease toxins of the cytotoxic RNase fold. The last
family of nucleases that we found encoded by genes
linked to the SUKH superfamily genes was the cytotoxic
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RNase family (63). This nuclease domain was first
characterized as the toxin domain of the colicins E3 and
E6 and is typified by a conserved active site configuration
with an aspartate followed by a glutamate sandwiched
between two histidines (Supplementary Data). The
version of this domain in colicin E3 has been
demonstrated to function as an EndoRNAse that specif-
ically cleaves the phosphoester bond between bases 1493
and 1494 of 16S ribosomal RNA (63). Given that versions
detected in systems characterized in our current study are
closely related to the version found in colicin E3 and E6,
we posit that these nuclease domains act as RNAses that
similarly cleave RNA in the target cells.

Other domains with a possible role in nucleic acid
modifications. We found three other families of domains
in proteins that were encoded by genes which occupied
positions adjacent to SUKH superfamily genes in certain
predicted operons, equivalent to positions of the genes
encoding the above nucleases. Additionally, these
families of domains are also found as representatives of
the polymorphic C-terminal module of the proteobacterial
CDIs. Together these observations hinted that they are
potentially uncharacterized enzymatic domains operating
on nucleic acids. PSI-BLAST and JACKHMMER
searches showed that the first of these families belonged
to the nucleotide deaminase superfamily that includes
RNA-editing enzymes, such as the APOBECs and
DNA-modifying enzyme AID of vertebrates. Hence, like
the nucleases, these enzymes are likely to function as
toxins that mutate nucleic acids in the target cells. We
discuss the natural history of these enzymes in a
separate article (Iyer LM, Zhang D, Aravind L, manu-
script in preparation). The second of these families
prototyped by the B. cereus protein beere0017 55840 (gi:
229119351) is characterized by a conserved signature
[NSJHH followed by another conserved histidine
(Supplementary Data). Although we were unable to
unify this family with any of the other nuclease folds,
the presence of the HH motif typical of many of the
above families of HNH/EndoVII fold nucleases might
point to a divergent relationship with those proteins.
The third of these families, typified by the CDI system
from P. luminiscens (gi: 37524545) includes a globular
domain of 170-200 amino acids that might define yet
another uncharacterized nucleic acid-modifying domain
(CdiAC in Figure 5, Supplementary Data).

Identification of conserved domains with potential roles as
trafficking components and auxiliary partner proteins of
the SUKH superfamily-toxin systems

Earlier characterized toxin systems such as the classical
plasmid-encoded  bacteriocins and the recently
characterized CDI systems use thematically comparable,
albeit biochemically distinct mechanisms for trafficking of
nuclease toxins. While these systems have been used
as models to understand bacterial protein trafficking, the
complete set of events starting from the extrusion of the
‘pro-toxin’ by the producing cell to its recognition at
the target cell surface and delivery into the target cell

are only partially understood (8). Classical plasmid-borne
colicins and cognate bacteriocins from other bacteria do
not have secretory mechanisms and their release appears
to occur primarily through cell-lysis mediated by
the colicin-release proteins (8). Colicin-like bacteriocins
are multidomain proteins with an extreme C-terminal
toxin module, which is either a nuclease or a membrane-
perforating domain (e.g. colicin E1 and A) (8). They typ-
ically possess two additional N-terminal modules, of
which the first facilitates translocation across the target
cell membrane and the second (i.e. the central module)
facilitates binding to a membrane receptor on the target
cell. These colicins hijack either the Tol or the Ton-
dependent molecular import systems to enter the target
cells (8). The chromosomally encoded proteobacterial
CDI system toxins do not require lysis; instead they are
trafficked out of the cell which produces them via the two-
partner-system that depends on the CdiB proteins
belonging to the TpsB class of outer-membrane trafficking
proteins (25). These latter proteins contain N-terminal
periplasmic polypeptide-transport-associated (POTRA)
domains linked to a C-terminal B-barrel transmembrane
domain. They recognize the secretory domains such as the
TpsA-SD in the extreme N-terminal region of the CDI
‘pro-toxins’ to deliver them across the outer membrane
of proteobacteria (64). This N-terminal region is separated
from the C-terminal regions by repetitive regions with
RHS- or filamentous hemagglutinin-type repeats. Their
uptake by the target cell is less-clearly understood. In
the well-studied examples, the first step of this process
appears to depend on the outer membrane-biogenesis
protein BamA recognizing a conserved a-helical domain
immediately N-terminal to the toxin module, with a
VENN signature that overlaps with the PFAM model
termed ‘DUF638. Subsequently the inner-membrane
protein AcrB, a transporter, appears to be necessary for
uptake into the target cell cytoplasm (25). Additionally, it
is posited that a proteolysis step at the cell surface releases
just the C-terminal nuclease module for uptake by the
target cell (25). Thus, despite the differences between the
CDI and classical colicin-like systems they share a
common feature of the toxin activity being borne by the
extreme C-terminal domain in a multidomain polypeptide.
Further, the modules located immediately-N-terminal to
the nuclease domain (e.g. the a-helical domain with the
VENN motif ~PFAM DUF638) are involved in associ-
ation with receptors on the target cell. Hence, we term
these domains collectively the pre-toxin (PT) domains.
The extreme N-terminal domains appear to play a
critical role in export from the host cell in the cases
where lysis is not involved, i.e. typically chromosomally
borne versions. These observations accordingly presented
the organizational logic for these systems, wherein there
are usually three functionally distinct sets of modules in
the pro-toxin going from the N- to the C- terminus of the
protein.

Analysis of the domain architectures of the nuclease
domain-containing proteins encoded in the SUKH-
superfamily neighborhoods revealed that the majority of
the proteins followed an architectural logic which was
consistent with the above-described organization of these



earlier studied toxin systems (Figure 5). However, only a
relatively small subset of the SUKH domain-associated
systems overlaps with the CDI systems. Further the
SUKH superfamily proteins and functionally linked
toxins are also found outside of proteobacteria, in
lineages lacking outer membranes and CdiB-like delivery
systems. We reasoned that analysis of these distinct
pre-nuclease and extreme N-terminal domains might
reveal features pertaining to the trafficking of toxins in
non-CDI systems and point to alternative delivery
mechanisms.

Identification of multiple distinct trafficking systems for
toxins encoded in SUKH superfamily neighborhoods. We
observed that in Gram-positive bacteria, proteins with
the C-terminal nuclease typically possessed one of a set
of several distinct domains at the extreme N-terminus of
the protein (Figure 5). A significant subset of these could
be unified using sequence profile searches with the
PSI-BLAST and JACKHMMER programs to the
WXG/ESAT6 superfamily of a-helical domains (65).
These domains are a specific signal recognized by the
YueA-like ATPases of the HerA-FtsK superfamily that
secrete them in an ATP-dependent manner (65,66). This
indicated that the WXG/ESAT-6 domain-containing
toxins in Gram-positive bacteria are extruded by
YueA-like pumps using an ATP-dependent mechanism.
A significant subset of toxin proteins from firmicutes pos-
sessed a distinctive N-terminal domain that could not be
unified with any earlier known domain (a subset of these
have been included in the erroneously annotated model
Transposase_30 of PFAM; PF04740). Sequence searches
showed that this domain possessed a conserved [LF]XG
sequence motif and it was predicted to assume an a-helical
bundle fold based on the multiple sequence alignment
(Supplementary Data). We accordingly termed it the
LXG domain (Figure 5) and were able to unify it with
the WXG domain by means of profile-profile compari-
sons with the HHpred program (P = 10~7). Contextual
analysis indicated that this domain is encoded by certain
conserved gene-neighborhood across firmicutes, where it is
associated with genes coding for a YueA-like HerA-FtsK
superfamily protein pump and a small protein related to
the S. aureus EsaC protein (gi: 282917938, Supplementary
Data). Through profile—profile comparisons we showed
that the EsaC-like superfamily is a bacterial version of
the eukaryotic EVHI peptide-binding domains with the
PH-like fold (HHpred P-value: 10~%) (67). These observa-
tions suggest that the LXG domain is comparable to the
WXG/ESAT-6 domain, and is likely to utilize the
ATP-dependent YueA pumps and the potential
peptide-binding EsaC domain as partners for extrusion
from the producing cell. The protein Srot 0310
(gi: 296392744) from the actinobacterium S. rotundus
contains two copies of a distinct domain N-terminal to
the GH-E nuclease domain (Figure 5). This domain is
also widely found in several actinobacteria at the
N-termini of putative cell-surface proteins. Profile—
profile comparisons suggested a possible relationship
between these N-terminal domains and the WXG
domain suggesting that it might be yet another
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representative of the WXG-like superfamily (P = 1074
and might utilize a similar ATP-dependent mechanism
for its extrusion. A fourth group of proteins, restricted
to certain firmicutes (e.g. S. aureus SACOLO0281 protein;
gi: 57652555), is typified by yet another N-terminal
a-helical domain (LDXD in Figure 5) that is also found
in domain architectural contexts very similar to the WXG
and LXG domains. It is conceivable that this domain
is comparable to them and functions similarly as a
mediator of export via the HerA-FtsK superfamily
pumps. Thus, a notable mode of export of nuclease
toxins in Gram-positive bacteria appears to be via the
ATP-dependent extrusion system, which while biochem-
ically distinct from the TPS of the proteobacteria, is
thematically comparable.

In Actinobacteria, but not firmicutes, we observed
several large proteins with architectures similar to the
CDIs of the proteobacteria. These typically contain
RHS repeats; however, their extreme N-terminal
domains did not bear any close relationship to the
proteobacterial TpsA-SD. Instead they were found to
contain an N-terminal signal peptide and some of these
proteins (e.g. gi: 256812841, a protein from S. griseus)
contain multiple lamininG domains embedded within
repetitive regions. The protein DIP1652 (gi: 38234225)
from C. diphtheria shows another distinct low complexity
repeat N-terminal to the nuclease domain (Figure 5) and
like in the above case it also possesses a conventional
signal peptide. Likewise, a distinctive signal peptide,
which is highly conserved in multiple proteins only
within the genus Planctomyces, is seen in predicted
nuclease toxins from this organism (e.g. gi: 149178028).
Another group of large toxin proteins with RHS repeats,
which predominantly occur in proteobacteria, are defined
by the presence of repeats of the PAAR domain (PFAM:
PF05488) N-terminal to the RHS repeats. All these
proteins are typified by the presence of a conserved trans-
membrane domain with two TM segments (Figure 5 and
Supplementary Data) just N-terminal to the PAAR
domains. We propose that these TM segments are
required for their trafficking to the cell membrane, follow-
ing which they might be processed in the periplasm for
release via the outer membrane in a process that might
depend on the PAAR domains. We also noticed a com-
parable domain with two TM segments in few firmicutes
(e.g. gi: 125974537 from C. thermocellum) and in
chlamydiae (e.g. 189219187 from M. infernorum, which
is a rare case of the nuclease domain occurring
N-terminal to the two TM domain; Figure 5). These
proteins lack PAAR domains but the firmicute versions
have additional hedgehog-intein (HINT) peptidase
domains (see below) that could aid in their release on
the cell-surface (Figure 5). These observations suggest
that at least some nuclease toxins in bacterial lineages
such as actinobacteria, bacteroidetes and planctomycetes
with conventional signal peptides, and those in
proteobacteria, chlamydiae and firmicutes with two-TM
domains are probably delivered to the cell using the con-
ventional Sec-dependent system (68). In the context of the
above cases, it is of interest to note that E. coli Syd, an
archetypal member of the SUKH superfamily, was first
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identified as a possible proof-reading component of the
Sec-dependent export system (43-45). In this context it is
possible that the binding of certain members of the SUKH
superfamily (at least the Syd-like group) in the producing
cell might not only help in conferring immunity to ‘self’
but also in guiding the ‘pro-toxin’ to the Sec-dependent
export machinery.

Both actinomycetes and firmicutes do not display
proteins with a PT domain with the VENN motif
(PT-VENN). However, we observed that in both these
lineages there was a conserved a-helical domain that fre-
quently occurred just to the N-terminus of several distinct
nuclease modules in different predicted toxins. This
domain had a conserved TG motif and we accordingly
named it the PT-TG domain (Figure 5, Supplementary
Data). The PT-TG domain might play a role similar to
the PT-VENN domain in Gram-positive bacteria and
mediate interaction of the extruded toxin with cell-surface
receptors on the target cells. The complementary distribu-
tion of the PT-VENN and PT-TG domains in
proteobacteria and Gram-positive bacteria suggests that
they are distinct adaptations related to the drastically dif-
ferent cell-surface morphologies of the respective groups.
Another domain, which we found frequently associated
with several unrelated or distantly related nuclease
domains from Gram-positive bacteria, was the
Nuclease_ N domain (Figure 5, Supplementary Data). It
is predicted to be an a-helical domain and might also play
a role in the delivery of the toxin module into the host
cells. Toxins in the SUKH superfamily neighborhoods,
irrespective of the type of the nuclease domain, can also
be distinguished into two major architectural groups: one
comprised of relatively small proteins with no notable
stretches of repetitive sequence separating the N- from
the C-terminal regions, and the second in which such
repetitive sequences, such as the RHS and the filamentous
hemagglutinin are present (Figure 5). This might reflect a
mechanistic difference in their mode of action: the smaller
proteins could be soluble toxins that diffuse away from the
cell producing it. In contrast, the large proteins with
repetitive elements might form filamentous appendages
that stick out from the cell-surface and depend primarily
on contact with target cells for delivery [Hence, the latter
group includes the recently characterized CDIs (25)].
Alternatively, this difference might reflect the differences
in the cell-wall structures of the bacterial lineages, with the
smaller toxin proteins being more prevalent in the
firmicutes. A subset of the smaller proteins with nuclease
domains lack noticeable trafficking-related (N-terminal)
domains. The corresponding genes could represent cas-
settes for alternative toxin modules that are linked by
recombination to the larger full-length genes (Figure 5,
see below).

Other auxiliary domains which might play a role in
resistance, trafficking or processing of toxins. Several
other domain families were found to be encoded by
genes having persistent association with the SUKH super-
family neighborhoods across distantly related bacterial
species. One of these is the SuFu superfamily (Figure 2
and Supplementary Data) prototyped by the Suppressor

of Fused protein from Drosophila (69). In addition, we
also detected members of this superfamily to be encoded
by CDI-like operons, such as the one from N. gonorrhoeae
that encodes a toxin with a distinct version of the HNH
fold nuclease domain (toxin NGO1392, gi: 59801740;
Supplementary Data). In these cases the SuFu superfamily
gene occupies a position equivalent to that of the SUKH
superfamily gene, suggesting that they might be function-
ally comparable. We also found several examples wherein
the SuFu and SUKH domains are combined in the same
polypeptide (Figures 1 and 5). Based on these associations
we propose that the SuFu domain represents a second
widely conserved domain that function as an immunity
protein for diverse nuclease toxins. Two other conserved
protein families are encoded in the toxin neighborhoods
(SUKH-neighborhood conserved family 1 and 2; SNCF1
and SNCF2, Supplementary Data) that occupy positions
similar to the SUKH and SuFu superfamily genes (Figure
2). They were not found in multi-domain architectures
typical of the nuclease toxins and always occurred as
proteins with standalone domains. This suggested that
they were unlikely to be novel toxins but act as alternative
immunity proteins just like the SuFu and SUKH super-
family proteins. The HINT domain, prototyped by the
peptidase domains of the animal hedgehog proteins and
protein-splicing inteins, is also frequently associated with
SUKH superfamily neighborhoods (70-72). These
versions of the HINT domain are closer to those found
in several bacterial surface proteins and the secreted
animal proteins such as hedgehog and the C. elegans
Hog proteins (70). When present in a multidomain
‘pro-toxin’ protein, the HINT domain always occurs sand-
wiched between the PT domains such as PT-VENN and
PT-TG and the nuclease toxin domain. This location of
the HINT domain suggests that it is likely to serve as a
peptidase that undergoes autoproteolytic cleavage, similar
to what is observed in hedgehog and the inteins (70), to
release the C-terminal nuclease domain for uptake by the
target cell. It is conceivable that this cleavage step is
regulated by the interaction of the PT domains with the
surface receptor on the target cell.

Eukaryotic/DNA viral members and structure—function
analysis of the SUKH superfamily

While SUKH superfamily neighborhoods are very wide-
spread in bacteria, they are largely absent in archaea.
Although we uncovered potential extruded nuclease
toxins in certain halophilic archaea such as H. borinquense
(gi: 312291883, with a GH-E nuclease domain), which are
delivered by means of a distinctive N-terminal
metallopeptidase domain, we did not find any immunity
proteins of the SUKH or SuFu superfamilies. Although
the exact reason for this exclusion is unclear, it is conceiv-
able that these immunity proteins are ineffective in the
context of the distinct archaeal secretory systems.
However, several eukaryotes possess one or more SUKH
superfamily members. Phylogenetic analysis and phyletic
patterns suggest that there are two major eukaryotic
lineages of the SUKH superfamily that are nested within
the radiation of the bacterial versions (Supplementary



Data). They are respectively prototyped by the
polyglutamylase subunit PGs2 (22), and the vertebrate
SCF ubiquitin E3 ligase subunit FBXO3 with yeast
Smil/Knr4 (21,73). The PGs2 version is found in basal
eukaryotes such as Giardia and Spironucleus, animals
and chlorophyte algae suggesting that it was likely to
have been acquired prior to the last eukaryotic common
ancestor (LECA) and subsequently lost in several lineages.
The FBXO3 lineage is present in animals, fungi, plants,
stramenopiles and ciliates. However, it does not group
with the PGs2 lineage, instead grouping with other bac-
terial forms. Hence, it was probably acquired relatively
early in eukaryotic evolution via an independent transfer
from bacteria. In both plants and animals the FBXO3
version is fused to an N-terminal F-box domain and a
distinctive  C-terminal immunoglobulin  superfamily
domain (overlaps with the PFAM model DUF525), sug-
gesting that it was recruited as an E3 subunit prior to the
radiation of these eukaryotic groups. In addition to these
versions, there appear to have been other sporadic trans-
fers of SUKH superfamily members to eukaryotes. For
example, land plants contain a version typified by the
Arabidopsis protein  At3g50340 (gi: 15229727) which
seems to have been independently acquired by them
from a bacterial source. Another sporadic transfer is
seen in certain filamentous fungi, which acquired a
version of the SUKH-4 group that has been independently
fused to an N-terminal F-box domain (e.g. 4. oryzae gi:
169782758). DNA viral versions show no specific relation-
ship with eukaryotic forms; instead, they share specific
sequence motifs with the SUKH-3 group, recover them
as best hits in profile—profile comparisons, and group
with them in the phylogenetic tree (Supplementary
Data). Within viruses they are most widespread and
abundant in herpesviruses, with the versions from
adenoviruses, poxviruses and iridoviruses being nested
within the herpesviral radiation of the family
(Supplementary Data). Thus, they appear to have been
acquired first by an ancestral herpesvirus, similar to that
inserted in the amphioxus genome (46), from a bacterial
source and subsequently disseminated across diverse DNA
viruses.

Although there has been gene loss in several eukaryotic
lincages, at least the two ancient versions, namely PGs2
and FBXO3 appear to have been largely vertically
inherited and show no lineage-specific expansions within
eukaryotes. This is in sharp contrast to the high propen-
sity for lateral transfer and for lineage-specific expansions
of the SUKH superfamily that is observed in bacteria.
This feature, together with the available functional
evidence suggests that these conserved eukaryotic
versions have acquired a biological role distinct from
that in the toxin—-immunity systems of bacteria.
Nevertheless, there were several features that suggested
to us that biochemically the eukaryotic versions might
be exploiting an ancient functional template provided by
the SUKH domains in bacterial nuclease toxin systems.
Firstly, the studies on yeast Smil/Knr4 have shown that it
interacts with a large number of structurally and function-
ally distinct proteins (19). In FBXO3, and independently
in the above-mentioned fungal proteins, it appears in a
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domain architectural context corresponding to the part
of the E3 F-box subunit that recognizes the substrate for
ubiquitination (74). This suggests that it might be
deployed as a recognition domain to recruit particular
substrates for ubiquitination. In bacteria the SUKH
superfamily domains are one of the most widespread
immunity proteins that appear to function in conjunction
with a repertoire of nuclease toxins that are extremely
diverse in sequence and structure (Figures 3 and 4).
Taken as a whole, these observations indicate that the
SUKH domain contains a scaffold that has been
adapted to recognize a diverse set of protein partners.

A possible clue for the structural basis of this capability
is offered by studies on the E. coli Syd protein: it has been
shown to contain a prominent negatively charged cleft
with which it could interact with partner proteins (45).
Examination of the structure of this protein indicates
that this cleft is formed by the space between the
conserved helix H3 and the fissure in sheet between the
two-stranded N-terminal unit and the C-terminal
4-stranded meander (Figure 1). Given that this unusual
feature is seen across the fold, we examined the surface
renderings of different SUKH superfamily members and a
corresponding cleft is observed in most of them (Figure 1).
Although this cleft is not necessarily negatively charged as
in Syd, and might vary in depth and shape, its widespread
presence suggests that it might be the means by which the
SUKH superfamily is able to accommodate different
protein partners. In support of this hypothesis we
observed that in the case of two distantly related
members of the SUKH superfamily, namely Syd (PDB:
3ffv) and YobK (PDB: 2prv), this cleft is used in
protein—protein interactions. In both these crystal struc-
tures one of the monomers is bound in the cleft of the
other monomer resulting in an asymmetric dimer
(Supplementary Data). These dimers are unlikely to rep-
resent biologically native dimeric states, but in any case
illustrate the ability of the conserved cleft of the SUKH
fold to accommodate other proteins. Interestingly, the
SuFu superfamily also shows a comparable kind of sheet
with a fissure between two sets of strands (69).
Experimental studies on the Drosophila SuFu shows that
it also functions as protein tether which holds the
Zn-finger transcription factor Gli in the cytoplasm in the
absence of the hedgehog signal (75). In vertebrates
the SuFu ortholog has been shown to bind Gli2 and
Gli3 and prevent their degradation due to ubiquitination
by F-box E3 ligases (76). Thus, the presence of compar-
able binding interfaces that have the flexibility to recog-
nize a wide range of protein ligands might be a common
feature shared by both the SUKH and the SuFu
superfamilies of immunity proteins. It is this feature that
appears to have resulted in them being utilized as adaptors
for recruiting other proteins in eukaryotic regulatory
systems.

The extensive spread of the US22 group of the SUKH
superfamily across unrelated or distantly related DNA
viruses of animals suggests that it confers an important
advantage to these viruses. This is also supported by the
lineage-specific expansion in betaherpesviruses of the
SUKH superfamily in the form of multigene arrays
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similar to what is seen in bacteria (Figure 2). Indeed
multiple studies suggest that distinct copies of the
proteins in herpesviruses are required for -effective
survival and replication of the virus in their hosts. For
instance, mutagenesis of two SUKH superfamily
paralogs M 142 and M 143 in the murine cytomegalovirus
was shown to be essential for survival of the virus itself,
whereas mutagenesis of other paralogs M139, M140 and
M 141 specifically prevents its replication in macrophages
(77). Other studies indicated that M 142 and M143 form a
heterotetrameric complex which counters the action of the
host protein kinase R (PKR) in shutting down viral
protein synthesis (78-81). The human cytomegalovirus
SUKH superfamily proteins TRS1 and IRS1 have been
shown to similarly counter the PKR and the dsRNA
dependent arm of the anti-viral response (78,82-86).
Another paralog UL38 inhibits the host cell stress
responses by antagonizing the tuberous sclerosis protein
complex in the endoplasmic reticulum (87,88) and
counters apoptosis in conjunction with yet another
paralog UL36 (89,90). In light of these observations it
appears that the viral versions of the SUKH superfamily
are deployed to counter different facets of the host
anti-viral and stress response. By analogy to the bacterial
versions, which function as immunity proteins, we
propose that the viral SUKH domain proteins in general
bind diverse host proteins that are used against the virus.
Here again the special ability of the SUKH scaffold to
bind diverse proteins appears to have been exploited by
the virus as a flexible binding interface to neutralize
a diverse group of host anti-viral defenses.

Evolutionary implications and general considerations

Identification of the SUKH superfamily and associated
nucleic acid modifying toxin systems has considerable im-
plications for understanding bacterial genetic conflicts,
evolutionary forces acting on strongly linked multi-gene
loci, and potential biotechnological applications. We
briefly discuss some of these implications that emerge
directly from our observations.

Relationship of toxin systems to genetic conflicts in the
bacterial world. Classical colicins and earlier characterized
CDIs act primarily on related bacterial strains of the same
‘species’. Although the systems identified in our studies are
abundantly represented in extracellular pathogenic
bacteria, they are rare in intracellular symbionts or patho-
gens. This might be because intracellular bacteria are
much less likely to encounter a heavy load of competing
cells in the same niche. The bacterial toxin systems which
we uncovered in this study and the related CDIs are also
different in certain features from the classical colicin-like
systems. Classical colicins are in large part encoded on
plasmids, which might be either single copy, medium-sized
conjugative plasmids or small multi-copy small plasmids
that depend on the conjugative plasmids for their trans-
mission (8). Such bacteriocins are relatively rare on
chromosomes. In contrast, 99.25% of the systems
recovered in our study are chromosomally encoded.
Majority of the plasmid-encoded classical colicin-like

toxins are accompanied by a gene encoding a lysis
protein and their release is concomitant with the lysis of
the host cell. However, none of the systems identified in
this study or the CDIs have lysis genes in their neighbor-
hoods (25). This difference suggests that, while both the
plasmid-borne bacteriocins and these systems might be
directed at close relatives, they appear to be geared
toward distinct genetic conflicts. The lysis of the cell
nullifies the fitness of the chromosome; hence, it would
be largely deleterious for the chromosome to encode
systems that require lysis. The plasmid being a selfish
element is not completely affected by loss of fitness of
the host as long as it can offset it by holding on to, or
spreading in the host population (i.e. the plasmid’s own
fitness is enhanced or maintained). Cells of the host type
without the bacteriocinogenic plasmid are competitors
that affect the plasmid fitness, especially under stationary
phase or starvation conditions. Hence, the plasmid-borne
colicin would be primarily selected to act against host cells
that have lost the plasmid or lack it by default under these
stress conditions. Further, the plasmid toxins are unlikely
to have ready access to trafficking by the host because,
given the large amounts in which the colicins are produced
(8), their export is likely to impair host fitness. Further, it
has been shown that under starvation only ~3% of the
cells produce colicin (91). Although the loss of the cells
producing the colicin would endanger the resident
plasmid, a relatively small fraction of the host population
is affected. By the principle of inclusive fitness of kin (92),
the plasmid could still have an enhancement of fitness
from the copies in the surviving cell along with the elim-
ination of competitors by the released toxin. On the other
hand, the toxin domains of many of the chromosomal
versions like the CDIs and those identified in this study
appear to be borne on filamentous structures that are pri-
marily geared toward to elimination of competitors that
come in physical contact with the cell-surface (25,93).
Therefore, these systems are likely to be critical in the
context of the formation and organization of biofilms
and solid substrate colonies. When bacterial cells are
aggregating in the above contexts it would benefit to elim-
inate resource sharing with non-kin competitors. Hence,
presence of a chromosomally encoded toxin that acts at a
short range is likely to be selected, resulting in the prolif-
eration of systems such as those described here.
Nevertheless, it would also benefit ‘cheater cells’ to
evade such defensive mechanisms. Hence, they would be
selected to maintain a wide diversity of immunity proteins
to counter different non-self toxins, which might explain
the arrays of diverse SUKH genes in several bacterial
genomes.

Potential evolutionary processes in diversification of toxins
and immunity proteins. Imprints of the evolutionary arms
race arising from the above processes are readily observed
in our systems. The toxin proteins appear to show a rather
peculiar pattern of diversification. The N-termini, which
are typically associated with trafficking, tend to be rela-
tively conserved while C-terminal nuclease domains show
major diversity (Figure 5). This is consistent with a recent
study on the diversification of RHS proteins in



enterobacteria which showed that the RHS proteins
undergo C-terminal polymorphism due to rampant re-
combination with invading cassettes that encode alterna-
tive C-terminal modules (94). This type of recombination
or gene-conversion with polymorphic C-terminal cassettes
might explain the presence of smaller loci found in the
gene-neighborhoods characterized here that encode just
a nuclease domain by itself or with an additional small
N-terminal extension (Figures 2 and 5). Hence, we
extend the original proposal for RHS diversification to
suggest that, more generally, recombination with cassettes
with distinct C-terminal modules is the primary proximal
mechanism for diversification of the toxin proteins across
all bacterial lineages (Figure 5). Furthermore, the presence
of nuclease and nucleic acid deaminase domains as the
primary toxin modules of these systems raises the possi-
bility that their nucleic acid cleaving or mutating activity is
involved in triggering recombination events. This appears
plausible given the observations that most of these nucle-
ases are likely to be endonucleases, which like their coun-
terparts in the restriction-modification systems could
cleave at specific sequences. Similarly, deaminase-induced
mutations have been implicated in the triggering of
class-switching recombination events in vertebrates (95).
More generally, this ties in with earlier studies which have
demonstrated the role for both recombination and
positive selection in the evolution of plasmid-borne bac-
teriocins (96). It has been proposed that pore-forming
versions have predominantly utilized recombination for
diversification whereas nucleases have mainly evolved
through positive selection. In our systems, the evidence
points to both these forces being active at different levels
in the evolution of the toxin proteins (96). While the basic
architectures evolve through recombination generating
C-terminal polymorphism, the C-terminal nucleases them-
selves show evidence for considerable sequence diversifi-
cation within each family. Indeed, much of the
diversification of the HNH/EndoVII fold appears to
have happened within the context of these systems, with
several structurally distinct forms evolving amidst the
nuclease toxins (Figure 3).

Phyletic and phylogenetic analysis of the SUKH super-
family indicates three salient features, namely rampant
lateral transfer between different branches of the bacterial
tree, gene loss and lineage-specific expansion followed by
divergence of the lineage-specific paralogs (Supplementary
Data). This suggests that there is a notable trend for main-
taining diversity within the SUKH superfamily that
probably arises from selection for recognition of a
diverse range of nucleic acid-modifying toxins. Although
there are multiple distinct types of immunity proteins
known from plasmid-borne bacteriocins and CDI
systems, most show very limited phyletic patterns. For
example the Cdil toxin seen in several CDI systems is
entirely limited to proteobacteria (25). We observed that
it is a protein with two TM segments that is likely to form
a membrane channel (Supplementary Data) and have a
mode of action very distinct from the SUKH superfamily.
As only the SUKH superfamily and, to certain extent, the
SuFu superfamily show a pattern of wide dissemination
across bacteria it is likely that only these scaffolds can
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support sufficient diversification that goes hand in hand
with the polymorphism of the toxin domains.

Implications for eukaryotic and viral functions. Our obser-
vations also suggest that the biochemical diversity
generated within these bacterial toxin systems has been
taken up and utilized for very different functions by eu-
karyotes and their viruses. Both the SUKH and the SuFu
superfamily domains have been utilized as adaptors that
regulate recognition of different substrates by protein
modification systems such as ubiquitination and
polyglutamylation. In a completely different context, the
HINT domains derived from such bacterial toxin systems
appear to have been used to release peptide messengers in
animal signaling pathways, like the hedgehog pathway
(70). The nuclease domains ultimately derived from
various toxins also appear to have been used for different
functions by eukaryotes and their viruses. The EndoU
nuclease domain, which ultimately emerged from these
toxin systems, has been recruited by the nidoviruses for
the replication of their negative-strand RNA genome,
whereas a related domain was recruited by eukaryotes
for processing of certain snRNAs. We also observed
that a HNH/EndoVII fold nuclease found in the bacterial
toxin typified by the N. gonorrhoea protein NGO1392
is found in several eukaryotic lineages such as ani-
mals, plants, stramenopiles and apicomplexans
(Supplementary Data). Given its conservation and rela-
tively lower divergence, it is unlikely that the nuclease
functions as a toxin in eukaryotes. However, it is
possible that it has been recruited as a DNA-repair
enzyme, as has been previously observed in the case of
certain nucleases of bacterial restriction-modification and
phage replication systems (97). In general terms, these
observations suggest that the origin of key systems in eu-
karyotes, including those related to the emergence of
certain lineages, such as animals (i.e. the hedgehog
pathway), appear to have extensively benefited from the
availability of ‘pre-adaptations’ in the form of compo-
nents whose ultimate origins lay in these toxin systems.

CONCLUDING REMARKS

The current study points to the remarkable flexibility of
SUKH domains in mediating different protein—protein
interactions. In a sense, this situation resembles what
has earlier been observed with certain scaffolds like the
immunoglobulin domain and the leucine-rich repeats of
various immunity-related proteins of eukaryotes (98,99).
The ability of the SUKH scaffold to accommodate diverse
binding partners makes it a potential candidate as a
template for protein engineering to generate novel
binding capabilities. Likewise, the C-terminal diversifica-
tion of the toxin domain could also have biotechnological
utility as a model for generating secreted proteins that
differ extensively in a given module but retain a constant
N-terminal part. We hope that this characterization of the
SUKH superfamily and identification of the associated
nuclease toxin families provides new leads for the future
exploration of the manifold implications of the systems
discussed here.
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