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Tannerella forsythia is a bacterial pathogen involved in peri-
odontal disease. A cysteine protease PrtH has been characterized
in this bacterium as a virulence factor. PriH 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.
PriH 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 insighfs 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.! 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.# 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 resi-
dues. 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 Pfam® and CDD® did not yield significant
predictions of known domains in this protein. A PSIBLAST” 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 PSIBLAST search
from gil 166367720 of Microcystis aeruginosa, a close homolog of
PrtH, found a Desulfovibrio salexigens protein (gil218151631) anno-
tated as ‘peptidase C14 caspase catalytic subunit p20’ with significant
evalue (0.0009) in the third iteration. A Pfam database search
confirmed that this protein contains the ‘Peptidase_C14, Caspase
domain’ (Pfam accession number: PFO0656). 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,® 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 PriH
were made by the 3D-Jury Meta server,” 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 database'© classifies cysteine peptidases
with a caspaselike fold in clan CD, currently including several
remotely-related peptidase families: clostripain (family C11), legumain
(family C13), caspase (family C14), gingipain (family C15), sepa-
rase (family C50) and RTX selfcleaving toxin (family C80). Extensive
sequence similarity searches have detected new members of clan CD
peptidases, as well as a new family HetF.1! 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.!?
MERORPS 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 B-sheet and
surrounding o-helices on both sides.!! The structure of the cysteine
protease domain from V. cholerae RTX toxin'3 (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-erminal regions
before the B-strand preceding the catalytic histidine show high
sequence divergence. Compared to other structures with a Rossmann-
like fold, a distinct feature of caspases and gingipains lies in their
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38707242 (PrtH) Tf 30 IYGACSIEDFL 12 AEGFLGYPTS FTPANFWRKDG 20 DAVKVFYHSGZGNML 18 ALSSKMAFANEK LRYLFWS
108743329 sk 59 WWGAFSIQKFV 11 ATGWLAYLQQ FYDENFWFADG 20 DAVCAVYHSG MD 18 AISHRMALGNEK VNYVEWS
166367720 Ma 48 LYGGCSIEVGC 13 AQGWLDYVEKE FTPLNFWYQDC 20 DAVMAFYHSGEGGMD 21 SSSDELVWANER VRYIFLS
119386630 Pd 71 IYGACSVETYR 11 AGGFLDAVDR FATPDFWRRDG 20 DSVRVFYHAGEGRMD 19 LTSDRMRLGSGA LRYLFWS
222528938 At 41 PNGSCTYGDRA GAHYVYNLAD 5 AWVTAYLIKLN 14 SQADLLVYSGZGLCF 29 ARTNEVRFGHSN LEWVIMY
146297187 Cs 41 PNGSCTYGDRA GAHYVYNLAD 5 AWVTAYLIKLN 14 SQADLLVYSGEIGLCL 29 ARTHEVREGRSN LEWIIMY
78044552 Ch 39 LYPDCTYGDRA GASYVNNLYN 4 KFTLGFKYLDN 13 NNVDFESFAGEIGKNY 30 ARTNETREGHNK LEWVNMY
162452479 Se 428 VVGAEWVGLCG 8 VDGLLKSFRE 1 GIDSRFNWGD(Q 20 DSVDLTFYTGZANGV 12 LHFSDARWGNAN LEWMVV.
118048019 Cau 475 SFGAEGNWDYQ 15 VTGFRSGMLG 1 GYTQRFYWTNA 21 DRAAFVYYRGERIGGPG 10 TWFSGAMNARYQN LRWVGFAS
163848691 Cag 474 TFGIEGNWDYP 15 VNGLRFGMLS 1 GYTQRFFWSNS 21 DRAAFVYYAGEZIGGPG 10 TWFDGTNARYQS LRWVGFA
84497076 Js 4 YVGSWWIRDTV 6 REGFASTLGG LSEFDWTQNHG 19 DQVDAMQOMS NPN 9 NASEAIDFGKND LEIFAT
194337677 Pph 33 EEGGFVCREES 2 VDETWNFLKH 1 SYEQYYWAVPE 10 DNMDTAFFSGEZIGGNF 13 FASGAVSLGDVD LEFLTIDAS
194337435 Pph 37 EGGYVGSKTEG 2 TTPVWNEINN 1 SYDQYYWAEPF 10 DKMDFSYFVGEIGSPW 14 GSTTHKGWGDYN AEFVTL
194334999 Pa 37 EGGYVGSKTEG 2 TTPVWNFIRH 1 DYNQYYWAETF 10 DAMDFSYFVGZGSPW 14 GSFAAEGWGDTN SEFVTL
149924090 Ppa 18 EGTLYYVNDFD 16 VGYLEDKLDD 1 GFDSVYYHGNR 25 DSADIGMMYSEIGGKN 26 AAGNDSWWGDTD LNAMIIDTESS
154150967 CMb 599 TYSMTMIQNPG 19 HGVVQNWLET 2 GWSNTFYHTED 14 DNATFFYHFGZIGHLL 32 PSDVYKKWGGQ- NEWVFLDAMST,
20089394 Mac 44 EVGVEWVNDYT 12 ANGLYNRLGN 1 GWTKSFNKGNS 17 DAVDIALYSGEZIGSTD 10 VYHDEAREWGDYD LEWIGLDCHLA
126178074 Mm 31 YCCAEWVNNYP 11 AQGFYYQLGG 2 SWWGDFIYGDG 22 DDTHFAFFSGEIGRPE 9 LSYSDALWGNTQ MDWITID
11499161 Af 35 DVGAAVAFSED 8 VSQFVEIISS 2 TWVQHFLNDYP 19 DYTELSLVLGEGVVV 18 ALPDDIRLGYAS 6 SVATFIIQESV
18977023 Pf 30 DVGGVMTFTDD 8 VKNEVEIISS 2 HWYQGFLKDYP 20 DYTELSLVLGHISCVY 13 ALPEKVRLGYKS 6 AIWTFIIQN
73669560 Mb 28 SYSVTIIENYS 12 YGIVENWLHD 2 GWNEYFYDSET 17 DDADFHYHLGEZGVDD 20 AQDVYKKWDNN- NEWVLLHSWHI
169846526 Ce 435 RVGRYVVRNDI 3 TASARSFLSS 10 DNTHFYWSRPF 10 NNVDIALTERERIGSFH 16 DIPAGGLNGYGA 9 LSYWVIH
119390377 23j32A Hs=s 10 EMGLCIIINNK 14 DVDAANLRET 2 NLKYEVENEND 20 RSSFVCVLL EEG 9 DLKKITNEFRGD 8 PKLFII
42543031 1m72A =F 31 HRGMAIIFNHE 13 NVDSDNLSKV 2 TLGFKVTVFPN 20 ADCLLVAVL ELG 9 KPDNLWYYFTAD 8 PKLFFI G
7245522 lovrA Pg 141 WLGQALCIASA 12 IQHENVIANL 2 QYGYTKIIKCY 14 GGISLVNYT SET 7 GTTHVKQLTHNSN 1 LPEIFDV N
162330276 3bijA Gs 2 PEGIALALGLN 17 EADAEDMAAT 2 ERGFAVTTLMT 21 GDIFMLSYS GQV 22 IDDELYALLGKF 4 RVLVFSDSWeHS
209870506 3eebA Vc 30 RFDGQIIVQME 5 AKAAANLAGK -HAESSVVVQL 16 DGKLRWQLWV BRDH 12 ADELAVKLAKFQ 12 PDHISIV L
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38707242 (PrtH) Tf 10 RTWRLANK 1 GLRMIFGYETVSYDS ARYGSEFWKQWKKG KSFSDAFIEASWSLFRNQT PVYVCACGN 224 [536]
108743329 sk 10 RTWAGPNI GFRMIFGFETTSIDS GDYGKKFWEKWRAG QTYCDAWLNASWDIYHGQA PSVARVGT 251 [572]
166367720 Ma 10 RTWHPSNR GWEMLEGYETVSWDN ENYGKFFWEEWNKN KPLSTAWLDASWRIAHDQA PSVVACGA 245 [561]
119386630 Pd 10 HSWVRANQ GLRMLFGFDSICHWDS GRYGANFWHHWOMG KPFAQAWLDGAWDIAPDQS PVACACAP 264 [5B4]
222528938 At 10 ENIYKTFE GATLVMGFASTMYLD SREAVDFVKFLTGY 1 DSEVKAFVKAARIYQPQRQ 4 SIVRIMGY 237 [281]
146297187 Cs 10 ENIYKTFE GATLVMGFASTMYLD SREAVDFVKFLTGE 1 LSFKEAFIKAASIYQPQRK 4 SLVRIMGY 237 [282]
78044552 Ch 10 QNFYKMFE GATLMLGFSSVMYLD SREGTEFGQKLVNG YTIKTAFLEARKKYQPQRA 3 SIATVIGY 232 [275]
162452479 Sec 9 YRWAGAFD GLHLLLGYATESFLDD TTEGSMFARTLLDD 3 APVROAWVTTAIEVQPDDE VIYRVMGR 614 [653]
118048019 Cau 13 REWFNAFQ GAHMLLGFNSNMADV -AFGGNLAANMKMP 11 LTIAQAWVKTAFDMHAGK- PAYIYARS 677 [711]
163848691 Cag 13 RRWFNAFQ GAHMLLGFNSNMADV -AFGGQLMNNMRMP 11 LTIAQAWVKTAFDMNAGE- PAYIYARS 676 [710]
84497076 Js 9 GRWIPAFQ RLHYMLGFHNHSYSG 9 FAMYSAWLYYWSGS 6 IPVREAWAEANEIVEGSNV TWAYLRAE 195 [227]
194337677 Pph 11 SGWWGVFH RLHOQLLSFRTTGWYD GRVEDQYAINLLSG QEYIDAWFNAANSVRSGVY 3 CAVIWAYP 206 [238])
194337435 Pph 7 ADWYSAWT 7 GVHQVCGFRTTASMS 2 QDISAYFGSRIKSG AAVWOAWFDAISLYGDGSE RGAAVMYP 213 [240]
194334999 Pa 7 GDWYSAWT 7 GVHQVCGFRTNASQS 2 QDISNYFGIRMEAG GAVWOSWFDAIWMYGNGSE RGAAVMYP 213 [240]
149924090 Ppa 8 SAYFHADG NFATFLGFHGLSYDS REHTNNFEDFVDNS 2 NGLGDNWVDELTRRPIGSN 3 CAVAIIFE 232 [275]
154150967 CMb 3 KRWGGALN TSHGILGYQSSKYVS TDLFNAFFYNAFVR 1 ESIVQSYYEATIASQAGY- APAVIFAT 801 [840]
20089394 Mac 2 GDFSSSLN GAHLILGFSTNCYDS =DLGLHWANYLVDD 6 YTVENSWEYGADVDQPSGV TAKVEGET 224 [256]
126178074 Mm. & THNWYNAFG GLHSMTGFHTECHDV SDRGSNEFVHRMVGT 3 QPIITAWFIAAKDTEPSTT YAARLARE 220 [247]
11499161 Af 6 DDWLQTLO GVHMVLGFASTATIS NADFPELAYRLTGT 5 EEVESAFFSTFLKSDGVHD 2 RARIIAEN 234 [263])
18977023 Pf 6 NNWLEALA GIHMILGFAKEAKIA LGDATELAYRLTGT 5 ESVHDAFFDTYVAYDGTHN 2 IARIIAEN 225 [255]
73669560 Mb 4 NDWAGALE YSHGILGFTTEAFTN EELVDKFFTYTIDD 1 DEICDAWWFATVETFESPV RAAMIADT 216 [249]
169846526 Ce 21 APWWDVFN GLHAVLSYRTQMYIQ DHATAEFGRSVALG VEVVEAWNMKAVSGDRIYRG REKTYYSRN 637 [679]
119390377 2332A H= 16 MACHKIPV EADFLYAYSTAPGYY 8 SWFIQSLCAMLKQY 3 LEFMHILTRVNRKVATEFE 14 PCIVSMLT 242 [250]
42543031 1m72A =f 18 STSYRIPV HADFLIAFSTVEGYF 8 SWFMQALCEELRYA 3 RDILTLLTFVCQKVALDFE 15 PCITSMLT 260 [272]
7245522 lcvrA Pg 7 PCFAEALM 8 TGTVAIIASTIDOYW 7 DEMNEILCEKHPNMN 2 RTFGGVTMNGMFAMVEKYK 9 WIVFGDPS 343 [435]
162330276 3bijA Gs 45 YDTIQQKT 10 KASILLISGCQDNQL 7 GAFTGQLLRVWENG 3 GSYRSFHKAIVERRMPPDQT PNFFTAGT 264 [285]
209870506 3eebA Vc 6 KGFGHQFI 6 GLRVDVSVRSELAVD - 21 KVSLSWDAR 207 [209]

Figure 1. Multiple sequence alignments of PrtH homologs and several structures of caspase-like fold. This alignment was made using PROMALS3D'4 fol-
lowed 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: orhelix; e: B-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 (2{32, 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; Ve, Vibrio cholerae. Bacterial,

archaeal, and eukaryotic species name abbreviations are shown in black, red and green respectively.
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C+ermini that include two consecutive o-helices and one B-strand that
is anti-parallel to the other B-strands in the central B-sheet. The align-
ment 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 PriH, 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 caspase-
like fold. The other PrtH homologs are longer and could contain
additional domains. For example, HHpred searches suggested that
gil 118048089 and gil 154150967 contain a PKD domain (with an
immunoglobulinlike fold) and a beta-propeller domain respectively.
The caspase-like domain in PrtH lies at the N-erminus, and the
C-+erminal 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: PFO7504, 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+erminal region of PrtH could have similar functions. Some PrtH
homologs contain predicted signal peptides (e.g., gil 194337677
and gil212717887), suggesting that they are secreted exopro-
teins or located between the inner and outer membranes of
Grame-negative bacteria. Conservation of the catalytic cysteine (except
for gil 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 (gil 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 (gil 146297187) neighbors a gene encoding with a
hypothetical protein (gil 146297186). Homologs of this hypothetical
protein found by PSI-BLAST also frequently co-occur with proteins
containing various protease domains.
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