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Tannerella forsythia is a bacterial pathogen involved in periodontal disease. A cysteine protease PrtH has been characterized
in this bacterium as a virulence factor. PrtH has the activity of
detaching adherent cells from substratum, and the level of PrtH is
associated with periodontal attachment loss. No reports exist on
the structure, active site, and catalytic mechanism of PrtH. Using
comparative sequence and structural analyses, we have identified
homologs of PrtH in a number of bacterial and archaeal species.
PrtH was found to be remotely related to caspases and other
proteases with a caspase-like fold, such as gingipains from another
periodontal pathogen Porphyromonas gingivalis. Our results offer
structural and mechanistic insights into PrtH and its homologs, and
help classification of this protease family.
Tannerella forsythia is an anaerobic, Gram-negative bacterial
pathogen found in human oral cavity. A number of clinical studies
have linked T. forsythia to periodontitis, an infectious disease that
causes inflammatory destruction of periodontal tissues.1 In an effort to
isolate putative proteolytic enzymes, a DNA fragment from T. forsythia
was identified to cause hydrolysis of milk proteins when transformed to
Escherichia coli.2 A putative gene prtH in this fragment was predicted
to encode a protein of 423 amino acid (aa) residues. The product of
the prtH gene, PrtH, was suggested to be a cysteine protease based
on protease inhibitor analysis, although no significant sequence
similarity to other proteases was found.2 Clinical studies suggested
that PrtH is a virulence factor, as the level of PrtH is associated with
periodontal attachment loss.3 In an independent study to explore the
cytopathic effect of T. forsythia, a protein named forsythia detaching
factor (FDF) was identified that can detach human adherent cells from
substratum.4 Cloning of the fdf gene revealed that the original prtH
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gene was part of the fdf gene, which encodes a protein of 536 residues. The original prtH turns out to be a partial gene that resulted from
an incorrect prediction of the translation start site. Consistent with the
initial studies of prtH, recombinant FDF protein was shown to possess
proteolytic activity.4 In this work, we use the name PrtH to refer to FDF,
the authentic 536aa product of the fdf gene.
The structure, active site and catalytic mechanism have not been
reported for PrtH. Submissions of the PrtH sequence to public protein
domain databases such as Pfam5 and CDD6 did not yield significant
predictions of known domains in this protein. A PSI-BLAST7 search
for the full length PrtH protein (gene identification (gi) number:
38707242) converged to about 20 proteins with an e-value inclusion
threshold of 0.001. More PSI-BLAST iterations starting from multiple
representatives of found PrtH homologs revealed limited, yet significant
sequence similarities to protein domains in the peptidase C14 family,
which includes eukaryotic caspases. For example, a PSI-BLAST search
from gi|166367720 of Microcystis aeruginosa, a close homolog of
PrtH, found a Desulfovibrio salexigens protein (gi|218151631) annotated as ‘peptidase C14 caspase catalytic subunit p20’ with significant
e-value (0.0009) in the third iteration. A Pfam database search
confirmed that this protein contains the ‘Peptidase_C14, Caspase
domain’ (Pfam accession number: PF00656). PSI-BLAST alignments
revealed that the catalytic residues (a histidine and a cysteine) in the
peptidase C14 family are also conserved in PrtH and its homologs.
HHpred,8 a profile-profile based sequence similarity search method,
also consistently found structures with a caspase-like fold as top hits
using PrtH and its homologs as queries. Structure predictions for PrtH
were made by the 3D-Jury Meta server,9 which assembles the results
of various fold recognition methods and computes consensus scores for
the predictions. Several fold recognition methods found structures with
a caspase-like fold as top hits (e.g., PDB id: 2j31, 1jxq and 3bij). The
top hits of the 3D-Jury consensus results have significance scores above
60. These results indicate that PrtH indeed has a caspase-like fold.
The MEROPS peptidase database10 classifies cysteine peptidases
with a caspase-like fold in clan CD, currently including several
remotely-related peptidase families: clostripain (family C11), legumain
(family C13), caspase (family C14), gingipain (family C15), separase (family C50) and RTX self-cleaving toxin (family C80). Extensive
sequence similarity searches have detected new members of clan CD
peptidases, as well as a new family HetF.11 CPDadh, a new family of
caspase-like cysteine peptidases homologous to the cysteine protease
domains of multifunctional autoprocessing RTX toxins, has been
recently identified in a group of bacterial cell adhesion molecules.12
MEROPS classifies PrtH and its close homologs in peptidase family
C84, which has not been assigned to a known clan. The homologous
relationship of the PrtH protease to caspases suggests that peptidase
family C84 belongs to clan CD. Interestingly, PrtH and gingipains from
Porphyromonas gingivalis have related functions as they are virulence
factors linked to periodontitis.
The structures of caspases and gingipains have a Rossmann-fold
like core characterized by a mainly parallel central β-sheet and
surrounding α-helices on both sides.11 The structure of the cysteine
protease domain from V. cholerae RTX toxin13 (peptidase family C80)
exhibits a similar core as well as noticeable differences in peripheral
regions as compared to the structures of caspases and gingipains.
Multiple sequence alignment and secondary structure predictions
reveal that PrtH and its close homologs have the core structural
elements of the caspase-like fold (Fig. 1). The most conserved parts
of caspase-like domains in PrtH homologs surround the two catalytic
residues. For example, the catalytic histidine is sandwiched by two
conserved small residues, usually glycines. The N-terminal regions
before the β-strand preceding the catalytic histidine show high
sequence divergence. Compared to other structures with a Rossmannlike fold, a distinct feature of caspases and gingipains lies in their
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Figure 1. Multiple sequence alignments of PrtH homologs and several structures of caspase-like fold. This alignment was made using PROMALS3D14 followed by manual adjustment. Catalytic histidines and cysteines are shaded in black. Non-polar residues in positions with mainly hydrophobic residues
are shaded in yellow. Small residues (G, A, S, C, T, N, D, V and P) in positions with mainly small residues are colored blue. Starting and ending residues
numbers are shown in italic numbers and sequence lengths are shown in brackets. Insertion regions in the alignment are replaced by the numbers of
residues. Consensus secondary structure predictions are shown above the alignment (h: α-helix; e: β-strand). The proteins are identified by their NCBI
gene identification (gi) numbers, followed by the species name abbreviations. The last five sequences have known structures with a caspase-like fold.
Their Protein Data Bank ids and chain ids are shown after the gi numbers (2j32, caspase 3; 1m72, caspase 1; 1cvr, gingipain; 3bij, a bacterial caspase
homolog; 3eeb, cysteine protease domain from V. cholerae RTX toxin). Species name abbreviations are: Af, Archaeoglobus fulgidus; At, Anaerocellum
thermophilum; Cag, Chloroflexus aggregans; Cau, Chloroflexus aurantiacus; Cc, Coprinopsis cinerea; Ch, Carboxydothermus hydrogenoformans;
CMb, Candidatus Methanoregula boonei; Cs, Caldicellulosiruptor saccharolyticus; Gs, Geobacter sulfurreducens; Hs, Homo sapiens; Js, Janibacter sp.;
Mac, Methanosarcina acetivorans; Ma, Microcystis aeruginosa; Mb, Methanosarcina barkeri; Mm, Methanoculleus marisnigri; Pa, Prosthecochloris
aestuarii; Pd, Paracoccus denitrificans; Pf, Pyrococcus furiosus; Pg, Porphyromonas gingivalis; Pph, Pelodictyon phaeoclathratiforme; Ppa, Plesiocystis
pacifica; Sc, Sorangium cellulosum; Sf, Spodoptera frugiperda; Sk, Streptomyces kanamyceticus; Tf, Tannerella forsythia; Vc, Vibrio cholerae. Bacterial,
archaeal, and eukaryotic species name abbreviations are shown in black, red and green respectively.
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C-termini that include two consecutive α-helices and one β-strand that
is anti-parallel to the other β-strands in the central β-sheet. The alignment suggests that these secondary structural elements are also present
in PrtH homologs (Fig. 1, the last three blocks).
Close homologs of PrtH have a limited phyletic distribution with
less than 30 proteins. In addition to bacterial homologs, several
PrtH homologs are from archaeal species and one is from eukaryotic
species Coprinopsis cinerea (Fig. 1). Except PrtH, these proteins
have not been experimentally characterized, and they are annotated
as ‘hypothetical protein’ or ‘predicted protein’. PrtH homologs with
less than 300 residues contain only one domain with the caspaselike fold. The other PrtH homologs are longer and could contain
additional domains. For example, HHpred searches suggested that
gi|118048089 and gi|154150967 contain a PKD domain (with an
immunoglobulin-like fold) and a beta-propeller domain respectively.
The caspase-like domain in PrtH lies at the N-terminus, and the
C-terminal region of PrtH (about 300aa) has unknown structure and
function. A HHpred search using the C-terminal region of PrtH found
weak similarity to Pfam family ‘Fungalysin/Thermolysin Propeptide
Motif’ (Pfam accession number: PF07504, with a HHpred probability
score of 88.2). This motif was found in some bacterial metalloproteases
and was linked to assisting folding and inhibiting catalytic activity. The
C-terminal region of PrtH could have similar functions. Some PrtH
homologs contain predicted signal peptides (e.g., gi|194337677
and gi|212717887), suggesting that they are secreted exoproteins or located between the inner and outer membranes of
Gram-negative bacteria. Conservation of the catalytic cysteine (except
for gi|119386630, where the cysteine is replaced by a serine)
and histidine residues indicates that PrtH homologs also function as
active proteolytic enzymes. The putative protease function of these
proteins is also supported by genome context mining. For example,
the gene of the PrtH homolog from M. aeruginosa (gi|166367720)
shares an operon with another gene encoding a protein annotated as
‘secreted metalloprotease’, suggesting concerted proteolytic functions
for them. The gene of another PrtH homolog from Caldicellulosiruptor
saccharolyticus (gi|146297187) neighbors a gene encoding with a
hypothetical protein (gi|146297186). Homologs of this hypothetical
protein found by PSI-BLAST also frequently co-occur with proteins
containing various protease domains.
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