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Abstract: Computer analysis using profiles generated by the PSlalytic triad. The crystal structure of a transglutaminase precursor,
BLAST program identified a superfamily of proteins homologous the human blood clotting factor XlII, has been solvé&tte et al.,

to eukaryotic transglutaminases. The members of the new proteih994. Not surprisingly, given the similarities in the catalytic triad
superfamily are found in all archaea, show a sporadic distributiorand the reaction mechanisiRedersen et al., 1984t turned out
among bacteria, and were detected also in eukaryotes, such as tiwmat the transglutaminases share the core structural fold with the
yeast species and the nemat@tenorhabditis elegan$equence papain-like thiol proteases. Accordingly, transglutaminases and
conservation in this superfamily primarily involves three motifs papain-like proteases have been classified within the same super-
that center around conserved cysteine, histidine, and aspartate réamily in the Structural Classification of ProteifSCOB database
idues that form the catalytic triad in the structurally characterized(Hubbard et al., 1999

transglutaminase, the human blood clotting factor Xlli@n the The involvement of a transglutaminase, namely the catalytic
basis of the experimentally demonstrated activity ofMethano-  domain of factor XIlII, in blood clotting in vertebrates has triggered
bacteriumphage pseudomurein endoisopeptidase, it is proposed number of functional studies of these enzymes. To date, seven
that many, if not all, microbial homologs of the transglutaminasesfunctional types of transglutaminases that differ in terms of their
are proteases and that the eukaryotic transglutaminases have evohsgkcificity toward target proteins have been characterized in
from an ancestral protease. humans(Aeschlimann et al., 1995; Kim et al., 1995; Steinert &
Marekov, 1995. They are involved in a variety of protein modi-
fications associated with animal development and pathology
(Muszbek et al., 1996 One of them, namely band 4.2 protein, has
lost its enzymatic activity and plays a structural role as a cytoskeleton
component{Cohen et al., 1993

Transglutaminases catalyze the calcium-dependent acyl-transfer re_Genes for members of the tr_ansg_lutam!nase family typified by
action between a-carboxyamide group of glutamine asémino factor XIII have been characterized in .a wide range of vertebrates
group of lysine or other primary amines, which results in the (Weraarchakul-Boonmark et al., 1992; Nakaoka et al., 194

formation of y-glutamyl-lysine peptide chains bridgdtorand  nvertebratesTokunaga et al., 1993; Cariello et al., 1997rans-
& Conrad, 1984 These enzymes thus establish either intramolecd!utaminase activity has been detected also in plants but the re-
ular or intermolecular cross-links in proteins. The animal transglu-SPECtiVe genes so far have not been clot®erafini-Fracassini

taminases possess a catalytic triad of three amino acids, namelyeé al., 1993. Cloning of transglutaminases from _tWO bacteria has
cysteine, a histidine, and an aspartéeparaging and the reac- been reported but the sequences of these proteins do not resemble

tion proceeds via an intermediate linked to the nucleophilic cys-any known fami!ies of enzymes or each otr(Washizu et al,",
teine of the enzymdHettasch & Greenberg, 1994; Micanovic 1994). Recently, it has been gho_wn th_at the Cytotoxic Necrotizing
et al., 1994 This reaction is the reversion of the proteolysis re- Factor 1ICNF1) from Escherichia coliand the homologous der-
action catalyzed by the thiol proteases that possess the same Cg{p_necrotlc toxm'fronBord'eteIIa _pertu_sslsvyhlch act by deami-
dation of a specific glutamine residue in animal Rho GTPases, also
_ _ _ _ possess transglutaminase activijoriguchi et al., 1997; Schmidt
Reprint requests to: Eugene V. Koonin, National Center for Biotechnol-g¢ al., 1998. Again, however, although the catalytic cysteine and

ogy Information, National Library of Medicine, NIH, Bethesda, Maryland . .. . . . . .
20894; e-mail: koonin@ncbi.nih.gov. histidine residues of CNF1 have been identifi@thmidt et al.,

4Permanent address: Institute of Cytology and Genetics, Russian Acadl998, no similarity to animal transglutaminases or papain-like
emy of Sciences, Novosibirsk 630090, Russia. proteases is detectable in the sequences of these proteins.
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In the course of our comparative analysis of completely se-between the proteins of the transglutaminase-like superfamily and
guenced genomes, we detected proteins homologous to the claiol proteases. When fragments of papain-like protease sequences
sical animal transglutaminases in a variety of archael and bacteriaurrounding the catalytic residues are manually fit into the multiple
genomes as well as in some eukaryotes, such as the y@asts alignment, some local conservation can be seen, however, which is
charomyces cerevisa8chizosaccharomyces pomimewhich they ~ compatible with the presence of a common structural ¢éig 1).
have not been previously identified. Using the multiple alignment shown in Figure 1, the structure of

Here, we describe this new protein superfamily typified by an-factor Xl (Protein Data BankPDB) code: 1fig as a template and
imal transglutaminases. Most of these proteins have not been funthe ProModlIl progran{Peitsch, 1995 we generated a homology
tionally characterized. Only the protein from an archaeal phage hasodel for the microbial transglutaminase-like proteifsg. 2).
been studied and shown to possess protease adifister et al.,  This model shows that the insert | in the animal transglutaminases
1998, which might indicate that many of the prokaryotic trans- (between Motif | and Moitif 1) is a large extended structure, which
glutaminase homologs are in fact proteases. The discovery of thismiteracts with otheis-strands that are conserved in the animal
superfamily suggests an evolutionary scenario for the origin otransglutaminases but not in the microbial homologs. The second
eukaryotic transglutaminases from ancient proteases. insert also appears to be positioned for an interaction with a spe-

cific C-terminal domain present in the eukaryotic proteins. By

contrast, most bacterial and archaeal proteins as well as the newly
The transglutaminase-like superfamily of enzymes—Sequence addtected members of this superfamily from yeast and the nematode
structure conservationDuring our comparative analysis of the have shortinserts, which is consistent with the lack of counterparts
archaeal genomédd/akarova et al., 1999 we identified a family ~ to these additional conserved elements of the transglutaminases
of large multidomain archaeal proteins that encompassed predictddFig. 2).
signal peptides and a globular doméas predicted using the SEG
program(Wootton, 1994; Wootton & Federhen, 1996The latter
domain contains conserved cysteine, histidine, and aspartate resthyletic distribution, family classification, and domain organiza-
dues, which is reminiscent of the catalytic triad of a variety of thiol tion of the transglutaminase-like superfamiljdl the completely
hydrolases. Further iterative searches of the nonredundant dataequenced euryarchaeal genomes encode at least one protein of the
base(NR) using the PSI-BLAST prograrfAltschul et al., 1997 transglutaminase-like superfami{fig. 1), and one member was
with a number of different query sequences not only detectedilready detected in the available sequence from the crenarchaeon
homologous protein sequences in bacterial genomes but also derSulfolobus Clustering of the transglutaminase-like domains by
onstrated a statistically significant similarity to animal transgluta-sequence similaritysee the caption to Fig.)Iproduced seven
minases. For example, a search initiated with Swfolobus distinct families, along with some unclassified membitig. 1).
solfataricusprotein c02013GenBank gi:1707725detects the hu-  Family 1 represents a set of seven different transglutaminases from
man transglutaminase(di: 1082749 with an e-value of 104 in human and functionally unusual enzyme from rat. Family 2 in-
the 3¢9 iteration and factor XIIl with a similar e-value in thé"4  cludes eukaryotic protein proteins fro@aenorhabditis elegans,
iteration. Conversely, searches with the human transglutaminasé®o yeast species, and the cyanobacter@ymechocystis spFam-
as queries detected bacterial and archaeal proteins from the sanfe 2 in Fig. 1). The eukaryotic members of this family lack the
set with e-values below 0.001 in th&%and subsequent iterations. normal catalytic cysteine but have another conserved cysteine down-
All sequences of tranglutaminase homologs detectable in the custream(Fig. 1), which potentially could possess a catalytic role;
rent nonredundant database were identified via transitive PSlthe position of this cysteine in the three-dimensid3&)) model is
BLAST searches, and a representative set of them was used twt inconsistent with this propos@fig. 2). TheC. elegangrotein,
generate a multiple alignment with the ALITRE progré®eledtsov  however, is likely to be inactive given the disruption of the other
et al., 1995. The alignment was then manually adjusted on themotifs (Fig. 1). Inactivation of the enzymatic domain, indicated by
basis of alignments generated by PSI-BLAST and the structurathe elimination of two of the catalytic residues, is also seen in
elements from the crystal structure of factor XlII. Figure 1 showsproteins from the cyanobacteriuBynechocystis s@and the ar-
the multiple alignment of the transglutaminase-like superfamilychaeonArchaeoglobus fulgiduthat belong to Family 7 of micro-
with the secondary structure elements assigned using the facttial tranglutaminase homologs and also in the human protein band
XIlI structure. 4.2 (Fig. 1). Of further interest is the replacement of the catalytic

The sequence conservation in the superfamily of transglutaeysteine by a serine in a transglutaminase homolog fAapifex
minase-like enzymes clearly centers around the t(peedicted (Fig. 1. It seems likely, given the conservation of the other two
active residues of the catalytic tridéfig. 1). Motif | contains the  maotifs, that this serine functions as the catalytic nucleophile. Sub-
catalytic cysteine and encompasses the two strands anmehatix stitution of serine for the active cysteine has been reported for a
whereas motifs 1l and Il include the two strands associated withfamily of highly conserved papain-like protease homologs from
the active histidine and aspartate, respectively. Some of the chathe malaria plasmodiurfHiggins et al., 1989; Gardner et al., 1998
acteristic features of the animal transglutaminases, namely the tiny The remaining five families consist primarily of archaeal and
residue located two positions upstream of the catalytic cysteinehacterial proteins. Examination of the taxonomic distribution in the
the aromatic residues two positions downstream from the catalytifamilies of transglutaminase homologs, together with a compari-
histidine and the aromatic residue flanking the catalytic aspartatson of the domain architectures of archaeal transglutaminase ho-
from the N-terminal side, are well conserved in the microbial mologs, indicates that multiple lineage specific duplication events
proteins. The main difference between the archaeal and bacteriahust have been involved in the generation of the gene families
transglutaminase homologs and classical animal enzymes is tteeen inA. fulgidusand Methanobacterium thermoautotrophicum
variability of the two insert regions between the conserved motifs(Families 3 and 6 in Fig.)LAmong the bacteria, a similar, lineage-
(Fig. 1). Iterative database searches fail to detect any similarityspecific expansion was detected in the Mycobactéframily 5
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in Fig. 1), while scattered representatives were found in diversedurans Families 4, 5, and 7 include representatives from diverse

bacterial lineages, such as the Cyanobact@agillus subtilis bacterial lineages and archaea, which suggests dissemination by
Haemophilus influenzaeand among the unfinished genomes, in horizontal gene transfers amid prokaryotes. Some of the horizontal
B. pertussis, Pseudomonas aeruginoaad Deinococcus radio- transfer events might have involved also eukaryotes as seen in

112798_4.2_Hum  VYDGQAW VACTVLRCLGIBH: Gﬁlwzgg.s ECW 9 263-351
135693_TGLC_Hum elocl VACTVLRCLGI EMIWNFEICWMESW ¢ 272-360 |
1942386_¥iii Hum VRYGC GVFNTFLRCLGIBE: D iC W 9 309-398 | 1
2895530_TGLX_Hum - VMCTVMRCLGT DTIWN CW 8 274-280 |
423053_TGLE_Hum GTLNTALRSLGIBSR DSVWN GW 9 268-356 |
401177_TGLE_Hum VPYG VTTTGLRCLGLEE: DSVWN CW 9 372-461 |
2766556_TGLP_Hum VCFG ILTTVLRALGT DSVWN AW 9 263-347 /
642200_Caenorh  GIKYGTEBYHVLFKRLCSYAGL 1 385-450
2370554_YEB8_Sp EGQETPFEVL-LVEEMLQALDL 1 431-594 | 2
1431172_YDL117w REKHCTPYE FEKKLANSLGT 1 519-580 |
1651866_Synech  RGETI[ES YOALAKELGL 1 193-255 /
3451500_Bordetel GGFGI QYLFLELMHRLGL 1 160-218

2128760_MJI1282
2129053_MJECL39
2650250_AF0384
3257080_309_PH
3257744_337_PH
2649403_AF1187

DNTYFVIROQ 231-290
DDYYYVIOK 158-206 |
NGTYFIEEQH 119-173 | 3
SGELFILIOR 97-152 |
NGTLWI-‘W! 211-267 |
PGRYANYIYQ 308-358 /

B e

2916971_Rv1673c CSVG IHALFVSLCRSVDI 2 GLGWLPRWES 180-245
2983528_Rguifex KIGGKS SLFVALCRSVCI —--EWIPWis 30-100 | 4
1074625_HI1048  VLKG SVFVALARAAGT 2 GFGWVPVESE 205-284 /
1653166_Synech  SREG LFMEVCRAMG 7 2 GAGUWRG 177-23T740
2996036_Synech  QRTG LLWVEACRVAG 7 2 175-235 |
1478243 _Rw2569c ARES RANG 13 6 193-261 |
3136019_MLCB1259 AREG ( 13 6 431-500 | 5
1655650_Rw2409c 12 170-233 |
2496516_MYCLE 12 170-233 |
1460074 _Rw2566 19 2 213-285 /
1707725_Sulfol 3 1 147-202 \
2621884 _MTH795 GN E 5 2 319-376 |
2621936_MTHE45 H] 5 1 199-255 |
2621416_MTH357 5 1 651-709 | 6
2621418 _MTH359 T 5 1 449-506 |
2621475_MTH412 BHE 5 1 498-555 |
3249613_MTH_PHAG H' 5 10 218-274 /
1652987_Synech  YEGGLPDHFETVLTIMLRSLDI 2 316-582
2984185_Aguifex TKRGNEBEYFESATAVLLRLMDVESRLVS 1 269-335 |
2632948_Bacillus TRMG SAMVVLLRSACIBER 2 420-491 | 7
2132186_YPL096w TREGREGE FTLILKSFCLEME YV 3 186-237 |
2650697_AF2400  TRRGTAREFATAFVLLAQSIGIEERAVF 1 251-314 |
3256717_1003_PH TKRGVELBFETAFVILARTACIBERL 2 244-309 /
1550668_Rv(790c HGVA SSFVALCRAACVBBMEIAFQ 22 GRPFPV EAY 1 70-153
2650741_AF2357  FRVG FCEAAKRACFEMRVVS- -DLGY EVE 1 111-151
2650578_AF0078  HRVG RECVl] 4 EscGDs G 4 170-229
1651727_Synech  RGVGSEGE LALARLNGISERTAGR 13 MEPD IFEFY 2 326-492

443194 papain Cp  CGSEWAFSAVVTIEGIIKIR 105 EVDEAVARVE 2 PNYILIKESW 22-177
Structure {1POP) GRERRRAERERRRRRRE =======
Consensus/80% ...G.C.shs.hh. .hhc..Glsschh.s  ...... Hshs.h.
Structure (1FIE) === G(LRREEREALEEREREE ======= =========

Fig. 1. See caption on facing page.
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Factor Xl transglutaminase Model of Methanobacterial
core fransglutaminase homolog

Fig. 2. The transglutaminase structure and a structural model for microbial transglutaminase homologs. The methanobacterial protein
MTH795 was aligned with the sequence of the human factor gRDB code 1fi¢. The alignment was adjusted to minimize energy

based on a sudo-Sippl field and submitted to the PROMODII modeling program using the SWISS-PDB viewer. The figure, which was
generated using the MOLSCRIPT prograkraulis, 1993, shows the core structure of factor Xlll and the model for the methano-
bacterial protein. The catalytic triads are shown by ball-and-stick models.

Families 2 and 6Fig. 1). Among the eukaryotes, transglutaminase transglutaminase homolog among the products of the still un-
homologs were detected, for the first time, in the ye&tpombe sequencedC. elegansgenes or the nematode has a completely
andS. cerevisiadFig. 1). Interestingly, in thenearly) complete  different transglutaminase that is unrelated to the protein super-
proteome ofC. elegangThe C. elegansSequencing Consortium, family described here.

1998, we detected only one, most likely inactive transglutaminase- We analyzed the other domains that are detectable in proteins
like enzyme(see abovg in a sharp contrast to at least six active containing the transglutaminase-like core to shed light on their
and one inactive transglutaminases in humans. Transglutaminag®ssible functions and interactiofBig. 3). On the basis of their
activity has been described @. elegangMadi et al., 1998 but domain composition, the transglutaminase-like proteins could be
the above protein cannot account for it; thus either there is alivided into three groups; this grouping is likely to have direct

Fig. 1 (on facing page Multiple alignment of the conserved core of the transglutaminase-like protein superfamily. The alignment was
constructed using the ALITRE program and adjusted manually on the basis of the PSI-BLAST search results. The transglutaminase-like
domains were clustered by sequence similarity on the basis of a detailed examination of the PSI-BLAST search results obtained, for
which portions of the respective proteins that include the core domain together with flanking region were used as queries. Family 1
includes seven distinct functional types of mammalian transglutaminases represented here by the respective human proteins; the other
seven families include previously undetected transglutaminase homologs. The numbers between aligned blocks indicate the lengths of
variable inserts that are not shown; the numbers at the end of each sequence indicate the distances from the protein termini to the
proximal and distal aligned blocks. The shading of conserved residues is according to the consensus and includes residues conserved
in at least 80% of the aligned sequences. The three residues of the catalytic triad are shown in inverséyslagiragainst a dark

blue backgrounyg the putative alternative catalytic cysteine in Family 2 is shown in white against a light blue background; the putative
catalytic serine in adquifexprotein is shown in redFamily 4). The fragments of the papain sequence surrounding the catalytic
residues were incorporated in the alignment manually, on the basis of the published structural com{federsen et al., 1994n

the consensus linégy, indicates hydrophobic residués,C,F,.L,I,MV,W,Y; yellow backgroung s indicates small residug#,C,S,T,D,

N,V,G,P; blue backgroundc indicates charged residuéR,K,E,D,H; brown coloring; separately conserved residues are colored in
magenta. PDB record 1fie. The GeneBank gene identifier and i@@ih@ving an underling or an abbreviated species names where

a gene name is not available are shown at the beginning of each sequence. Gene names that start with AR afedidag MJ,
Methanococcus jannaschiMTH, M. thermoautotrophicumPH, Pyrococcus horikoshiiRv, Mycobacterium tuberculosi¥yDL117w

and YPLO96w are from the yeaSt cerevisia@nd YEB8 is from the yeas$. pombeOther species abbreviations: Aquifedquifex

aeolicus Bacillus,B. subtilis CaenorhC. elegansHum,Homo sapiensRat,Rattus norvegicusSynechSynechocystis sp12798 4.2

is human band 4.2 protei@an inactivated transglutaminas&@ GLC-P are various human transglutaminase isoenzymes; 1942386_XIII

is human blood-clotting factor XllI; and 3249613_MTH_PHAG is the pseudomurein endoisopeptidase frdfatti@mobacterium
bacteriophage psiM2. The secondary structure elements extracted from the crystal structure of the human blood-clotting factor XIlII
(Yee et al., 199%and papair(Schroder et al., 1993re shown underneath the alignment- indicatesB-strands and @@ indicates

a-helix.
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- - MTHD

& Rv2409¢ ——< 7.— YPLO96w

- - YDL117
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i e D EEmeE
coagulation factor XIIT
B Immunoglobulin domains
@» Transglutaminase conserved core Q C4 type, Zn finger domain
& Transmembrane segment ¢ Signal peptide B  Calcium-binding site
B LIM-domain; <@  SH3 domain [ ]  S-layerregion

Fig. 3. Distinct domain architectures of proteins containing the transglutaminase-like catalytic core.

functional implications. The first group consists of membrane orthem actually possess a transglutaminase activity. As already men-
secreted proteins as indicated by the presence of a predicted sigrta@ned, a specific function for some of the archaeal transglutamin-
peptide andor membrane-spanning regions. Notably, severalase homologs is suggested by the presence of the secreted S-layer
transglutaminase-like proteins that are predicted to be secreted apeotein repeats in the methanobacterial protéig. 3). The S-layers
encoded by pathogenic bacteria, suctBasdetellaandH. influ- are crystalline surface layers with different functions that are present
enzae The Aquifextransglutaminase-like protein and its relatives in a variety of bacteria and archa@doens & Vanderleyden, 1997;
(Family 4) contain both signal peptides and predicted membraneSleytr & Sara, 1997 The methanobacterial transglutaminase ho-
spanning region&Fig. 3), which is again compatible with action at mologs catalyze the necessary cleavage steps during the assembly
the cell surface. Some of the archaeal proteins contain a signalf these layers, whereas the methanobacterial phage seems to em-
peptide and S-layer repeats and are involved in the formation oploy the protein scavenged from the host for a similar function.
the surface structures typical of the archaea. Members of the sed@he presence of multiple transglutaminase homologs in Mycobac-
ond group do not contain any detectable domains other than thieria implies a possible role for these proteins in the development
transglutaminase-like one and probably are intracellular enzymesf the unusual surface structures found in these badtBriennan
(Family 5. The third group also includes intracellular proteins that & Nikaido, 1995. Another likely function for the secreted trans-
contain, in addition to the core transglutaminase domain, differenglutaminase homologs from Mycobacteria &gertussiss cleav-
types of protein—protein interaction domains, so they are likely toage of host proteins as part of the intracellular life cycle of these
function as parts of protein complexes. The interaction domainpathogens or in the induction of apoptosis. Thus, these proteins
that combine with the transglutaminase core include SH3 domainsiight be potential new therapeutic targets. Finally, the proteins
in yeast proteins, a LIM domain in @. elegansprotein, and C4 that contain inactivated transglutaminase-like domains may per-
Zn-finger domains in a yeast protein and Anfulgidusprotein ~ form structural and protein-binding functions as shown for the 4.2
(Fig. 3. protein (Cohen et al., 1993 or alternatively, might function as
dominant-negative regulators of active enzymes.

This analysis showed that a class of enzymes hitherto only
Some potential functions for the newly identified transglutaminasdound in animals and plants in fact is widespread in prokaryotes
homologs: The only prokaryotic transglutaminase homolog with and apparently is of an ancient origin. Previous structural compar-
an experimentally demonstrated function is the pseudomurein erisons have led to the suggestion that transglutaminases have an
doisopeptidase of thdethanobacteriunphage psiM2—a protease evolutionary relationship with papain-like thiol proteases; this is
that is involved in the host cell wall lysidPfister et al., 1998 It compatible with the local sequence similarities seen in the vicinity
seems likely that many of the prokaryotic members of this superof the catalytic residues. Here we demonstrated a statistically sig-
family are proteases, although it cannot be ruled out that some dfificant sequence similarity between the animal transglutaminases
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and a distinct class of microbial proteins whose only functionally ~ served protein families, the stable core and the variable sGelhome
characterized representative is a protease. This suggests that api- ResearchForthcoming.

| | . h ved | icanovic R, Procyk R, Lin W, Matsueda CR. 1994. Role of histidine 373 in
mal transglutaminases have evolved from ancestral proteases.  catalytic activity of coagulation factor XIIlJ Biol Chem 268190-9194.
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