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Recent studies point to a diverse assemblage of prokaryotic cognates of the eukaryotic ubiquitin

(Ub) system. These systems span an entire spectrum, ranging from those catalyzing cofactor and

amino acid biosynthesis, with only adenylating E1-like enzymes and ubiquitin-like proteins (Ubls),

to those that are closer to eukaryotic systems by virtue of possessing E2 enzymes. Until recently

E3 enzymes were unknown in such prokaryotic systems. Using contextual information from

comparative genomics, we uncover a diverse group of RING finger E3s in prokaryotes that are

likely to function with E1s, E2s, JAB domain peptidases and Ubls. These E1s, E2s and RING

fingers suggest that features hitherto believed to be unique to eukaryotic versions of these proteins

emerged progressively in such prokaryotic systems. These include the specific configuration of

residues associated with oxyanion-hole formation in E2s and the C-terminal UFD in the E1

enzyme, which presents the E2 to its active site. Our study suggests for the first time that

YukD-like Ubls might be conjugated by some of these systems in a manner similar to eukaryotic

Ubls. We also show that prokaryotic RING fingers possess considerable functional diversity and

that not all of them are involved in Ub-related functions. In eukaryotes, other than RING

fingers, a number of distinct binuclear (chelating two Zn atoms) and mononuclear (chelating one

zinc atom) treble clef domains are involved in Ub-related functions. Through detailed structural

analysis we delineated the higher order relationships and interaction modes of binuclear treble clef

domains. This indicated that the FYVE domain acquired the binuclear state independently of the

other binuclear forms and that different treble clef domains have convergently acquired

Ub-related functions independently of the RING finger. Among these, we uncover evidence for

notable prokaryotic radiations of the ZF-UBP, B-box, AN1 and LIM clades of treble clef

domains and present contextual evidence to support their role in functions unrelated to the

Ub-system in prokaryotes. In particular, we show that bacterial ZF-UBP domains are part of a

novel cyclic nucleotide-dependent redox signaling system, whereas prokaryotic B-box, AN1 and

LIM domains have related functions as partners of diverse membrane-associated peptidases in

processing proteins. This information, in conjunction with structural analysis, suggests that these

treble clef domains might have been independently recruited to the eukaryotic Ub-system due to

an ancient conserved mode of interaction with peptides.

Introduction

Protein modification via covalent attachment of Ubiquitin

(Ub) and related proteins (Ubls) plays a vital role in regulation

of protein–protein interactions, signaling and protein

stability.1 The enzyme cascade directing the conjugation of

Ub/Ubls to amino groups in substrate proteins or lipids

consists of the E1, E2, and E3 components.2 These compo-

nents, respectively, charge the carboxyl group of the Ub/Ubl

in an ATP-dependent manner, transfer it via transthiolation to

an active cysteine, and finally conjugate it to the amino group

on the substrate by the formation of an isopeptide linkage.3

Two distinct, structurally unrelated classes of E3 ligases have

been identified: the HECT ligases and the RING ligases.4,5

HECT domains contain a conserved cysteine residue, which

participates in a further thiotransfer of the Ub/Ubl from the

aOmics Science Center (OSC), RIKEN Yokohama Institute,
1-7-22 Suehiro-cho, Tsurumi-ku, Yokohama-shi,
230-0045 Kanagawa, Japan

bNational Center for Biotechnology Information,
National Library of Medicine, National Institutes of Health,
Bethesda, MD 20894, USA. E-mail: aravind@mail.nih.gov;
Tel: +1-301-594-2445

w Electronic supplementary information (ESI) available. See DOI:
10.1039/c1mb05061c

Molecular
BioSystems

Dynamic Article Links

www.rsc.org/molecularbiosystems PAPER

Pu
bl

is
he

d 
on

 0
6 

M
ay

 2
01

1.
 D

ow
nl

oa
de

d 
by

 S
ta

te
 U

ni
ve

rs
ity

 o
f 

N
ew

 Y
or

k 
at

 S
to

ny
 B

ro
ok

 o
n 

24
/1

0/
20

14
 1

9:
02

:5
8.

 
View Article Online / Journal Homepage / Table of Contents for this issue

http://dx.doi.org/10.1039/c1mb05061c
http://dx.doi.org/10.1039/c1mb05061c
http://dx.doi.org/10.1039/c1mb05061c
http://pubs.rsc.org/en/journals/journal/MB
http://pubs.rsc.org/en/journals/journal/MB?issueid=MB007007


2262 Mol. BioSyst., 2011, 7, 2261–2277 This journal is c The Royal Society of Chemistry 2011

E2 ligase, prior to its conjugation to the substrate protein.6 In

contrast, the RING ligase acts as an adaptor protein facilitating

the transfer of the Ub/Ubl from the E2 ligase directly to the

substrate protein.7 The RING finger often co-occurs in the

same polypeptide with other domains facilitating substrate

interaction or as a subunit of a large protein complex, whose

other components, such as the F-box proteins, mediate inter-

actions with the target protein.8

The RING finger displays the treble-clef fold: a small,

remarkably versatile structural scaffold found in a wide range

of functional contexts across cellular life.9 The treble-clef fold

is comprised of three substructures: an N-terminal ‘‘lateral

flap’’, a central b-hairpin, and a C-terminal a-helix
(Fig. 1A).9–11 The classical treble-clef domains are stabilized

primarily by means of a Zn2+ cation chelated by two cysteines

from the tip of the lateral flap and another pair from the

beginning of the C-terminal helix. These cysteines and

the chelated metal might be lost in certain versions such as

the U-box and some types of HNH/EndoVII-fold nucleases

on account of secondary acquisition of alternative stabilizing

interactions.12,13 The Zn-chelating treble-clef domains can

further be divided into two general classes (Fig. 1A): those

that retain the ancestral single Zn2+ ion chelation site are

termed mononuclear, whereas those that have acquired a

second Zn-chelation site are termed binuclear treble-clefs.9

The RING domain falls in the latter category, which also

includes the chromatin peptide-binding PHD domain,14,15 the

phosphatidylinositol 3-phosphate phospholipid (PI3P)-

interacting FYVE domain,16 the diaglycerol-binding C1

domain,17 the ubiquitin-binding zinc-finger UBP domain,18

and the B-box, AN1, MYND, ZZ and UPF1 domains.19–22 In

these binuclear versions, the second Zn-chelating site invari-

ably involves a pair of cysteines or a cysteine–histidine dyad

from the b-hairpin and another pair from either the end of the

C-terminal helix or a further extension downstream of it.

Due to their presence in ancient proteins such as the ribo-

somal proteins S14 and L2411 and the HNH/EndoVII-like

nucleases, the mononuclear treble clef domains are inferred to

have been already present in the Last Universal Common

Ancestor of Life (LUCA). However, several distinct clades of

both mononuclear and binuclear treble-clef domains appear to

have radiated in eukaryotes.23 In particular, the mononuclear

versions furnished several eukaryote-specific nucleic acid-binding

Zn-finger domains, such as the GATA, the nuclear hormone

receptor, LIM, THAP and TRASH domains, the Ub-binding

A20 domain and the ARF GTPase activating protein (GAP)

domain, which is related to GATA.24 While prokaryotes do

not have a comparably large expansion of mononuclear

treble-clef clades, some diversity is seen in the DNA-binding

domains of HNH proteins and the TraR-like transcription

factors, YacG-like proteins, the ClpX N-terminal domain and

the type-II thymidine kinase Zn-binding domain.9,24 In

contrast, the majority of binuclear treble-clefs (e.g. B-box,

MYND, ZZ, C1, FYVE, PHD and RING) were only known

from eukaryotes.23,25 AN1 and UBP-type binuclear treble clefs

were previously observed in prokaryotes; however, they were not

considered to have a widespread role in those organisms.26,27 It

was hence believed that most of the major binuclear versions

emerged early in eukaryotic evolution and rapidly diversified

concomitant with the expansion of quintessentially eukaryotic

systems. This proposal was generally supported by their

primary functional roles in these eukaryotic systems, such as

chromatin structure and dynamics (e.g. PHD, ZZ and

MYND), the ubiquitin system (RING and B-box),28 the

cytoskeleton (ZZ and MYND),29,30 and cellular lipid-

membranes and lipid-based signaling (C1 and FYVE).31–35

In our earlier work on the origin of the ubiquitin system we

had used contextual information from conserved gene-

neighborhoods to show that a phylogenetically diverse group

of bacteria possess systems combining genes encoding E1s,

E2s, JAB domain peptidases and Ub-like proteins.36–38 These

were inferred to function as prokaryotic cognates of the

eukaryotic Ub-conjugation system and this proposal has

received some support from recent work on archaeal systems

related to Ub-conjugation.39,40 However, these neighborhoods

all lacked the cognate E3 RING-like domain.36 Very recently,

a gene encoding a putative treble clef-containing RING

domain was reported in a newly-sequenced archaeal genome,41

suggesting a possible deeper origin for the RING domain.

Furthermore, this remarkable archaeal gene was found to be

adjacent to genes encoding the other core components of the

Ub-system: the Ub modifier, the E1 and E2 ligases, and a JAB

domain peptidase41 suggesting that it could indeed be a direct

precursor of the eukaryote-type Ub-system.

This and other new genomic data raise questions regarding

the early evolutionary history of what were considered to be

purely eukaryotic binuclear treble-clef domains and the

emergence of Ub-related functions in the treble clef fold. Hence,

we systematically analyzed public sequence repositories to

explore the diversity of RING fingers and other treble-clef

domains in prokaryotes. In addition to confirming that the

aforementioned archaeal sequence contains a bona fide RING

finger, we uncovered other representatives of this domain sporadi-

cally distributed across phylogenetically diverse bacteria and

archaea. Some of these members, similar to the recent finding

in archaea, are found in gene neighborhoods containing

homologs of the core components of the eukaryotic ubiquitin

system. Additionally, we characterized the prokaryotic members

of the UBP clade of binuclear treble-clef domains and use

comparative genome contextual analyses to predict a role for

the family in bacterial redox signaling pathways. We also present

evidence that the AN1-like and B-box-like binuclear treble clef

domains have clear prokaryotic origins. Comparison of the

shared structural features of these binuclear treble-clef clades

suggests that multiple versions of the binuclear treble clefs had

emerged in prokaryotes and transferred to the progenitors of

eukaryotes prior to the Last Eukaryotic Common Ancestor

(LECA). These findings have several implications for under-

standing the recruitment of these domains to diverse eukaryotic

roles, particularly the provenance of the Ub-modification system.

Results and discussion

Contextual evidence points to a potential modifier function for

the YukD-family of Ubls in bacteria

In an attempt to extend the known network of functional

associations for prokaryotic Ubls, we ran sensitive sequence
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Fig. 1 (A) Cartoon representations of mononuclear and PHD-type and C-terminal strand-containing binuclear treble clef domains. Two views are

provided: one with the line of sight perpendicular to the lateral flap (top) and one with the line of sight perpendicular to the b-hairpin. b-Strands are
depicted as arrows colored in orange with the arrowheads at the C-terminal end, while a-helices are depicted as coils, colored in purple. The lateral

flap structure is colored in green. Zinc ion coordinating residues are depicted as short lines, colored in blue. The relative spatial location of zinc ions

are marked with a black circle shaded in yellow. (B) Multiple sequence alignment of RING finger with a special emphasis on prokaryotic versions.

Proteins are annotated by their gene names, species abbreviations and Genbank index (gi) numbers and are further grouped by their familial

associations, shown to the right of the alignment. Secondary structure assignments are shown above the alignment, where the green arrow represents

the b-strand and the orange cylinder the a-helix. Secondary structure was derived from a combination of crystal structures and alignment based

predictions. Poorly conserved inserts are replaced by the corresponding number of residues. The alignment was colored based on 75% consensus and

the coloring scheme and consensus abbreviations are as in Fig. 4. Species abbreviations are as follows: Aboo: Aciduliprofundum boonei; Acol:

Anaerotruncus colihominis; Asp.: Acidobacterium sp.; Bmar: Blastopirellula marina; Bsp.: Bacteroides sp.; CCal: Candidatus Caldiarchaeum; Cmet:

Clostridium methylpentosum; Cspu: Capnocytophaga sputigena; EHV1: Equid herpesvirus 1; Esir: Eubacterium siraeum; Fjoh: Flavobacterium

johnsoniae; Fpra: Faecalibacterium prausnitzii; HHV8: Human herpesvirus 8; Hoch: Haliangium ochraceum; Hsap: Homo sapiens; Ipal: Isosphaera

pallida; Kfla: Kribbella flavida; Mboo: Methanoregula boonei; Mhun: Methanospirillum hungatei; Mmar: Microscilla marina; Mmet: marine

metagenome; Mmus: Mus musculus; Mpal: Methanocella paludicola; Mxan: Myxococcus xanthus; Ppac: Plesiocystis pacifica; Psp.: Prevotella sp.;

Psta: Pirellula staleyi; Ralb: Ruminococcus albus; Rbro: Ruminococcus bromii; Rfla: Ruminococcus flavefaciens; Rsp.: Ruminococcus sp.; Scer:

Saccharomyces cerevisiae; Sgri: Streptomyces griseus;Tbis: Thermobispora bispora; Umet: uncultured methanogenic archaeon RC-I.
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profile searches using previously identified prokaryotic Ubl

domains36,42 as seeds for the PSI-BLAST program.43 As a

result we uncovered previously unidentified members of the

YukD family of Ubls44 in the planctomycetes Pirellula staleyi

(Psta_4149; gi: 283781904) and Isosphaera pallida (Isop_1340;

gi: 320102883) and the actinobacterium Frankia alni

(FRAAL0857; gi: 111220329). Examination of the gene

neighborhoods for these proteins revealed the presence of

prokaryotic homologs of components of the Ub-system,

namely, E1 and E2 ligases and JAB-like peptidases (Fig. 2),

similar to previously described gene neighborhoods for

prokaryotic Ubls.36 Given that such conserved gene-

neighborhoods, especially those shared by phylogenetically

distant prokaryotes, are indicative of a close functional

interaction between the gene products,53,54 we reasoned that

these YukD-like Ubls could be conjugated to target proteins

through enzymatic ligase activity of the E1 and E2 enzymes

and C-terminally processed or deconjugated by the action of

the JAB peptidase. Consistent with this proposal, we detected

a conserved AG motif near the C-terminus of these newly

detected YukD-like Ubls (see ESIw) comparable to the flexible

C-terminal tails with small residues that are important for the

ligation reaction of both the Ubl49,50 and the structurally

unrelated Pup modifiers.51,52

This observation was surprising because: (1) members of the

YukD family have hitherto not been contextually linked to

prokaryotic cognates of the eukaryotic Ub-system and (2)

early experiments with Bacillus subtilis YukD did not find

evidence for protein modification activity.44 Hence, we

re-investigated the known members of the YukD family in

light of the above observations. We had previously reported

that the YukD-like Ubl family is associated in conserved gene

neighborhoods with members of the ESAT-6 export pathway

(also called Type VII secretion system or ESX) of

Gram-positive bacteria, suggesting a role for YukD in regulating

this export system.36 This prediction was borne out by sub-

sequent experiments in firmicutes that have shown that the

YukD (EsaB in S. aureus) protein regulates the secretion of

effector molecules via the ESAT-6 secretion system.45 In

actinobacteria, the YukD-like Ubl is fused to the N-terminus

of a transmembrane protein of the ESAT-6 pumping pathway

(typified by the Rv3887c protein in Mycobacterium tuberculosis),

Fig. 2 Architectures and operons are grouped according to the treble-clef domain or ubiquitin domain that is contained in them. Operons that

contain other proteins or domains involved in the ubiquitin system pathway are marked with a red asterisk. Genes that are not translated in the

database are marked with an ‘‘untrans’’ prefix. Note that the Isosphaera RING domain does not co-occur with the ubiquitin pathway genes, but is

in a distinct genome location with respect to the latter. Architectures and operons are labeled by the gene names, gis and species name (in brackets).

Genes in conserved gene neighborhoods are shown as boxed arrows with the arrow head pointing in the 30 direction. Standard abbreviations are

used for most domains. Non-standard abbreviations include: Y: uncharacterized conserved domain, b-P: WD40-like betapropeller repeats,

HISKIN: histidine kinase, REC: receiver, TM: transmembrane helix, and TGase: transglutaminase, ZnR: zinc ribbon.
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and is in the neighborhood of a gene encoding a subtilisin-like

serine peptidase (mycosin; Fig. 2). Cleavage of regulatory

components by mycosins, such as MycP1, has been shown

to modulate the ESAT-6/ESX secretion system.46 In the

firmicutes, the YukD-like Ubls are standalone versions,

almost always co-occurring in predicted operons with two

genes: (1) a gene encoding a membrane protein containing an

N-terminal intracellular domain, which displays the same fold

as the serine/threonine/tyrosine kinases, and a C-terminal

a-helical extracellular domain (Fig. 2). (2) A gene coding for

a 5-TM membrane protein (e.g. Bacillus subtilis protein

YueB), analogous to the transmembrane transporter of the

actinobacteria.

The gene coding for the protein with the kinase fold domain

is usually located in the same relative position and orientation

as the mycosin gene in the actinobacterial operons. While

sharing a common fold, the kinase domain is not closely

related to conventional protein kinases that phosphorylate

peptides. Instead, it is reminiscent of the ATP-dependent

ligases, which contain a divergent version of the protein kinase

fold, and catalyze the formation of peptide-bond like linkages

by activating the carboxyl group through phorphorylation.

Such ligases catalyze the non-ribosomal formation of peptide

linkages during the biosynthesis of metabolites like the

siderophores, vibrioferrin and achromobactin.47,48 Hence, by

analogy to Pup conjugation, which involves a functionally

comparable peptide ligase,48 it is possible that the YukD-like

Ubl of firmicutes is conjugated to the multi-TM protein of the

ESAT-6/ESX system, by the predicted peptide ligase action

of the kinase domain. This could conceivably be further

regulated by interactions of the extracellular domain asso-

ciated with the kinase domain with other molecules under

specific conditions. In actinobacteria, instead of ligation,

regulation could involve cleavage of the YukD-like Ubl

domain that comes fused to the ESAT-6/ESX system trans-

membrane protein by the mycosin peptidase. A possible

precedent for this proposal is provided by cleavage of the

Ubl domains found in the tail assembly related proteins of the

lambdoid bacteriophages by the associated JAB domain

peptidase.36 Hence, our observations suggest that regulatory

systems deploying YukD-like Ubls might span the entire

spectrum, including forms which are not conjugated, those

which are conjugated via an apparatus resembling the eukaryotic

Ub-system and also perhaps via a distinct kinase-related peptide

ligase.

Identification and characterization of novel prokaryotic

RING-like domains

To better understand the conjugation apparatus of the newly

identified YukD-like Ubls we further systematically investi-

gated their gene-neighborhoods and domain architectures. In

the Pirellula staleyi gene neighborhood, two paralogous genes

were observed immediately downstream of the genes for the

above-mentioned components, with single N-terminal trans-

membrane helices and C-terminal cysteine-rich globular

regions (Fig. 2). Initial iterations of sequence profile-based

searches initiated with this globular region identified several

related proteins present across a range of phyletically diverse

prokaryotes including actinobacteria, firmicutes, plancto-

mycetes, and a single euryarchaeon. Two additional methano-

genic euryarchaeal sequences were also recovered in further

transitive searches with these sequences (Fig. 1B). Continued

iterative searching with this domain detected a significant

relationship with RING finger domains e.g. the cellulose

synthase RING-like domain in various plants including

Shorea parvifolia (detected gi: 254554078, iteration: 3, e-value =

3� 10�3). In parallel, iterative HMM searches on this globular

domain were initiated using the JACKHMMER program

(http://hmmer.janelia.org), with results confirming the

relationships observed above. For example, a search initiated

with the euryarchaeal Aciduliprofundum boonei homolog

identified homology with the RING domain in the Arabidopsis

lyrata RHA1a protein (gi: 297809395, iteration: 2, e-value:

1.9 � 10�4) and the RING domain in the Rattus norvegicus

TTC3 protein (gi: 157817021, iteration: 4, e-value: 2.5� 10�6).

Reciprocal JACKHMMER searches initiated with the above-

mentioned sequences from methanogenic euryarchaea also

established their membership in this family. Using the Pirellula

staleyi RING finger domain, as query in TBLASTN searches,

we also recovered an unannotated gene coding for a protein

with an N-terminal TM segment and a C-terminal RING

finger domain in the YukD operon in Frankia alni.

Further searches initiated with the E2 domain encoded in

the Pirellula gene neighborhood identified two additional

closely related E2-like domains in Acidobacteria sp.

MP5ACTX8. Examination of their neighboring genes

revealed the presence of an E1 gene related to those observed

in Pirellula staleyi and Frankia alni, along with paralogous

genes encoding an N-terminal transmembrane helix and a

large cysteine-rich region (gis: 299139637, 299139927,

Fig. 2). JACKHMMER searches initiated with this region

recovered significant hits mapping to eukaryotic RING domains

in two non-overlapping locations (e = 10�4–10�5), suggesting

the presence of two copies of the domain and also detected two

novel methanogenic euryarchaeal sequences containing a single

copy of the domain (Fig. 1B). New profile searches with

PSI-BLAST andHMMSEARCH (from the HMMER3 package)

run with profiles or PSSMs including the above-detected

prokaryotic RING domains resulted in the identification

of an additional family of bacterial RING domains from

several actinobacteria, myxobacteria and bacteroidetes (e.g.

MXAN_6230; gi: 108763824). Concurrent with these discoveries,

a paper was recently published which described a single RING

domain-containing gene in the newly-sequenced archeaon

Candidatus Caldiarchaeum subterraneum, proposed to be repre-

sentative of a novel division of archaea.41 This RING domain

was also notably linked in a gene neighborhood encoding a Ubl,

E1 and E2 ligases, and a JAB domain peptidase, the first

neighborhood in an archaeon to contain the complete basic

eukaryotic Ub conjugation machinery. Searches initiated with

this sequence recovered two other paralogous RING finger

proteins from Caldiarchaeum subterraneum, other related RING

fingers from other poorly characterized marine prokaryotes, and

multiple eukaryotic RING domains with significant e-values.

These searches suggested that these RING fingers displayed an

even closer affinity for their eukaryotic counterparts than the

above identified set of prokaryotic RING homologs.
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We constructed a multiple alignment of all prokaryotic

RING-like sequences and examined it for concordance with

the known features of the version of the treble-clef domain

found in the eukaryotic RING fingers (Fig. 1B). Of primary

interest was the conserved presence of the eight metal

ion-coordinating residues in the anticipated locations in all

but one of the prokaryotic versions. Interestingly, many of the

identified prokaryotic RING domains have a C4HC3 coordi-

nating residue arrangement, in contrast with the canonical

C3HC4 arrangement observed in eukaryotes. Another

variation observed in certain prokaryotic RING domains is

a C4HC2H configuration, with a longer insert present between

the final pair of coordinating residues (Fig. 1B). Yet other

prokaryotic forms display only cysteine residues in the metal-

coordinating positions. Finally, the RING fingers identified in

bacteroidetes (Fig. 1B, see above) showed a loss of two pairs of

Zn-chelating residues, namely those from the lateral flap and

those from these C-terminal helices. However, they retain

the two pairs from the central hairpin and the C-terminal

extension (Fig. 1A and B). The conservation patterns help in

delineating the prokaryotic RING fingers into four distinct

clades (Fig. 1B). The diversity observed in the key coordinating

residues of prokaryotic RING domains is reminiscent of the

diversity observed in the catalytic residues of prokaryotic E1

and E2 domains, which are linked in conserved gene neighbor-

hoods to other components of the predicted prokaryotic Ubl

modification pathways.36–38 Thus, new genomic evidence

indicates that RING fingers had already diversified in prokar-

yotes, were widely disseminated across diverse groups,

and that at least a subset of these diverse forms primarily

participated in the context of the prokaryotic cognates of the

Ub-system. This suggests that the E3 function of RING

fingers appears to have first emerged in prokaryotes. The

versions identified here are primarily found in free-living

bacteria. It should be stressed that these newly detected RING

finger domains are distinct from the RING and U-box domains

previously found in intracellular parasitic and symbiotic

bacteria.55,56 These latter versions appear to be more recent

lateral transfers from host eukaryotes that are deployed by the

symbiotic or parasitic bacteria in the host cell to modify its

behavior.57,58 They show no genome context associations with

E2s or E1s and depend on host E1s and E2s for their activity.

We then attempted to exploit the identification of RING

fingers in prokaryotes to decipher the emergence of E3 and

other Ub-related functions among treble-clef domains. In

eukaryotes, not just the RING finger, but also few mono-

nuclear treble-clef domains (e.g.A20 and C4DM) and multiple

binuclear domains (e.g. AN1, UBP, B-box and to a certain

extent the MYND finger) are involved in functions related to

the Ub-system.59–65 This raised the question as to whether the

treble-clefs acquired these Ub-related functions in their

common ancestor with the RING finger, or convergently on

multiple occasions. Presence of multiple, distinct clades of

prokaryotic RING fingers, with distinct patterns of metal

chelation, alongside other binuclear treble clef domains hinted

that the primary diversification of at least some of these

domains might have occurred in prokaryotes. To better

characterize the situation and understand the implications of

the prokaryotic treble-clef domains for the emergence of

functions related to the Ub-system we systematically analyzed:

(1) the structural features characteristic of different clades

of treble-clef domains; (2) their interactions with proteins

and other biomolecules; (3) the phyletic distributions and

contextual associations of prokaryotic treble-clef domains.

Structural distinctions among binuclear treble clef domains

The binuclear treble-clef domains, with the exception of the

FYVE and IBR domains (see below), share a similar second

metal-binding site C-terminal to the a-helix of the core treble-

clef domain (Fig. 1A). The location of the second metal ion is

largely spatially conserved between different binuclear

versions, lying approximately in the middle of the angle

formed by the central b-hairpin and the C-terminal a-helix.9,11

Further, the first residue of this last coordinating pair is always

located at the end of the C-terminal helix (Fig. 1A). Together,

these features argue for a common ancestry for most binuclear

treble clef domains, namely the RING, B-box, TFIIH-p44

Zn-finger, ZZ, C1, UBP, PHD, AN1, and MYND domains.

Variations in the configuration of the final coordinating

pair, in conjunction with C-terminal extensions, unite multiple

distinct domains into structurally similar groups that might

reflect further higher-order clades within this monophyletic

assembly of binuclear treble clefs. The most conspicuous

structural embellishment to the conserved core of the binuclear

treble-clef domains is the presence of a C-terminal extended

region that stacks back with the central b-hairpin, resulting in

an effectively 3-stranded structure.10 This is observed in the

RING, B-box, UBP, ZZ, TFIIH-p44 ZnF and C1-type treble

clefs (Fig. 1A). As noted previously, this element has been

moved to the N-terminus along with one of the Zn-chelating

residues due to a postulated circular permutation event in the

C1 domains.9 This strand appears unique to these binuclear

domains; while some mononuclear treble-clef domains like the

THAP and certain members of the HNH clade have extended

regions proximal to the core treble clef scaffold,13,66,67 funda-

mental differences in their stacking, arrangement of the

additional strands, and interactions with other structural

elements strongly suggest that these are independent innovations.

Presence of this C-terminal strand is also related to the

positioning of the final metal coordinating pair. In the versions

with this strand, the second residue in the pair is invariably

found near the N-terminus of the strand. Notably, even in the

circularly-permutated C1 domain, this residue is retained in

the same position, providing further evidence that the C1

domain is indeed a member of the above assemblage of treble

clef domains. These features together indicate that all the

versions with this C-terminal strand are likely to form a

monophyletic group within the binuclear treble clef domains.

Within this monophyletic assemblage, RING fingers

(including the U-box) are distinguished from the rest by a

distinctive ‘‘squiggle’’ comprised of half a helical turn (encom-

passing both final pairs of Zn-chelating residues), at the

junction between the C-terminal strand and the preceding

a-helix of the core treble-clef domain.12 The UBP domain is

also clearly distinguished from the rest by several additional

features: (1) the C-terminal additional strand is part of an

extended b-meander that combines with the b-hairpin of the
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core treble clef to form a five-stranded b-sheet. (2) The

two residues in the 3rd Zn-chelating pair (i.e. those at the

beginning of the C-helix of the core treble-clef) are separated

by a pronounced insert that forms an ‘‘overflow’’ of variable

length. (3) The 4th pair (i.e. the terminal) of Zn-chelating

residues straddles a complete helical turn, which does not form

a separate squiggle as in the RING fingers, but forms a further

turn of the C-terminal a-helix in the core treble clef. The

remaining binuclear treble clef domains, such as the PHD,

AN1 and MYND fingers, which lack the C-terminal strand,

also show distinctive clade-specific differences in the configu-

ration of the last pair of Zn-chelating residues. In all of these

the second residue of the terminal Zn-chelating dyad is not

associated with the beginning of a strand but occurs as part of

an extension in the form of a further helical segment or a

coil.9,11 The PHD finger, in particular, displays considerable

C-terminal structural diversity in the secondary structure of

the C-terminal extension that houses the second residue from

the coordinating pair: it may be part of an extended coil region

or part of an extensive a-helical elaboration.35 Thus, there

appears to have been a limited overall constraint on the

context of the terminal coordinating residue in these binuclear

treble-clef domains, with some of the differences probably

reflecting lineage-specific, local functional adaptations.

The remaining two binuclear domains, IBR and FYVE,24 do

not appear to be specifically related to the other binuclear treble

clefs. Of these, the IBR domain has two Zn2+ ions chelated by

4 pairs of chelating residues, but these do not occupy a position

comparable to the other treble-clef domains.68 Specifically, the

2nd and 3rd pairs of chelating residues assume a configuration

similar to that seen in the Zn-ribbon domains.69 Hence, the very

relationship of the IBR to the treble clef domains is dubious and

is not considered further in this article. While the FYVE

domain coordinates two Zn2+ ions, it was previously noted

to have a distinct pattern of arrangement of these coordination

sites.16 This pattern was described as an overlapping doublet of

treble-clef domains arising from duplication, wherein the

first treble clef contributes a pair of cysteines to the second

treble-clef.9,11 Even though the FYVE domain closely resembles

the LIM fingers, which always occur as duplicated treble clef

domains,70 a simple duplication cannot produce the pattern

observed in the former domain because the lateral flap of the

second treble clef is nested within the b-hairpin of the first treble

clef. The most parsimonious explanation for the nesting

observed in the FYVE domain requires the following steps:

(1) a starting duplicated pair of mononuclear treble clef

domains similar to the LIM fingers. (2) An internal circular

permutation involving the second strand of the b-hairpin of the

first of the duplicated copies and the lateral flap of the second

copy. This permutation would have proceeded via a partial

internal duplication after the initial complete duplication

(Fig. 3A). Thus, the FYVE domain appears to have conver-

gently acquired a structurally distinct binuclear state relative to

all other bona fide binuclear treble clefs.

These structural comparisons indicate that the treble clef

domains with Ub-related functions (even within the binuclear

treble clef domain) are not particularly close. While RING

and UBP belong to the same higher order group of binuclear

treble clefs with a C-terminal strand, the version of the fold in

AN1 and MYND lacks this feature. Further, the RING and

UBP domains themselves notably differ in placement of the

last Zn-chelating residue. Similarly, the FYVE and C1 domains,

both of which are involved in lipid or membrane-related

functions, are also not structurally close binuclear treble clefs

and have independently acquired a binuclear state.

Classification of the interaction sites of binding partners on the

treble clef scaffold

While early studies have noticed certain commonalities in the

interactions of the distinct treble clef fold domains with their

functional partners,9,11 a considerable amount of new struc-

tural data has accumulated since then. We reasoned that a

systematic survey and classification of the patterns of inter-

action of these domains could provide an independent means

of assessing the emergence of Ub-related and other functions

in this structural scaffold. Such analyses have previously been

employed in uncovering trends in binding tendencies of other

small domains which act as scaffolds facilitating a wide range

of interactions.42,71 Hence, we comprehensively investigated

the interactions of the treble clef scaffold using all available

structures in the PDB database, where these domains are

complexed with their physiologically relevant binding

partners. Results of this analysis indicated that there are four

primary interaction sites on the treble clef scaffold which are

utilized by several distinct domain families, in addition to

certain sites that have more restricted usage patterns

(an overview of these findings is depicted in Fig. 3B; detailed

views of each interaction are available in the ESIw). Two of the

primary interaction sites take the form of pockets of variable

depths: the first is formed at the interface of the lateral flap and

the central b-hairpin and the second is formed by the a-helix
combining with variable C-terminal extensions and the central

b-hairpin (Fig. 3B and ESIw). The third major interaction

region is formed by the exposed back ‘‘face’’ of the C-terminal

a-helix of the core treble clef when oriented with its C-terminus

pointing left. The fourth major interaction surface is via

extended interactions along the length of the first (ascending

strand) of the central b-hairpin (Fig. 3B and ESIw).
Each of these major sites tends to favor specific types of

interacting partners. The pocket formed at the interface

between the lateral flap and b-hairpin is almost exclusively

utilized by mononuclear treble clef domains for interaction

with nucleic acid or nucleotides: RNA by S14, DNA by THAP

andMutM,67,72 and TDP and ADP by the Zn-binding domain

of thymidine kinase73,74 (Fig. 3B and ESIw). However, in the

mononuclear A20 domain the same pocket is utilized to

recognize Ub.75 The second binding pocket is mainly used

by mononuclear fingers and tends to recognize nucleic acids or

accepts the terminal tails of peptides in the extended configu-

ration (Fig. 3B and ESIw). In the mononuclear GATA,

HNH, and NHR Zn-finger domains this region interacts with

DNA,76–78 while in the MutM finger (related to the so-called

TRASH domain) it interacts with the HhH domain found to

its immediate C-terminus in the same polypeptide.72,79 The

only binuclear treble clef to utilize this binding pocket is

the UBP domain in which the pocket is used to accommodate

the C-terminal tail of Ub18 (Fig. 3B and ESIw).
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An interesting dichotomy is observed between the two

remaining major binding sites: the ‘‘back’’ face of the a-helix
is mainly used by mononuclear treble clef domains for nucleic

acid binding, whereas interaction along the length of the

b-hairpin is predominantly utilized for binding peptides

(Fig. 3B and ESIw). The mononuclear GATA, NHR and

HNH use this a-helix as a major DNA-binding site in con-

junction with the above-described second binding pocket.76–78

The archaeo-eukaryotic ribosomal protein L24AE uses the

same helical interface to bind the large subunit ribosomal

RNA.80 The mononuclear A20 domain utilizes this site for

Ub-binding by interacting along the length of the C-terminal

strand of Ub.75 As in the case of the second pocket discussed

above, the UBP domain is the only binuclear treble clef that

utilizes this region, and binds Ub via this helix18 (Fig. 3B and

ESIw). The 4th major interaction region is one of the most

widely used across both mononuclear and binuclear treble

clefs. Typically, it is used to bind peptides in the extended

conformation, such that they form an antiparallel strand

stacking with the first strand of the treble clef b-hairpin. Less
frequently, the same region is also used to bind nucleic acids

and lipids. Examples of this binding mode among mono-

nuclear fingers include: (1) the LIM-interacting domain with

the LIM domain;81 (2) a peptide from the L14 ribosomal

protein by L24AE;80 (3) the SspB-tail region of the SspB

adaptor protein with the ClpX treble clef;82 (4) DNA by the

THAP domain;67 (5) 16S RNA by the ribosomal protein S1480

(Fig. 3B and ESIw). Among the binuclear forms, the PHD

finger uses this interface to bind the tails of histone H3,83 while

it uses the first pocket to accommodate the methylated or

unmethylated H3K4 side chain (Fig. 3B and ESIw).15,84 This

binding mode is also retained in the degenerate version of the

Fig. 3 (A) A scheme for the possible origin of the FYVE domain. (1) The precursor mononuclear domain. (2) Duplication of the precursor gives

rise to a LIM-like intermediate. (3) Partial duplication of the LIM-like intermediate. (4) Circular permutation event gives rise to the FYVE

domain. Metal-ion coordinating residue pairs are denoted by ‘‘C’’ and pairs which coordinate the same zinc ion are joined by black lines. In step 3

the linkages which were retained in the FYVE domain are colored in red. b-Strands are colored in blue and numbered in each internal duplicated

treble clef domain (for ease of display, the lateral flap is here represented by two smaller b-strands). The conserved core a-helix is colored in brown

and denoted with the letter ‘‘H’’. In step 4, a differential coloring scheme is employed to emphasize the respective origins of the observed structural

components. (B) Interaction modes of treble clef domains with their partner proteins. Cartoon representation of the core treble clef scaffold, with

coloring scheme similar to (A) but with the lateral flap colored in green and the variable C-terminal region colored in grey. Identified interaction

partners are labeled by arrows with the name of the treble clef domain and its cognate binding partner separated by ‘‘2’’. General regions

corresponding roughly to the binding pockets mentioned in the text are denoted by dashed circles shaded in grey. The surface which stacks binding

partners against the exposed b-strand is depicted by a dashed line, colored in grey. Zinc ion residues are labeled and shown as black circles, shaded

in yellow. Approximate locations of binuclear coordinating residues are shown as red lines.
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PHD domain (PHD-X or the ZF-CW) that has lost the lateral

flap.85 The binuclear MYND finger similarly binds peptides,

such as those from the corepressor SMRT, in a similar

configuration.86 Interestingly, the FYVE domain also interacts

with its cognate lipid by binding it along the first strand of the

b-hairpin87 (Fig. 3B and ESIw). The THAP domain similarly

uses the same sites in recognition of its DNA partner.67 In the

binuclear treble-clefs with the C-terminal strand, its packing

with the first strand of the central b-hairpin is equivalent to the

above-described peptide-binding mode. Thus, the C-terminal

strand effectively ‘‘blocks’’ this binding mode in those treble

clefs which possess it. In any given treble clef domain the

same ligand might be contacted via more than one of these

conserved interaction regions (e.g. the PHD finger).83

Beyond these major interaction surfaces there are two

others which are used less often among the currently char-

acterized treble clef domains (Fig. 3B): (1) the ‘‘front’’ face of

the C-terminal a-helix of the treble clef and (2) the exposed

‘‘front’’ face of the lateral flap. Unlike the above described

sites, the mode of interaction via these surfaces is decidedly

non-uniform, beyond the shared general location. The first of

these sites is utilized by the RING finger for the interaction

with its E2 partner, with the helix being buried into the

corresponding E2 pocket.88 The same region is used by the

PHD finger to recognize acetylated peptides in histone tails,

but in this case the ligand is merely accepted in a groove

towards the N-terminus of the helix.83 The front face of the

flap is utilized by the C1 domain to bind lipids, but in this case

the lipid is inserted between the two extended elements of the

lateral flap17 (Fig. 3B and ESIw). It is likely that this site is also
required for interactions of the RING finger with Ub.37

These observations suggest that the four major interaction

sites might have emerged early in the evolution of the treble-clef

fold and predated the origin of the binuclear form. These sites

appear to have been retained across the diversity of treble clef

domains (mononuclear or binuclear) for interactions with

biochemically distinct substrates. Emergence of the C-terminal

strand in a subset of the binuclear treble clefs appears to have

precluded utilization of a favored site, thereby fostering the use

of alternative, atypical sites in the RING and C1 domains. This

survey also indicates that the interaction modes of the different

treble clef domains with Ub-related functions are not shared. In

particular the binuclear treble clefs, UBP and RING, appear to

have very distinct Ub-interaction modes. The mononuclear A20

likewise differs from both these binuclear forms in engaging Ub.

Similarly the lipid/membrane interaction modes of the C1 and

FYVE are completely unrelated to each other (Fig. 3). These

observations, together with those pertaining to the structural

differences between different treble-clef domains, indicate that

Ub-interaction and Ub-related functions are likely to have

convergently evolved on several independent occasions in the

treble-clef fold.

Identification and functional characterization of prokaryotic

binuclear treble clef domains

Given that evidence from structural analysis points to inde-

pendent acquisition of Ub-related functions among

structurally related and distant treble clef folds, we explored

the prokaryotic versions of these domains to better understand

the basis for this functional convergence. Hence, we system-

atically assessed the phyletic patterns of treble clef domains,

with an emphasis on the binuclear forms among prokaryotes.

In addition to prokaryotic RING domains, prokaryotic

versions of the binuclear AN1, B-box, and UBP domains are

known or were detected in this study (ESIw). We also

investigated the prokaryotic versions of the mononuclear

LIM domains, which tend to occur as pairs, and were hitherto

predominantly observed in eukaryotes. For each of these, we

analyzed domain architectures and genomic contexts to better

decipher their functions in prokaryotes.

Prokaryotic RING fingers: evidence for Ub-related and

Ub-independent roles. Of the four distinct families of prokary-

otic RING domains (excluding those transferred from

eukaryotes to endosymbiotic or endoparasitic bacteria) the

first is found in several firmicutes, planctomycetes, and

archaea such as Aciduliprofundum boonei and Methanocella

paludicola. The second family is more restricted and found in

Acidobacteria sp. and the methanogenic euryarchaea,

Methanospirillum hungatei and Methanoregula boonei

(Fig. 1B). The third family is comprised of the versions

prototyped by the RING fingers found in the recently

described genome of Caldiarchaeum subterraneum and is

otherwise found in uncharacterized marine prokaryotes. The

fourth family is currently known from actinobacteria and

myxobacteria and bacteroidetes (ESIw).
As noted above, several members of the first three families

are found in gene neighborhoods tightly linked to genes

encoding other components of the Ub-system (Fig. 2A,

marked with an asterisk). Additionally, some of these

prokaryotic RING finger domains might be found in genomes

encoding Ub-system components but in locations distant from

these genes (e.g. in Isosphaera pallida and paralogs in

Caldiarchaeum subterraneum). In bacteria, the Ubl associated

with these RING proteins is always a member of the YukD

family. The E1s found in these bacterial predicted operons are

more distant from the eukaryotic versions and closer to other

bacterial versions. All the components encoded by the

Caldiarchaeum subterraneum operon are closer to their

eukaryotic counterparts rather than the bacterial forms. The

E1-like domain of this neighborhood contains a large insert

within the core structure in a position observed only in

eukaryotic E1-like domains (previously defined as insert

location no. 2)38 to the exclusion of previously observed

prokaryotic E1-like domains.38 Additionally, the Caldiarchaeum

subterraneum E1-like domain contains the complete comple-

ment of core conserved residues observed in the eukaryotic

versions, including both CxxC motifs and the ExxK motif

found in the terminal a-helix, a set of motifs which are

only very sporadically conserved across previously known

prokaryotic E1-like domains which are linked to other Ubl

pathway domains36,38 (ESIw). Perhaps most striking is the

previously unreported fusion of a C-terminal UFD domain

to the E1-like domain (Fig. 2) in the Caldiarchaeum subterraneum

E1 cognate. The UFD domain is a circularly-permutated

Ubl domain which is crucial in eukaryotic Ubl systems for

mediating the presentation of the E2 domain to the active site
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of the E1 domain during Ub/Ubl conjugation reactions.89,90

While fusions to various catalysis-contributing C-terminal

domains, including rhodanese and CCTBP, have previously

been observed in prokaryotes,38 this is the first instance of

fusion to the UFD domain which is essential for eukaryotic

Ubl signaling. The core active site residues of the E2 domains

encoded by prokaryotic genomes, also encoding one of the

above three families of RING domains, display an ‘‘HPN’’

motif just upstream of the catalytic cysteine residue (ESIw).
This signature is primarily seen in eukaryotic E2 lineages and

is thought to play a role in stabilization and formation of the

oxyanion hole during catalysis.37 This signature is variable in

all other prokaryotic E2 domains, excluding the subset

associated with the RING finger domains and the prokaryotic

E2 family A which bears a cognate HXN signature.37 Other

prokaryotic forms contain different residues conserved at a

distinct set of locations on the E2 domain, which are predicted

to play similar functional roles to the HPN motif. The

above observations considerably extend the diversity of the

prokaryotic Ub-system cognates relative to their eukaryotic

counterparts. We now have bacterial, archaeal and bacterio-

phage cognates of the Ub-system, which have E1s or JAB

peptidases alone39 or both E1s and E2s along with a JAB

peptide and now those that might have a RING finger E3

(Fig. 2).36 In particular the E2s and in some cases the E1s of

the prokaryotic systems with the RING finger E3 are closer to

their eukaryotic counterparts. Thus, precursors of the

eukaryotic system are likely to have emerged within this

spectrum of diversification of systems related to Ub-conjugation

that occurred in prokaryotes.

In several prokaryotes, members of all four families also

occur in genomic contexts independently of Ub-system com-

ponents. In some of these organisms, such as firmicutes and

certain euryarchaea, there is no evidence for the encoding of

any E2-like enzymes in their genomes. This suggests that in

some prokaryotes the RING domains might have a distinct

function that might be unlinked to an Ub-conjugation-like

system. Nevertheless, both versions found in Ub-system-type

operons and those occurring independently of it show a

common domain architectural feature, i.e. linkage to TM

segments (Fig. 2). In firmicutes, members of the first

prokaryotic RING family are fused to a well-conserved TM

module overlapping with the PFAMmodel DUF2628 (Fig. 2).

This TM module is widely distributed in bacteria and also

found linked to cell-wall binding and transport related

domains71,91,92 (ESIw). These firmicutes proteins also display

a Zn-ribbon domain immediately C-terminal to the RING

domain (Fig. 2). In planctomycetes, members of the first

prokaryotic RING finger family are fused to a single

N-terminal TM helix and to a widely-distributed uncharacterized

globular bacterial domain (Fig. 1; overlaps with PFAM model

DUF3137). This domain is almost always fused either to a

single TM helix or a sulfate permease domain, suggesting that

it might function as a low molecular weight solute sensor

(Fig. 2 and ESIw). The RING domains with fused TM

domains may also be found in gene neighborhoods tightly

linked to genes encoding transporters (Fig. 2). These associa-

tions suggest that a major fraction of the prokaryotic RING

domains might have functions related to either regulation or

modification of membrane-associated proteins, irrespective of

whether they function with an associated Ub-conjugation-like

system.

Though the fourth family of prokaryotic RINGs shows

sequence features close to eukaryotic RING fingers (Fig. 1),

it deviates from the other families in currently showing no

clear cut gene-neighborhood or domain-architectural associa-

tions with Ub-system-like components. Furthermore, no E2

domains are encoded by any of the genomes which code for

these RING finger proteins. Most of these RING fingers occur

as part of a large polypeptide, wherein the RING finger is the

second domain. The RING finger is flanked at the N-terminus

by a small a-helical domain and at the C-terminus by a large

a-helical domain, which in turn is followed by a vWA domain.

Profile–profile comparisons and secondary structure predic-

tions indicate that the large a-helical domain is related to the

ROT/TROVE module (Fig. 2), which is comprised of around

nine bihelical repeats arranged in the form of a toroidal

structure. The ROT/TROVE module binds RNA, and most

frequently occurs at the N-terminus of a vWA domain in

proteins such as the animal Ro andDeinococcusRsr,93–95 in an

architecture mirroring the arrangement seen in the above

proteins with the RING finger. Indeed, there are homologs

of the above proteins in firmicutes, fusobacteria and fungi that

have the remaining domains but lack the RING finger

domain, suggesting that they have an organization similar to

the classical Ro-like proteins (ESIw). The RING finger hence

appears to have been inserted in between the N-terminal

a-helical domain and the ROT/TROVE-like module in a

subgroup within this family. In bacteria, Rsr has been shown

to bind 23S rRNA and 30 ends of misfolded RNAs and present

them for processing or degradation.94,96 They also bind small

non-coding RNAs called Y RNAs which negatively regulate

their association with the 23S rRNA. By analogy it is possible

that these proteins might be regulators of RNA stability or

processing. Hence, it appears likely that this family of prokary-

otic RING fingers does not have a role in connection to the

Ub-system but functions as a regulatory component of a

possible RNA-processing complex.

Thus, evidence from contextual information suggests that

RING fingers in prokaryotes are functionally diverse, with

both Ub-system associated roles as well as independent roles

that might be related to regulatory interactions with

membrane-associated and RNA-associated proteins.

Prokaryotic UBP domains participate in cyclic nucleotide and

redox signaling. Prokaryotic UBP domains are particularly

prevalent in actinobacteria, but are also found in several

lineages of cyanobacteria, proteobacteria, chloroflexi,

acidobacteria, bacteroides, and euryarchaeota (ESIw). In

eukaryotes, the UBP domain binds the tails of Ub and

typically occurs as part of large proteins combined with other

domains such as the RING finger, the ubiquitin C-terminal

hydrolase, histone deacetylase and Sirtuin domains.18 All

prokaryotic UBP domains occur as standalone versions, with

the exception of a few actinobacterial representatives, which

are fused to a transmembrane Na+/H+ antiporter domain.

Interestingly, genomic contexts reveal that prokaryotic UBP

domains show no detectable linkages to any proteins related to
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the Ub-system. However, they did show well conserved gene

neighborhoods that point to other functional associations. In

actinobacteria a common association is with a gene encoding a

Na+/H+ antiporter, which in conjunction with the above-

noted fusions in this bacterial lineage points to a role of the

UBP domain in regulation of ion transport via this membrane

protein (Fig. 1). A much stronger operonic association is seen

with a gene encoding a previously uncharacterized thioredoxin

oxidoreductase with a Rossmann fold. This oxidoreductase

domain is additionally fused to an inactive thioredoxin

domain (i.e. lacking the canonical CxxxC motif which functions

in redox reactions97) and to either a cNMP-binding domain

(cNMPBD) or a receiver domain of the two component

system. A subset of the versions fused to the cNMPBD is also

accompanied by another gene in the predicted operon, which

encodes an active thioredoxin domain fused to an N-terminal

zinc ribbon domain (Fig. 2). Those versions fused to the

receiver domain are accompanied by another gene in the

operon that encodes a histidine kinase fused to a cNMPBD

(Fig. 2 and ESIw). These associations suggest that prokaryotic
UBP domains are involved in a signaling pathway that

combines a redox process with cyclic nucleotides (either cAMP

or cGMP) sensed by the cNMPBD. A straight-forward inter-

pretation of the domain architectures and operonic associations

is that the sensing of cNMP helps, either directly or via a two

component relay directed by the histidine kinase and receiver

domain, to regulate the activity of the thioredoxin oxido-

reductase. Given the tight operonic linkage to the UBP domains

it is likely to be an additional player in this signaling system.

Sequence analysis of the thioredoxin oxidoreductase and

prokaryotic UBP domain provided further evidence in support

of their role in the redox process. The thioredoxin oxido-

reductase domain in these gene neighborhoods lacks the usual

CxxC motif that mediates the reduction of the corresponding

CxxxC motif in active thioredoxin domains;98 instead, these

oxidoreductase domains contain another conserved cysteine

residue downstream of this region. The prokaryotic UBP

domains have a key, highly conserved sequence signature that

is absent in all eukaryotic UBP domains (Fig. 4 and ESIw).
This is a CD signature occurring one residue downstream of

the third Zn-coordinating residue pair at the beginning of the

C-terminal a-helix of the core treble clef domain. This

observation indicates that the signature is uniquely related to

the function of the prokaryotic UBP domains. Examination of

the structure of the UBP domain indicates that the side chain

of the cysteine in this signature is solvent exposed and clearly

unrelated to Zn-coordination or stabilizing interactions within

the structure (PDB: 2IDA). Given the association with the

thioredoxin oxidoreductase, we propose that this conserved

cysteine in the UBP domain, together with the conserved

cysteine in the oxidoreductases domain forms part of a redox

relay pair, that in some cases might additionally involve a

thioredoxin domain protein encoded in the same operon.

Thus, we predict that the prokaryotic UBP domain is a key

component of a signaling system that coordinates a

cNMP-dependent signal with regulation of redox potential.

In light of this, it appears plausible that the UBP domains

associated with the Na+/H+ antiporter potentially regulate

ion transport in a redox-dependent fashion.

The above observations strongly suggest that, despite their

structural relationship, the prokaryotic UBPs are not related

to the Ub-systems and acquired this function only in

eukaryotes.

Prokaryotic B-box-like domains in membrane and proteolysis-

related functions. In the current study we uncovered a wide-

spread, previously uncharacterized family of prokaryotic

treble clef domains related to the eukaryotic B-box domains

(Fig. 4). This family is found in several bacterial lineages such

as actinobacteria, chloroflexi, proteobacteria, verrucomicrobia,

bacteroidetes, and among archaea, primarily in methanogenic

euryarchaeotes. These domains display the typical spacing of

metal-chelating residues as seen in the B-box domains, with

the first pair displaying the characteristic CxxH signature.

Profile–profile comparisons with these bacterial proteins

preferentially recovered the eukaryotic B-box domains with

much lower p-values than any other treble-clef domains

(po 10�8 with HHpred). Together, these observations suggest

that these domains represent prokaryotic cognates of the

B-box domain. The dominant domain architectural theme

for these B-box-like domains, which is seen across diverse

prokaryotes, is a fusion to the N-terminus of an integral

membrane serine peptidase domain of the rhomboid family

(Fig. 2). In addition to this, certain prokaryotic versions of the

B-box-like domain are also found fused to an unrelated

membrane-associated peptidase domain of the Zn-dependent

metallopeptidase superfamily (Fig. 2). Versions which are not

linked to these membrane-associated peptidases are always

linked to TM segments. Additionally, these membrane

proteins might also show other globular domains (Fig. 2),

such as the DNAJ, FHA and SH3 domains and WD40 and

tetratricopeptide repeats (TPRs). Of these, the DNAJ domain

recruits the HSP70 chaperone protein to regulate protein

folding or stability.99 The FHA domain binds phospho-

peptides, whereas the SH3 domain, WD40 and TPRs mediate

other protein–protein or protein–peptide interactions.100,101 In

several bacteria the gene encoding the rhomboid-associated

B-box-like domain is found in a predicted operon with a gene

for a peptidyl–prolyl isomerase of the cyclophilin superfamily

(Fig. 2). Together, the architectural associations suggest that

the prokaryotic B-box-like domain primarily functions at the

cell membrane, probably in proteolytic processing, folding or

stability of membrane-associated proteins. Remarkably, this

situation is paralleled by the prokaryotic versions of another

binuclear treble clef domain, the AN1 domain (see below).

Involvement of prokaryotic AN1 domains in membrane-

associated proteolysis. Prokaryotic members of the AN1

domain family were previously postulated to be derived from

eukaryotic AN1-like domains based on the limited availability

of completely-sequenced archaeal genomes available at the

time of their original discovery.26 The current diversity of

available genomes enables a more realistic assessment of the

distribution of this domain, and indicates that AN1 domains

are widely present across diverse euryarchaeota and also the

so-called thaumarchaeota including Nitrosopumilus maritimus

and Cenarchaeum symbiosum (see ESIw). This distribution

argues for an archaeal origin for the AN1 domain. A strong
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theme emerges in the domain architectural linkages of the

archaeal AN1 domains, namely the association with several

structurally unrelated membrane-associated peptidase

domains (Fig. 2). The most prevalent architecture is the fusion

of an AN1 domain to the N-terminus of the rhomboid family

serine peptidase domain in several methanogenic and

Fig. 4 (A) Multiple sequence alignment of prokaryotic UBP and (B) B-box domains. Protein nomenclature and secondary structure assignments

are as in Fig. 1. The highly conserved CD motif seen in prokaryotic UBP domains are marked with asterisks. Residue coloring is based on 90%

consensus for the UBP domain and 80% consensus for the B-box domain. The coloring scheme and consensus abbreviations are as follows: h,

hydrophobic (ACFILMVWY); l, aliphatic (LIV) and a, aromatic (FWY) residues shaded yellow; b, big residues (LIYERFQKMW), shaded gray;

s, small residues (AGSVCDN) and u, tiny residues (GAS), shaded green; p, polar residues (STEDKRNQHC) shaded blue; -, acidic residues (DE),

shaded magenta, o, alcohol (ST) group containing residues shaded orange, zinc coordinating residues and absolutely conserved residues are shaded

red. Species abbreviations are as follows: Aaur: Arthrobacter aurescens; Acap: Acidobacterium capsulatum; Amar: Aeromicrobium marinum; Amed:

Amycolatopsis mediterranei; Amir Actinosynnema mirum; Asp.: Acidobacterium sp.; Asp.: Arthrobacter sp.; BEll: bacterium Ellin514; Bcen:

Burkholderia cenocepacia; Bfra: Bacteroides fragilis; Bphy: Burkholderia phytofirmans; CKor: Candidatus Koribacter; CSol: Candidatus Solibacter;

Cagg: Chloroflexus aggregans; Caka: Coraliomargarita akajimensis; Caur: Chloroflexus aurantiacus; Cfla: Chthoniobacter flavus; Cmic: Clavibacter

michiganensis; Cseg: Caulobacter segnis; Dalk: Desulfatibacillum alkenivorans; Dfer: Dyadobacter fermentans; Faln: Frankia alni; Fsp.: Frankia sp.;

Fsp.: Fusobacterium sp.; Glov: Geobacter lovleyi; Gvio: Gloeobacter violaceus; Hche:Hahella chejuensis; Hsap:Homo sapiens; Ical: Intrasporangium

calvum; Krac: Ktedonobacter racemifer; Krad: Kineococcus radiotolerans; Ksed: Kytococcus sedentarius; Kset: Kitasatospora setae; Lhof:

Leptotrichia hofstadii; Mace: Methanosarcina acetivorans; Mbar: Methanosarcina barkeri; Mlot: Mesorhizobium loti; Mlut: Micrococcus luteus;

Mmar: Methanothermobacter marburgensis; Mmar: Mycobacterium marinum; Mpal: Methanocella paludicola; Mrum: Methanobrevibacter

ruminantium; Msme: Mycobacterium smegmatis; Msmi: Methanobrevibacter smithii; Msp.: Marinobacter sp.; Msp.: Mycobacterium sp.; Mthe:

Methanothermobacter thermautotrophicus; Mvan: Mycobacterium vanbaalenii; Mxan: Myxococcus xanthus; Ndas: Nocardiopsis dassonvillei; Nfar:

Nocardia farcinica; Nmar: Nitrosopumilus maritimus; Nsp.: Nocardioides sp.; Nthe: Natranaerobius thermophilus; Obac: Opitutaceae bacterium;

Rmuc: Rothia mucilaginosa; Rpal: Rhodopseudomonas palustris; Rsal: Renibacterium salmoninarum; Saur: Stigmatella aurantiaca; Sbin:

Streptomyces bingchenggensis; Sery: Saccharopolyspora erythraea; Shyg: Streptomyces hygroscopicus; Ssp.: Streptomyces sp.; Sthe: Symbiobacterium

thermophilum; Svio: Streptomyces violaceusniger; Syn: Synechococcus sp.; Tcur: Thermomonospora curvata; Umar: uncultured marine;

Umet: uncultured methanogenic archaeon; Vpar: Variovorax paradoxus; Xcam: Xanthomonas campestris; Xcel: Xylanimonas cellulosilytica; Xlae:

Xenopus laevis.
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halophilic archaea. Additionally, the AN1 domain is found at

the N-termini of membrane-linked transglutaminase-like thiol

peptidases of the papain-like fold102 and at the C-termini of

integral membrane Zn-dependent metallopeptidases. Beyond

these associations with peptidases, the AN1 domain is also

found linked to TM segments (Fig. 2), DNAJ and SCP/PR1

domains. Thus, there is a striking parallel between the

architectures of the prokaryotic B-box-like and AN1 domains,

with the two domains often occurring as mutually exclusive

alternatives in combinations with a similar set of domains.

Thus, both these treble clef domains are likely to perform a

similar function related to membrane-associated proteolytic

processing of polypeptides and in regulating protein folding or

stability.

In conclusion, while there is no evidence directly linking the

prokaryotic B-box and AN1 domains to cognates of the

Ub-system, they do appear to have a role in regulating protein

stability and proteolytic degradation. It is possible that both

these domains present peptides for processing by associated

peptidase domains in prokaryotes. It is conceivable that in

eukaryotes this original functional role of the B-box and AN1

domains was reused for regulating protein stability via the

Ub-system. Indeed, certain eukaryotic AN1 proteins might

have retained their ancestral role in relation to protein stability

as suggested by recent studies on the eukaryotic AN1 protein

AIRAP that functions as a heat-shock protein.103 Likewise,

the eukaryotic ZFAND1 protein, which combines a Ubl

domain with an AN1 domain, is part of the endoplasmic

reticulum associated protein degradation (ERAD) system.8

Prokaryotic LIM domains. LIM domains are predominantly

known from eukaryotes and primarily function in protein–

protein interactions (see above). While they are mononuclear

domains, they are unique in almost always occurring as pairs,

unlike the other mononuclear domains involved in protein–

protein and protein–nucleic acid interactions in both prokary-

otes and eukaryotes. Given this unique organization, and the

possible significance of such paired treble-clef domains in the

emergence of the interlocked structures typified by the FYVE

domain, we systematically investigated the prokaryotic history

of the LIM domains. As a result we were able to uncover the

previously underappreciated spread of prokaryotic LIM

domains. They are found in representatives of chloroflexi,

actinobacteria, verrucomicrobia, lentisphaerae, bacteroidetes

and firmicutes (ESIw). All prokaryotic LIM domains display

a fusion to a previously uncharacterized C-terminal

Zn-dependent metallopeptidase domain (Fig. 2). Additionally,

several prokaryotic versions also show a fusion to an inactive

P-loop NTPase domain at their N-terminus (Fig. 2). Further-

more, most of the prokaryotic versions possess a single TM at

their N-terminus. The prokaryotic LIM domains resemble

their eukaryotic counterparts in occurring as a closely spaced

pair of treble clef domains, wherein the C-terminus of the first

repeat is shortened as it immediately leads into the N-terminus

of the second one. Strikingly, the domain architectures of the

prokaryotic LIM proteins resemble the above-described

situation for the prokaryotic AN1 and B-box-like domains.

This suggests that, like them, they are likely to regulate protein

processing at the cell-membrane. This is interesting because,

not just two structurally distinct binuclear treble clefs, but also

the paired mononuclear domain appear to share a similar

function in prokaryotes. This also indicates that the precursors

of multiple treble clef domains that were previously known to

be predominantly eukaryotic in the distribution had their

origins in a similar functional context in prokaryotes.

Evolutionary considerations and general conclusions

Elucidating the origin of the core eukaryotic Ub-system. The

remarkable affinity of the Caldiarchaeum Ub-system genes to

their eukaryotic counterparts was proposed to support an

origin for the eukaryotic Ub-system via the archaeal partner

during symbiogenetic eukaryogenesis.41 Caldiarchaeum has

been shown to be phylogenetically close to the thaumarchaeota,

which share several distinct features with eukaryotes. These

include histones, the tubulin precursor FtsZ, cognates of the

ESCRT-II and ESCRT-III complexes, the VPS4 ATPase and

SMC ATPases.104,105 While some of these components are

also seen in euryarchaea and fewer in classical crenarchaea and

korarchaea, the configuration closest to the predicted archaeal

precursor of the eukaryotes is observed in the thaumarchaea

(ESIw). In light of this evidence, and of the closeness of the

Caldiarchaeum Ub-system components in terms of sequence

similarity, domain architecture, and configuration and

conservation of active site residues, it is conceivable that

eukaryotes indeed acquired their Ub-system from such an

archaeal progenitor. However, it should be noted that such

an Ub-system is absent in other currently known archaea,

including the thaumarchaea. Hence, alternative explanations

could be possible. Most trivially one could speculate about

horizontal ‘‘back-transfers’’ of the Ub-system from eukaryotes

to prokaryotes. In our view this alternative should be

considered rather implausible. First, given that eukaryotes

lack operonic linkage of functionally related genes, such a

scenario would require the individual transfer of 5 unrelated

genes, namely those for Ub/Ubl ligase trio, the UB and the

JAB peptidase followed by reassembly into an operon in

archaea. This is a rather unlikely event given the near inde-

pendent probabilities of each gene being transferred from a

eukaryote and it being functionally irrelevant in the recipient

archaeon without its partners. Second, as a free-living

hyperthermophilic organism,41 Caldiarchaeum has much lower

contact with eukaryotes from which it could have acquired

such genes, unlike endoparasitic or symbiotic bacteria.

Furthermore, in the latter organisms there is only evidence

for acquisition of E3s from the host, rather than the whole

Ub-system.

Our findings reported in this article have considerable

significance in elucidating the possible events in this regard.

The discovery of multiple bacterial operons that like the

Caldiarchaeum system also contain the entire Ub/Ubl ligase

trio, albeit more distantly related to their eukaryotic counter-

parts, suggests that the Caldiarchaeum system is merely one of

a larger range of such systems that are present in prokaryotes.

This should be considered in light of the following observa-

tions: (1) the earlier discovery of even more distant systems

with E1s, E2s, Ubls and JAB-peptidases in bacteria36–38

and the report of Sampylation in haloarchaea that is only
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dependent on an E1-like enzyme.39 (2) The earlier discovery of

E1s, JAB peptidases and Ubls involved in a diverse set

of peptide-ligation-like and Ubl-cleavage-like reactions in

prokaryotic biosynthesis of cofactors, amino acids and

secondary metabolites such as siderophores and antibiotics

and bacteriophage tail assembly.36,38,106–108 Together, they

strongly suggest that systems resembling eukaryotic

Ub-conjugation systems to different degrees were put together

in prokaryotes during the diversification of such biosynthetic

and regulatory pathways. For example, the cysteine,

molybdopterin, thiamin, thiouridine and siderophore bio-

synthesis systems merely contain Ubls, E1 and JAB peptidases

in adenylation and sulfur transfer reactions. The more

complex systems, such as those we reported earlier and add

upon here, including an E2 component, are likely to serve as

regular Ub/Ubl-conjugation-like systems. Finally, there are

those with RINGs that are likely to be close to the eukaryotic

systems in every sense (Fig. 2).41 Our discovery of several

novel prokaryotic RING domains, which appear unrelated to

the Ub-system, suggests that the original diversification of

these domains probably occurred in prokaryotes, with a subset

of them being recruited as E3s right in the prokaryotic

Ub/Ubl-related systems. Together, this lends strong support

for a primarily prokaryotic origin for the complete Ub-system

in the form of an operonic assembly linking all the key

components that was acquired by the eukaryotic progenitor.

Given that the Ubls of the newly detected bacterial systems

with RING fingers belong to the YukD family, it appears

likely the that eukaryote-type Ub itself emerged from the

YukD family.

The evidence from this study, along with our earlier

reported observations, indicate that such operons are present

across phylogenetically distant prokaryotes, and often missing

in close relatives of the forms that display such systems.

Hence, these prokaryotic Ub/Ubl-related systems are appar-

ently highly mobile and widely disseminated through lateral

transfer, analogous to the restriction–modification and

secondary metabolite biosynthesis gene clusters36,48,109 There-

fore, we cannot be certain if the eukaryotic Ub-system indeed

emerged from a Caldiarchaeum-like system in the archaeal

symbiont during eukaryogenesis. Indeed, such systems might

be present in as yet un-sampled bacteria suggesting that it is

not unlikely that eukaryotes acquired such a system from the

primary bacterial symbiont or even via an independent lateral

transfer of the operon from yet another prokaryote. Finally,

the persistent association of the gene encoding the JAB

peptidase with genes coding for other components of a Ubl

conjugation system suggests a piecemeal origin for the

eukaryotic proteasomal complex. The ancestral form of the

lid complex with the JAB peptidase is likely to have emerged

from the predicted Ubl-conjugation systems such as those

described here. Its association with the preexisting core

proteasomal apparatus containing the NTN peptidases,

AAA+ ATPases, and proteasomal chaperone is likely to have

strengthened the functional link between the two systems.

While the core proteasomal apparatus is of archaeal origin,110

it is also present in various bacteria111 of which some such as

Frankia possess the complete core Ub-system. Hence, it is

possible that this connection developed either in bacteria or

archaea, and was merely retained in eukaryotes which vertically

inherited their core proteasomal complex from the archaea.

The early diversification of the binuclear treble clefs and LIM

domains and the independent recruitment of treble clef domains

to Ub-related functions. This study also provides different lines

of evidence for a prokaryotic origin for multiple treble clef

domains that were considered to be predominantly eukaryotic

in their provenance. In addition to the RING finger, the

presence in prokaryotes of the B-box, the UBP and AN1

fingers suggests that these had already differentiated from each

other in prokaryotes, and were probably transferred to

eukaryotes early in their evolution. Given that the B-box

and UBP are predominantly in bacteria, RING in both

archaea and bacteria, and AN1 predominantly in archaea, it

is conceivable that the LUCA already possessed at least one

binuclear treble clef. This is a novel inference; previously

only RNA-associated versions (e.g. S14) and, perhaps DNA-

associated versions (e.g. HNH nuclease) were proposed as

having been present in LUCA.9 It also indicates that even

within the binuclear domains the two versions, i.e. those with

the C-terminal strand extension and those without it, had

already diversified in bacteria. In eukaryotes, there are several

distinct treble clef domains performing Ub-related functions,

namely RING, UBP, AN1, B-box, A20, C4DM and to a

certain extent the MYND domains. Strikingly, evidence from

structural features, ligand-interaction modes, and contextual

functional inference for the prokaryotic homologs suggests

that these domains are likely to have independently acquired

their Ub-related functions. Even among the binuclear

domains, including the structurally related RING, B-box

and UBP domains, the evidence points to independent

acquisition of Ub-related roles. In a similar vein, though the

RING finger participates in modification of the e-amino group

of a lysine, and the PHD finger in recognizing a modified or

unmodified e-amino group of a lysine they appear to have

convergently acquired this capability. Likewise, structural

evidence points to convergence in acquisition of membrane

or lipid-related functions among different treble-clefs, such as

the FYVE and C1 domains. Thus, we have a remarkable case

of independent emergence of similar functions in the same fold

on multiple occasions.

This raises the question as to why such convergence might

have occurred. The structural features of the treble clef fold

point to its versatility in being used as an interface for

interactions.9 The inferences regarding the functions of the

prokaryotic binuclear treble clefs and LIM domains suggest

more specific possibilities. The several prokaryotic B-box,

AN1 and LIM domains are inferred to function as accessory

domains in close conjunction with peptidase domains. This

suggests that their radiation might have involved acquisition

of peptide binding capability, in particular, for presentation of

peptides to the linked peptidases. This might have provided a

pre-adaptation that allowed them to be reused in a compar-

able context in the Ub-system of the eukaryotes, as well as in

other contexts such as chromatin and cytoskeleton, where

recognition of specific peptides was important. All prokaryotic

binuclear treble clefs, especially the RING, B-box-like and

AN1 domains, and the mononuclear LIM fingers are inferred
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to have a membrane-related role. Furthermore, the JAB

peptidases found in operonic associations with the prokaryotic

RING fingers also often show C-terminal TM segments

(Fig. 2). Some bacterial E2s are fused to TM segments and

extracellular TPR repeats, for example Desulfotalea psychrophila

DP0803, gi: 51244655. Even those YukD-like Ubls, which

function independently of the trio of ligases, and certain

versions of the structurally unrelated polypeptide modifier

Pup, have membrane-associated functions. This suggests that

the diversification of different treble clef domains presenting

peptides to peptidases and the prokaryotic Ub system

cognates closest to those in eukaryotes happened in the

context of the inner surface of the prokaryotic cell-membrane.

This ancestral membrane-linked role might have brought them

together during early eukaryotic evolution and allowed

different treble clef domains to acquire Ub-related functions.

In favor of this suggestion, it may be pointed out that

components of the Ub-system, AN1 fingers and rhomboid-

like peptidases function together as part of the membrane-

associated ERAD system in eukaryotes.8 Indeed, other ancient

roles of the Ub-system in eukaryotes, such as in modification

of membrane lipids during autophagy and vesicular trafficking

are also consistent with this proposed ancestral membrane-

linked function. This proximity to the membrane might have

also favored the emergence of lipid-interacting treble clef

domains, such as the C1 and the FYVE domain. These

domains are currently known only from eukaryotes, but it

cannot be ruled out that there might be as yet undetected

prokaryotic counterparts or that this function emerged early

in eukaryotes from the membrane-linked treble clefs acquired

from bacteria. Indeed, we favor the nested or overlapping

treble-clef units in FYVE emerging from a LIM-like dupli-

cated form, and C1 originating from a binuclear, membrane-

associated version with the additional strand.

In conclusion, the observations presented here could

provide a framework for future experimental studies that

might better help in understanding the biochemistry of treble

clef domains. Importantly, investigations on the novel cyclic

nucleotide and thioredoxin oxidoreductase related pathway

dependent on the UBP domain might help in uncovering

a major unexplored theme in the function of treble

domains—regulation of redox potential-dependent inter-

actions. A systematic experimental study of the coordination

between different treble clef domains and the linked peptidase

domains might lead to a better understanding of the ancestral

biochemistry of these domains. Finally, experimental studies

on those prokaryotic RING fingers which are apparently

unlinked to Ub-related systems might provide new insights

on alternative functions of this domain that are apparently not

known in eukaryotes.

Materials and methods

All sequence profile searches were performed against the non-

redundant (nr) database of protein sequences housed at the

National Center for Biotechnology Institute (NCBI, NIH,

Bethesda, MD). PSI-BLAST43 searches were iterated until

convergence using a threshold expectation value (e-value) of

0.01 for inclusion in construction of a position-specific-scoring

matrix after each iteration. Profile-based iterative HMM

searches were performed using the JACKHMMER program

from the recently-released HMMER3 package (http://hmmer.

janelia.org).112 Profile–profile comparisons were performed

using the HHPRED program.113 Multiple sequence align-

ments were constructed with the output from the Kalign

program subjected to manual correction based on PSI-BLAST

high-scoring pair results, JPRED2-generated secondary

structure predictions,114 and, where applicable, inspection of

solved structures. Protein structures were visualized using the

Swiss-PDB program.115 Transmembrane helices were pre-

dicted using the TMHMM116 and the TMpred programs

(http://www.ch.embnet.org/software/TMPRED_form.html).

Single-linkage clustering of similar protein sequences

was performed using the BLASTCLUST program

ftp://ftp.ncbi.nih.gov/blast/documents/blastclust.html, length

and score threshold parameters for clustering were empirically

determined. Gene neighborhoods were retrieved through a

custom script which accesses neighboring genes from whole

genome shotgun sequences or completely sequenced genomes.

All large scale analyses were performed with the TASS

software package (Anantharaman, V., Balaji, S., Aravind, L.,

unpublished results).
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