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Abstract: Computer analysis using profiles generated by the PSI-
BLAST program identified a superfamily of proteins homologous
to eukaryotic transglutaminases. The members of the new protein
superfamily are found in all archaea, show a sporadic distribution
among bacteria, and were detected also in eukaryotes, such as two
yeast species and the nematodeCaenorhabditis elegans. Sequence
conservation in this superfamily primarily involves three motifs
that center around conserved cysteine, histidine, and aspartate res-
idues that form the catalytic triad in the structurally characterized
transglutaminase, the human blood clotting factor XIIIa9. On the
basis of the experimentally demonstrated activity of theMethano-
bacteriumphage pseudomurein endoisopeptidase, it is proposed
that many, if not all, microbial homologs of the transglutaminases
are proteases and that the eukaryotic transglutaminases have evolved
from an ancestral protease.
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Transglutaminases catalyze the calcium-dependent acyl-transfer re-
action between ag-carboxyamide group of glutamine andE-amino
group of lysine or other primary amines, which results in the
formation of g-glutamyl-E-lysine peptide chains bridges~Lorand
& Conrad, 1984!. These enzymes thus establish either intramolec-
ular or intermolecular cross-links in proteins. The animal transglu-
taminases possess a catalytic triad of three amino acids, namely a
cysteine, a histidine, and an aspartate~asparagine!, and the reac-
tion proceeds via an intermediate linked to the nucleophilic cys-
teine of the enzyme~Hettasch & Greenberg, 1994; Micanovic
et al., 1994!. This reaction is the reversion of the proteolysis re-
action catalyzed by the thiol proteases that possess the same cat-

alytic triad. The crystal structure of a transglutaminase precursor,
the human blood clotting factor XIII, has been solved~Yee et al.,
1994!. Not surprisingly, given the similarities in the catalytic triad
and the reaction mechanism~Pedersen et al., 1994!, it turned out
that the transglutaminases share the core structural fold with the
papain-like thiol proteases. Accordingly, transglutaminases and
papain-like proteases have been classified within the same super-
family in the Structural Classification of Proteins~SCOP! database
~Hubbard et al., 1999!.

The involvement of a transglutaminase, namely the catalytic
domain of factor XIII, in blood clotting in vertebrates has triggered
a number of functional studies of these enzymes. To date, seven
functional types of transglutaminases that differ in terms of their
specificity toward target proteins have been characterized in
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!.

Genes for members of the transglutaminase family typified by
factor XIII have been characterized in a wide range of vertebrates
~Weraarchakul-Boonmark et al., 1992; Nakaoka et al., 1994! and
invertebrates~Tokunaga et al., 1993; Cariello et al., 1997!. Trans-
glutaminase activity has been detected also in plants but the re-
spective genes so far have not been cloned~Serafini-Fracassini
et al., 1995!. Cloning of transglutaminases from two bacteria has
been reported but the sequences of these proteins do not resemble
any known families of enzymes or each other~Washizu et al.,
1994!. Recently, it has been shown that the Cytotoxic Necrotizing
Factor 1~CNF1! from Escherichia coliand the homologous der-
monecrotic toxin fromBordetella pertussis, which act by deami-
dation of a specific glutamine residue in animal Rho GTPases, also
possess transglutaminase activity~Horiguchi et al., 1997; Schmidt
et al., 1998!. Again, however, although the catalytic cysteine and
histidine residues of CNF1 have been identified~Schmidt et al.,
1998!, no similarity to animal transglutaminases or papain-like
proteases is detectable in the sequences of these proteins.
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In the course of our comparative analysis of completely se-
quenced genomes, we detected proteins homologous to the clas-
sical animal transglutaminases in a variety of archael and bacterial
genomes as well as in some eukaryotes, such as the yeastsSac-
charomyces cerevisae, Schizosaccharomyces pombe,in which they
have not been previously identified.

Here, we describe this new protein superfamily typified by an-
imal transglutaminases. Most of these proteins have not been func-
tionally characterized. Only the protein from an archaeal phage has
been studied and shown to possess protease activity~Pfister et al.,
1998!, which might indicate that many of the prokaryotic trans-
glutaminase homologs are in fact proteases. The discovery of this
superfamily suggests an evolutionary scenario for the origin of
eukaryotic transglutaminases from ancient proteases.

The transglutaminase-like superfamily of enzymes—Sequence and
structure conservation:During our comparative analysis of the
archaeal genomes~Makarova et al., 1999!, we identified a family
of large multidomain archaeal proteins that encompassed predicted
signal peptides and a globular domain~as predicted using the SEG
program~Wootton, 1994; Wootton & Federhen, 1996!!. The latter
domain contains conserved cysteine, histidine, and aspartate resi-
dues, which is reminiscent of the catalytic triad of a variety of thiol
hydrolases. Further iterative searches of the nonredundant data-
base~NR! using the PSI-BLAST program~Altschul et al., 1997!
with a number of different query sequences not only detected
homologous protein sequences in bacterial genomes but also dem-
onstrated a statistically significant similarity to animal transgluta-
minases. For example, a search initiated with theSulfolobus
solfataricusprotein c02013~GenBank gi:1707725! detects the hu-
man transglutaminase 4~gi: 1082749! with an e-value of 1024 in
the 3rd iteration and factor XIII with a similar e-value in the 4th

iteration. Conversely, searches with the human transglutaminases
as queries detected bacterial and archaeal proteins from the same
set with e-values below 0.001 in the 2nd and subsequent iterations.
All sequences of tranglutaminase homologs detectable in the cur-
rent nonredundant database were identified via transitive PSI-
BLAST searches, and a representative set of them was used to
generate a multiple alignment with the ALITRE program~Seledtsov
et al., 1995!. The alignment was then manually adjusted on the
basis of alignments generated by PSI-BLAST and the structural
elements from the crystal structure of factor XIII. Figure 1 shows
the multiple alignment of the transglutaminase-like superfamily
with the secondary structure elements assigned using the factor
XIII structure.

The sequence conservation in the superfamily of transgluta-
minase-like enzymes clearly centers around the three~predicted!
active residues of the catalytic triad~Fig. 1!. Motif I contains the
catalytic cysteine and encompasses the two strands and ana-helix
whereas motifs II and III include the two strands associated with
the active histidine and aspartate, respectively. Some of the char-
acteristic features of the animal transglutaminases, namely the tiny
residue located two positions upstream of the catalytic cysteine,
the aromatic residues two positions downstream from the catalytic
histidine and the aromatic residue flanking the catalytic aspartate
from the N-terminal side, are well conserved in the microbial
proteins. The main difference between the archaeal and bacterial
transglutaminase homologs and classical animal enzymes is the
variability of the two insert regions between the conserved motifs
~Fig. 1!. Iterative database searches fail to detect any similarity

between the proteins of the transglutaminase-like superfamily and
thiol proteases. When fragments of papain-like protease sequences
surrounding the catalytic residues are manually fit into the multiple
alignment, some local conservation can be seen, however, which is
compatible with the presence of a common structural core~Fig. 1!.

Using the multiple alignment shown in Figure 1, the structure of
factor XIII ~Protein Data Bank~PDB! code: 1fie! as a template and
the ProModII program~Peitsch, 1996!, we generated a homology
model for the microbial transglutaminase-like proteins~Fig. 2!.
This model shows that the insert I in the animal transglutaminases
~between Motif I and Motif II! is a large extended structure, which
interacts with otherb-strands that are conserved in the animal
transglutaminases but not in the microbial homologs. The second
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
detected members of this superfamily from yeast and the nematode
have short inserts, which is consistent with the lack of counterparts
to these additional conserved elements of the transglutaminases
~Fig. 2!.

Phyletic distribution, family classification, and domain organiza-
tion of the transglutaminase-like superfamily:All the completely
sequenced euryarchaeal genomes encode at least one protein of the
transglutaminase-like superfamily~Fig. 1!, and one member was
already detected in the available sequence from the crenarchaeon
Sulfolobus. Clustering of the transglutaminase-like domains by
sequence similarity~see the caption to Fig. 1! produced seven
distinct families, along with some unclassified members~Fig. 1!.
Family 1 represents a set of seven different transglutaminases from
human and functionally unusual enzyme from rat. Family 2 in-
cludes eukaryotic protein proteins fromCaenorhabditis elegans,
two yeast species, and the cyanobacteriumSynechocystis sp.~Fam-
ily 2 in Fig. 1!. The eukaryotic members of this family lack the
normal catalytic cysteine but have another conserved cysteine down-
stream~Fig. 1!, which potentially could possess a catalytic role;
the position of this cysteine in the three-dimensional~3D! model is
not inconsistent with this proposal~Fig. 2!. TheC. elegansprotein,
however, is likely to be inactive given the disruption of the other
motifs ~Fig. 1!. Inactivation of the enzymatic domain, indicated by
the elimination of two of the catalytic residues, is also seen in
proteins from the cyanobacteriumSynechocystis sp. and the ar-
chaeonArchaeoglobus fulgidusthat belong to Family 7 of micro-
bial tranglutaminase homologs and also in the human protein band
4.2 ~Fig. 1!. Of further interest is the replacement of the catalytic
cysteine by a serine in a transglutaminase homolog fromAquifex
~Fig. 1!. It seems likely, given the conservation of the other two
motifs, that this serine functions as the catalytic nucleophile. Sub-
stitution of serine for the active cysteine has been reported for a
family of highly conserved papain-like protease homologs from
the malaria plasmodium~Higgins et al., 1989; Gardner et al., 1998!.

The remaining five families consist primarily of archaeal and
bacterial proteins. Examination of the taxonomic distribution in the
families of transglutaminase homologs, together with a compari-
son of the domain architectures of archaeal transglutaminase ho-
mologs, indicates that multiple lineage specific duplication events
must have been involved in the generation of the gene families
seen inA. fulgidusand Methanobacterium thermoautotrophicum
~Families 3 and 6 in Fig. 1!. Among the bacteria, a similar, lineage-
specific expansion was detected in the Mycobacteria~Family 5
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in Fig. 1!, while scattered representatives were found in diverse
bacterial lineages, such as the Cyanobacteria,Bacillus subtilis,
Haemophilus influenzae, and among the unfinished genomes, in
B. pertussis, Pseudomonas aeruginosa, and Deinococcus radio-

durans. Families 4, 5, and 7 include representatives from diverse
bacterial lineages and archaea, which suggests dissemination by
horizontal gene transfers amid prokaryotes. Some of the horizontal
transfer events might have involved also eukaryotes as seen in

Fig. 1. See caption on facing page.
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Families 2 and 6~Fig. 1!. Among the eukaryotes, transglutaminase
homologs were detected, for the first time, in the yeastsS. pombe
and S. cerevisiae~Fig. 1!. Interestingly, in the~nearly! complete
proteome ofC. elegans~The C. elegansSequencing Consortium,
1998!, we detected only one, most likely inactive transglutaminase-
like enzyme~see above!, in a sharp contrast to at least six active
and one inactive transglutaminases in humans. Transglutaminase
activity has been described inC. elegans~Madi et al., 1998!, but
the above protein cannot account for it; thus either there is a

transglutaminase homolog among the products of the still un-
sequencedC. elegansgenes or the nematode has a completely
different transglutaminase that is unrelated to the protein super-
family described here.

We analyzed the other domains that are detectable in proteins
containing the transglutaminase-like core to shed light on their
possible functions and interactions~Fig. 3!. On the basis of their
domain composition, the transglutaminase-like proteins could be
divided into three groups; this grouping is likely to have direct

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 XIII~PDB code 1fie!. 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 program~Kraulis, 1991!, shows the core structure of factor XIII and the model for the methano-
bacterial protein. The catalytic triads are shown by ball-and-stick models.

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 inverse shading~yellow against a dark
blue background!; the putative alternative catalytic cysteine in Family 2 is shown in white against a light blue background; the putative
catalytic serine in anAquifexprotein is shown in red~Family 4!. The fragments of the papain sequence surrounding the catalytic
residues were incorporated in the alignment manually, on the basis of the published structural comparisons~Pedersen et al., 1994!. In
the consensus line,h indicates hydrophobic residues~A,C,F,L,I,MV,W,Y; yellow background!; s indicates small residues~A,C,S,T,D,
N,V,G,P; blue background!; c indicates charged residues~R,K,E,D,H; brown coloring!; separately conserved residues are colored in
magenta. PDB record 1fie. The GeneBank gene identifier and name~following an underline! 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 AF are fromA. fulgidus; MJ,
Methanococcus jannaschii; MTH, M. thermoautotrophicum; PH, Pyrococcus horikoshii; Rv, Mycobacterium tuberculosis; YDL117w
and YPL096w are from the yeastS. cerevisiaeand YEB8 is from the yeastS. pombe. Other species abbreviations: Aquifex,Aquifex
aeolicus; Bacillus,B. subtilis; Caenorh,C. elegans; Hum,Homo sapiens; Rat,Rattus norvegicus; Synech,Synechocystis sp. 112798_4.2
is human band 4.2 protein~an inactivated transglutaminase!; TGLC-P are various human transglutaminase isoenzymes; 1942386_XIII
is human blood-clotting factor XIII; and 3249613_MTH_PHAG is the pseudomurein endoisopeptidase from theMethanobacterium
bacteriophage psiM2. The secondary structure elements extracted from the crystal structure of the human blood-clotting factor XIII
~Yee et al., 1994! and papain~Schroder et al., 1993! are shown underneath the alignment;55 indicatesb-strands and @@ indicates
a-helix.
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functional implications. The first group consists of membrane or
secreted proteins as indicated by the presence of a predicted signal
peptide and0or membrane-spanning regions. Notably, several
transglutaminase-like proteins that are predicted to be secreted are
encoded by pathogenic bacteria, such asBordetellaandH. influ-
enzae. TheAquifextransglutaminase-like protein and its relatives
~Family 4! contain both signal peptides and predicted membrane-
spanning regions~Fig. 3!, which is again compatible with action at
the cell surface. Some of the archaeal proteins contain a signal
peptide and S-layer repeats and are involved in the formation of
the surface structures typical of the archaea. Members of the sec-
ond group do not contain any detectable domains other than the
transglutaminase-like one and probably are intracellular enzymes
~Family 5!. The third group also includes intracellular proteins that
contain, in addition to the core transglutaminase domain, different
types of protein–protein interaction domains, so they are likely to
function as parts of protein complexes. The interaction domains
that combine with the transglutaminase core include SH3 domains
in yeast proteins, a LIM domain in aC. elegansprotein, and C4
Zn-finger domains in a yeast protein and anA. fulgidusprotein
~Fig. 3!.

Some potential functions for the newly identified transglutaminase
homologs:The only prokaryotic transglutaminase homolog with
an experimentally demonstrated function is the pseudomurein en-
doisopeptidase of theMethanobacteriumphage psiM2—a protease
that is involved in the host cell wall lysis~Pfister et al., 1998!. It
seems likely that many of the prokaryotic members of this super-
family are proteases, although it cannot be ruled out that some of

them actually possess a transglutaminase activity. As already men-
tioned, a specific function for some of the archaeal transglutamin-
ase homologs is suggested by the presence of the secreted S-layer
protein repeats in the methanobacterial proteins~Fig. 3!. The S-layers
are crystalline surface layers with different functions that are present
in a variety of bacteria and archaea~Moens & Vanderleyden, 1997;
Sleytr & Sara, 1997!. The methanobacterial transglutaminase ho-
mologs catalyze the necessary cleavage steps during the assembly
of these layers, whereas the methanobacterial phage seems to em-
ploy the protein scavenged from the host for a similar function.
The presence of multiple transglutaminase homologs in Mycobac-
teria implies a possible role for these proteins in the development
of the unusual surface structures found in these bacteria~Brennan
& Nikaido, 1995!. Another likely function for the secreted trans-
glutaminase homologs from Mycobacteria andB. pertussisis cleav-
age of host proteins as part of the intracellular life cycle of these
pathogens or in the induction of apoptosis. Thus, these proteins
might be potential new therapeutic targets. Finally, the proteins
that contain inactivated transglutaminase-like domains may per-
form structural and protein-binding functions as shown for the 4.2
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
found in animals and plants in fact is widespread in prokaryotes
and apparently is of an ancient origin. Previous structural compar-
isons have led to the suggestion that transglutaminases have an
evolutionary relationship with papain-like thiol proteases; this is
compatible with the local sequence similarities seen in the vicinity
of the catalytic residues. Here we demonstrated a statistically sig-
nificant sequence similarity between the animal transglutaminases

Fig. 3. Distinct domain architectures of proteins containing the transglutaminase-like catalytic core.
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and a distinct class of microbial proteins whose only functionally
characterized representative is a protease. This suggests that ani-
mal transglutaminases have evolved from ancestral proteases.
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