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Iterative database searches starting from a domain
insert sequence in bacterial B-glucosidases reveals the
presence of a conserved domain shared by a wide vari-
ety of bacterial and eukaryotic proteins. These include
other glycosidases, glycosyltransferases, proteases,
amidases, adhesins, and bacterial toxins such as
anthrax protective antigen (PA). The domain also occurs
in the mammalian protein fibrocystin, mutation of
which leads to autosomal-recessive polycystic kidney
and hepatic disease. The crystal structure of PA shows
that this domain (named PA14 after its location in the
PA,o pro-peptide) has a B-barrel architecture. A PA14
sequence alignment suggests a binding function, rather
than a catalytic role, whereas the PA14 domain distri-
bution is compatible with carbohydrate binding.

Sequences of experimentally characterized B-glucosidases
from Kluveromonas fragilis [1], Agrobacterium tume-
faciens [2], Clostridium stercorarium [3] and Thermotoga
neapolitana [4] are similar to each other (pairwise iden-
tities ~40%) and belong to the same family three of
glycosidases (glycoside hydrolases) [5] (see also http:/
afmb.cnrs-mrs.fr/~cazy/CAZY/index.html). The two former
sequences, however, are longer than the latter two owing
to the presence of a conserved ~150-amino acid insertion
in the middle of their C-terminal domains (Pfam entry
PF01915 [6]). Here, we report the sequence analysis of this
insertion sequence that identified it as a new B-barrel
domain found in a variety of bacterial and eukaryotic
glycosidases, glycosyl transferases, proteins involved in
cell adhesion including medically important surface
adhesins of Candida glabrata [7,8], and in human
polycystic kidney and hepatic disease protein [9—11].

Domain definition

PSI-BLAST search of the NCBI non-redundant protein
database (http://www.ncbi.nlm.nih.gov) using the insertion
sequence of the A. tumefaciens B-glucosidase (residues
361-560 of SWISS-PROT P27034) as the query and
inclusion E-value of 0.001 converged after nine iterations
retrieving 132 proteins (Figure 1), including a Bacteroides
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thetaiotaomicron genomic [12] sequence BT2948 protein
(GenBank accession AAO78054), which contains an inser-
tion of the same domain (hereafter referred to as PA14
domain) into a predicted a-1,2-mannosidase sequence. A
PSI-BLAST search using this insert (residues 250—410) as
the query converged after 13 iterations, yielding 21
additional proteins for a total of 153 hits. The PA14 domain
boundaries were determined from examination of its tandem
copies in predicted proteins (Figure 1) — with two copies in
proteins from Pirellula sp. (GenBank accession CAD78872),
Microbulbifer degradans (NCBI protein database gi:
23028360), and Clostridium thermocellum (gi: 23021222)
and three in Npun4489 from Nostoc punctiforme (gi:
23128179) and Chlo1407 from Chloroflexus aurantiacum
(gi: 22971463). The phylogenetic distribution of the
PSI-BLAST hits encompassed diverse bacterial and eukary-
otic lineages but does not include any archaeal species.
Importantly, PSI-BLAST searches showed that the
N-terminal pro-peptide fragment (PAyy) of the anthrax
protective antigen (PA), a component of the anthrax toxin
complex of known 3D structure [13], contains the new
domain; PA appeared in the 2nd iteration with E-value
5 x 10~ '3 starting with the BT2948 domain. In PAy, the
domain covers residues 43-179 (SWISS-PROT entry
P13423), which corresponds to residues 14—150 of the
PDB entry 1ACC [13]). By analogy with the nomenclature
of PA fragments, we have named the new domain PA14
because 14 kDa is the theoretical molecular weight of
the domain example in PA. After the binding of PA to its
cellular receptors, the toxin becomes activated by proteo-
Iytic removal of the PA,, fragment, which enables
oligomerization of the remaining part of the protective
antigen (the PAgs component) leading to endocytosis of
toxin components and eventual intoxication of the target
cell [14,15]. Similar processes occur during activation of
several closely related toxins from clostridial species [16]
and, apparently, of Bacillus thuringiensis vegetative
insecticidal protein (GenBank accession AY245547). The
167-amino acid PAyg fragment, removed during the toxin
activation, is not involved in further infection and has
attracted much less attention than other components of
the anthrax toxin. The PA14 domain forms the core of the
PA,, fragment and is a B-barrel structure comprising two
B-sheets of six and five strands with no significant
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Bacterial toxins 18 23 65 7 111 120 136
B.anthracis 1ACC 14-150 SS! LGYYFSDLNFQAPMVTS- STTGCLSI PSSELE- NI PSENQYFQSAI 1 KVKKSDEYTFATSA- DNHVTMA VI - 7- | RLEKBRLYGI KI QYQRENPTEKGL DFKL YWI DSQNKKEVI SSDN
B.thuringien AACB6514  49-188 MDRKELLGYYFKGKDFSNLTMFAP- TRDNTLI YDQQTANKLLDKKQQQYQSI RW BLI QSKEKBCFTFNLSE- DEGAI | El BGKI | S - 7- VHLEKEKLVPI KI EYQSDT- 5- SKTFKEFKLFKI DSQNQSQQVKR
C. botulinum  BAA32537 18-153 MGYYFEN- DFFNLNI | SP- TLDGNLTFSKEDI N- - SI LGNKI | KSARW LI KPS| Yl LSTNS- - PNCRVEL| | FNL- - 7- VNLI CBNVYDI Rl EQLVSE- 5- NYECI KLYWETSDI | KEI | PSEV
C.difficile AAB67305 50-184 LPNI MGYYFSDEHFKDL KLMAP- | KDGNL KFEEKKVDKL L DKDKSDVKSI | | PSKDBEYTLSTDR- - DDVL ESTI §- - 4- VNWKI EYKVRI ELQDKN- 5- NLSSPNLYWELD- GWKKI | PEEN
C. perfringens CAA51960  48-182 LSSNELMGYYFADEHFKDLELMAP- | KNGCLKFEEKKVDKLLTEDNSSI KSI | | PSECEEY! LSTDR- - NDVLMCI GOl - - 4- VNWKI YNI RI EI' QDKN- 5- NLSVPKLYWELN- GNKTVI PEEN
C.spiroforme CAA66612  46-180 VSSNELMGYYFADEHFKDLELMAP- VKNGEL KFEKNKVEKLLTEEKTNI KSI RWIERI | PSKDBEYTLSTDK- - DNVLMCI BAEGE! - - 4- VNM KBQEYSI RI El QDKD- 5- DLSSPKLYWELN- GDKTLI PEKN

RB10416_1 CAD78872 248-395 RANEBLTAEVYDNTTFTGPSVSVRTDPTI CFOFGVGSPD- PNLNI GSAPFSI RAGBGFNPI QTTNYTFFAEV2NDTVDFYLBNQLLET- - 9- | LLTENQSVDLKVDYVAGA- 11- GSSFKTALPSN- QLTPLVPANQ
RB10416_2 CAD78872 396-557 - LRSBVLVETFEPVAPSPPLSS| A- ELRDDETFVANTPS- 10- SAAPGAKVSRI REI VSPPVSBHYTFHLAA- SDEAEL VL] 17-T SASVYLVAGQDY- 13- KNHLSVAWTRPDQLASGPQLI G
Mieg2159_1 23028360 495-634 APASELYGEYYNSTNLTG PSTRT- DTTI CFNWGSGSPG - VTGl GSDNFSI RAEETETYFFQTES- DDGVRLWEBGNLVI B 14- VTLTABQAYPVTLGYYENG - - GGAVI RLRWQTPSSGGYSAl TGG
Mieg2159_2 23028360 661-801 | PTPELEGEYYNTVDFTGGVI GTRVDATVECYDWGTGPPG: - VTGVNANGFSVI | RVEETBYYSFQTDS- DDGVRLW LI N 14-1SL YPI QMCFYENG - - GYATARLRWQTPSGGSFVI LPAG
Npun4489_1 23128179  41-178 KAEYYDNI DFTNLKVTRT- DATVNNCWGYGSPD- - - PTVGADTF (GAKYSETYNFYTTA- DDGVRLW 11 - 13- 1 ALVABQKYDI KLEYFENT- - - VTAVSKLAWSSANQTKE! | PQSQ
Npun4489_2 23128179 189-326 KAEYYDNI DETNLKVTRT- DATVNNDWGYGSPD- - - PTVGADTFSA (GAKYSETYNFYTTA- DDGVRLW 11§ 13- 1 ALVABQKYDI KLEYFENT- - - VTAVSKLAWSSATQTKE! | PQSQ
Npun4489_3 23128179 341-474 GNGNELKAEYYDNI DFTNLKVTRT- DATVNNDWGYGSPD- - - PTVGADTFSARWIBQVCAKYSETYNFYTTA- DDGVRLWNGQG! | [§- 13- 1 ALVABQKYDI KLEYFENT- - - VTAVSKLAWSSATQTKE! | PQSQ
Beta-glucosidases

BGLS_/?G?TU P27034  386-535 VFSGEMIVEYFKGRGFESRPVHVETVEKGEFFWFDLPSG - - - DLDLADFSARMIETFVPQETIBEH FGMTN- AGLARLFVBGELWB- 22- VTL GABRRYRVWEYEAPKASLDG NI CALRFGVEKPLGDAG AE
BGLS_KLUMA  P07337  408-559 AENABLI AKFYSNP- 7- EEPFHVTKVNRSNVHLFDFKHE- - KVDPKNPYFFVTL PQEDCEBCY! FSLQV- YGSGLFYLINDELI | B 22- LTLKKBQVYNVRVEYGSGP- - - - TSCLVGEFGAGGFQAGVI KAl D
Streptonyces AACB8679 428-556 RAGABATVTYETGE- - - ETFGTQ PAGNLSPAFNQGH - - - - - QLEPGKAGAL YDETL TVPADBEYRI AVRATGGYATVGLESHTI EA- 11- LKLTKE THKLTI SGFAVS- - ATPLSLELGWTPAAADATI AKAV
Streptonyces AACL2650 369-504 RAGABSTVRYSTGE- - - ETVGVPVPQSAPLPRPRPSGE- - - - - VFPAGGGGVL YDBTI TVPVTBSYRI AARAQGEGNAYVELBGQEPFE- 13- MRLAAB- THKLRI TGAALA- - KSPMIFEL TW/TPQAAQEAI DRAV
Aspergillus EAA64717 405-578 E RVRFYREP- - - - - - PSVKERRVVEETI LQESSW 7- PQLDRLFY- ADI EEL| APATBPFEFGLAV- YGSGSLFI 11 B 22- VDLVKBQL YKI RVEFASGP- 28- ELAI ARAVEAAKRADVTI LGVG
Neurospora  EAA35798 421-573 TGKPEVTI EWFKGDKFKGEPWI QRTNTDLFLMDSAPLA: - - - - QTGPEWSAI ATTYLTPKHSEKHTI SYMS- VGPGKLY! NGKLSLE- 21- LEMVANRPVELRVEMTNEL - 6- KQVEMTHRYGGCRI GYKEADQ! D
Pseudonpnas  AACG6655 434-597 | S| YFSNTSFSGDPAL TRVEPGVNLNWATGTNV- 11- SPSAGAFSARFTTI KPTVSBAQVFKVRA- DGPYKLWDELVLQ- 20- AELSABKTYTVKLEYQRI Q 8- GLTGVQVBWASL RPPKDLSSYDA
Sch. ponbe CAB91166 397-572 TGKHBYVAKFYLEPA- TSENRTLI DDYDLEVRFYDYCND- - - - KNKDGYFYI DI \VYEFG SV- FGTALLFI 22- | YLKKERKYNVRVEYGSAA- 28- EI DYAVRVAKSVDCVI LCVGLT
Trichoderma  AAP57756 408-546 DGAI NEPP- - GTPNRQHI - - - DELFFTKTDVH- 5- HPKAADTWAD] ADEDETYELGLWV- CGTAKA 26- | NLVKENTYKFKI EFGSAP- 4- KGDTI VPGHGSL RVGGCKVI DDQ
Xanthononas ~ AAMB7921 455-611 DGKPELRGEYFDNVDVBGAARVVRQDRTVSFNDQVAPA. - - KGVPADRYAVRWSEEL L PPSABCYTLAVRVARCDFCSGHBPVRLYI - 30- LHFDDTRPRKI RLEVEHRG - - QDQGEVRLEW APAAAQUAEAAQA

Caul obacter — AAK22774 260-401 GKPGEFTAKYY! N- - - - GELKLTRVEQDI CYGYLEDLPK- 8- DKKPLRGAI EGQVABQRKFQLYS- SSYAKLVI BGQLKI B 14- APNKABSRHKVKVEWEPND- - - - - GYI ALLHNNPI PAAEQKSLTL
Xant hononas ~ AAMB6637  305- 446 K TARYAI N- - - GKHI LERRESEVNYGYLSDLTK- 6- TKDKNSR | EALTABEHTFSLYS- SEYAKL LB 14- LDLEPBQRHTVKVEWDLI D- - - - PSYI ALLHRDPLPAAEAKDL SL
M crobul bi fer 23026377 242-382 TARYFDG - - - DKLLLEV- EADLCYGFLAQGSN- 7- ETADAKNLRI | ESDTNGVHELKMYS- SGYAKLYLNGELVLE 14- LEI KVALKLDWQVDG- - - - - GYMRI KQHKPLPVAEQGRLSI
Other glycosidases

HEXA_PORG P49008  625-766 APKPBLTI RTAYGD- 5- DLQQVAS- WEVGTVSSLEE! MH- 6- SPEVLERRVVEATBYVLI PECEVYEFSTE- - - - NNEFVI BNVKLI [B- 14- RALQKE- YHPI KTI VWGAI - - - - QGAWPTYWKYSRVM RLKGEEK
Tannerel la  AACB3832 633-770 RVTDBMFLRYRI KF- 7- SI ELI KS- HPEVTKVVKSRRI S- - - CAELKHSIVPPYAEGYVCI YYFSSD- - - - LEWWVBGRRLI §- 14- VALAKE- LHEFKVWFLGHI - - - - | GEWPSNAGNGSVKI RKADAEK
Streptonyces BACE8683  52-196 TEAHBLKGEYYTQS- 5- DFAELKATGFDPCLOFDSLESRL SAATGRADDVSVRWIBEVVPEKSBPTTFS! TG- DNGFRLWEBGKLTI B 14- VDL TABRAYDI KVEYFEHF- - - GGSNLHLRWI PPGGSKSAVPQSA
Glycosyltransferases

Humen NAcGal T BAD02449 128-277 El S| QGLRRN- - - LHFPLYP- - - - HI RTTLRKLAV- - - - SPKWINYCLRI FBYLHPFTOBKI GFAI AA- DDNAEFVLEL 31- KPVSLBASHRYYFEVL HKQNEEGT DHVEVAVWRRNDPGAKFTI | DS
Mouse NacGal T BAD02450 128-277 El S| QCLRNN- - - LHFPLYP- - - - HI RTTLRKLAV- - - - SPKWINYGLRI F§YLHPFTDEKI GFAI AA- DDNAEFVL| 29- KPVSLEASLRYYFEVL HKQNDEGTDHVEVAWRRNDPGAKFTI | DS
Surface adhesins

FLOL_YEAST  P32768 99-249 EDS GVIG- - - - - ACSNSQ: - - - Gl AYMSTDLFG - - FYTTPTNVTLEMTBYFLPPQTBSYTFKFATVDDSAI LSVBGATAF- 33- VYMYABYYYPNKVWYSNAV- - - SGTLPI SVTLPDGTTVSDDFEG
FLO6_YEAST  P38894 99-249 EDS QMG - - - - ACSNSQ - - - Gl AYMSTDLFG - - FYTTPTNVTLEMIBYFLPPQTESYTFSFATVDDSA! L | AFE- 33- VYMYABYYYPLKWWYSNAV- - - SY{GTLPI SVELPDGTTVSDNFEG
Lg-FLOL ~ ------ 45-196  GSVSEQTHLSI YY- - - - GPNTAFW - - - NTASWSSDLFG- - - FYTTPTNVTVEMIBYFL PPQTESYTFKFATVDDSAI L | AFE- 33- TYMYAGYYYPI KI VYSNAK- - - ALARLPVSWL PDGTEVNDDFEG
YAG3_YEAST  P39712 99-249 EDLYBAWGCKG G - - - - ACSNNP- - - - | | AYSTDLFG - - FYTTPTNVTLEMI@YFLPPQT@SYTFKFATVDDSAI L | AFE- 33- VYMYABFYYPNKI VYSNAV- - - AWGTLPI SVTLPDGTTVSDDFEG
YK82_YEAST ~ P36170 99-271 DDATEYSASQWP- - - - - VKRGVK- 22- GAAYWSSDLFG - - FYTTPTNVTLEMTBYFLPPQTESYTFGFATVDDSAI L AFE- 33- TYMYABYYYPI KI VYSNAV- - - SWGTLPVSVVLPDGTEVNDDFEG
Candi da Epal AAQB2691  88-250 YPRTBYKSHRLLA----- KVDGVTG- - NI NFYYHATKGC- 15- PLTMINFTM.L YBYFRPKVTBFHTFTI SA- DDLLFVNFBAGNAF- 30- VHLDABVYYPI RLFYNNRE- - - YDGALSFTFKTESNENTVSDFSE
Candida Epa2 AAQB2692  79-241 KKERKLA: - - - - DI TGVNG - RI CI CLKPNDPC- 15- TLTYTNFTM LYBYFGPKVTBYHTFNLEA- DDLLFMNLBAGNAFB- 30- VFLVSB! YYPI RLFYVNRD- - - NNAVLDFSFSTEFNKEI | HDFTS
Candi da Epa3 AAQB2693  81-243 YPRTBYLKRKIWG - - - - KSTGVTG - NLNYKYSVEKAC- 15- PLTVSNETM LYEBYFKAQTTBLHTFFVNA- DDLLYI NFGAGNAFB- 30- LFLEKDLYYPI RVMFENNI G- - - KDSSLDLSFSVNGATDQ SDFSG
Trichoderma — CAB40845 897-1058 QTAQNWPI LHFQP- 4- NGQVALDS- GLTQTLGI ERTCPP- 10- GVSI DYS| | QHI [BYFRPRTABTYTFQVSPGLRQTVYVVL GNNARR- 26- PEGDVBRYI PI RVLYANAQ: - - DOGGFELTVLGPN- NAVLVNEDL
Signaling molecules

Pswg fact t?r BAB47241 116-261 LLRTASGNY| YDN- - - DFFFPI DYEGFDTCPANRI YKDDE- STNKTYHNYHFCFQFDNRFL FKENETFKFTG- DDV IKQLVWB- 16- LGL TVBKVYPFENFFYCERH- 5- | Rl ETSLEL YCDKYDYCGVCNGD
DicA factor — CAD69024 102-258 TQT, YSYS- - NTSFFPLNEL GAYNPS| KGDYEFK- 4- SNKKEQNFHFCVHBSFI MSTNBKEVFKFKG- DDDVVVFI [JDVLVL- 28- LGNCKNGTYPFDFFYCERH- 5- CLFETNMGFTCSYYDYCG CNGK
PKHD_HUMAN ~ QBTCZ9  322-485 TPQHENRGLLFEV- - GDAVEGLEL TEATPGYRWQ VPNA- 6- WSQEGQPFRARL SEFFVAPETNIYTFW QADSQASL HFSWSEEPRT- 33- LELLGBANYYLEAEHHG A- - - PSRGVRI GVQIHNTW.NPDWTT
Fibrocystin L AACBO072 334-492 TVYPBGRGLKLEV- 7- RLEEI LEYNEKTPGYMGASW/DS- 4- W.VEQDTFVARFSEFLVAPDSDVYRFY! KGDDRYAI YFSQTGLPER- 24- | HLQKEKEYYI El LLQEYR- - - LSAFVDVGLYQYRNVYTEQQTGD
Fi brocystin L AAOG0073 334-492 ATYPBGRGLKVEV- 7- HLEDI LEYNEHTPGYMGATWIDS- 4- WPl EQDTFVAR! SBFLVPPDSDVYRFYI RGDDRYA! YFSQTGRTER- 24- | HLQKBKEYYI El LLQEYT- - - LSAFVDVCLYQYKNVFTEQQTGD

TiBS

Figure 1. Multiple sequence alignment of the PA14 (named PA14 after its location in the PA, pro-peptide) domains. The alignment was constructed on the basis of
PSI-BLAST search results, followed by Smith—Waterman alignment of selected sequences and minimal manual editing. The proteins are listed by the genus name of
the source organism, followed by SWISS-PROT or GenBank accession numbers (where available) or NCBI gi numbers. The names of experimentally characterized pro-
teins are in bold; names of those shown in Figure 2 are in blue. The secondary structure of PA14 domain from anthrax protective antigen itself (PDB code: 1ACC) is

shown above the alignment and its most conserved residues are numbered. Conserve
gram by Brown and Lai (http://www.bork.embl-heidelberg.de/Alignment/consensus.ht

d residues conforming to 80% consensus, as determined using the Consensus pro-
ml), are shown in bold and/or colored as follows: Arg and Lys, blue; hydrophobic,

yellow background; small (Gly, Ser, Ala, Asp, Asn), green background. The numbers between the aligned blocks indicate the lengths of variable inserts in the respective
protein sequences. Trp228 in the yeast flocculin, which is involved in sugar recognition [21], is indicated by red background. The sequence of mutant flocculin Lg-FLO1
was taken from [23]. The residues of human fibrocystin whose mutations cause autosomal recessive polycystic kidney disease with pre- or post-natal death [29], are indi-

cated as white letters on black background. The PA14 domain has been deposited in P

structural similarity (in the SCOP database [17] or by
independent searches) with any other domain of known
structure. The N and C termini of the domain are close
together in space, presumably, thereby facilitating the
insertion of the PA14 domain into other recognized
domains without structural disruption.

Domain architectures

Comparisons of the retrieved sequences against Pfam [6],
SMART [18] and CDD [19] domain databases revealed
many diverse domain combinations involving the PA14
domain (Figure 2). Most of the experimentally character-
ized PAl4-containing proteins are involved in carbo-
hydrate binding and/or metabolism (Figure 2), including
glycoside hydrolase domains of families 2, 3, 10, 20 and 31
in the classification of Coutinho and Henrissat (http:/
afmb.cnrs-mrs.fr/~cazy/CAZY/index.html) and the recently
characterized mammalian chondroitin 3-1,4-N-acetylga-
lactosaminyltransferases [20]. Among sequences lacking
obvious catalytic domains, a carbohydrate-binding func-
tion has been shown for Saccharomyces cerevisiae floccu-
lation proteins [21] and their distant homologs in the

www.sciencedirect.com

fam with the accession number PF07691 (http://www.sanger.ac.uk/Software/Pfam/).

pathogenic yeast Candida glabrata that mediate adher-
ence to human cells [7]. In the C. glabrata adhesin Epalp
[8] and S. cerevisiae flocculins [21-22], carbohydrate
binding is associated with the N-terminal third of the
protein, which has therefore been assigned as a new
domain in Pfam (PF06660), covering residues 29—240 of
FLO1. This region largely overlaps the PA14 domain
(residues 90—255 of FLO1_YEAST; Figure 1). The flocculin
N-terminal domain might, therefore, be considered as one
of the many PA14 domain variants.

Several PAl4-containing proteins are involved in
adhesion and/or signaling (Figure 2), which is consistent
with their ability to bind carbohydrate-containing ligands.
In a putative adhesin from M. degradans (gi: 23028360),
twin PA14 domains follow a LamGL jellyroll domain,
implicated in diverse cellular functions, including adhe-
sion [23]. In the Streptomyces coelicolor protein SCO0505,
a PAl14 domain is combined with a putative glucose
dehydrogenase domain and a region that matches the
family 6 carbohydrate-binding module (CBM) in PFAM [6]
and the CAZY (http:/afmb.cnrs-mrs.fr/~cazy/CAZY/index.
html) family CBM 35. In a hypothetical Plasmodium
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Bacillus anthracis protective antigen
Agrobacterium tumefaciens B-glucosidase
Porphyromonas gingivalis
B-N-acetylhexosaminidase

Pirellula sp. putative xylanase RB10416

Caulobacter crescentus a-xylosidase CC0789

Streptomyces avermitilis
putative B-glucuronidase SAV973

Human N-acetylgalactosamine transferase

Magnaporthe grisea trehalose phosphate
synthase subunit MG08707.4

Chloroflexus aurantiacus Chlo1015
Pirellula sp. serine protease RB5645
Chloroflexus aurantiacus Chlo2028
Saccharomyces cerevisiae FLO1

Microbulbifer degradans
adhesin Mdeg2159

Streptomyces coelicolor large multifunctional
secreted protein SCO0505

Plasmodium falciparum MAL1P2.18
Microbulbifer degradans Mdeg3681

Human polycystic kidney and hepatic
disease protein PKHD1
(fibrocystin, polyductin)

Nostoc punctiforme Npun4489

Dictyostelium discoideum Psi factor

Binary toxin B

—< PAl4 >

|

PAL4 ) GH31 +
{Pa14 } CHGN |
S

|

Amidase_2 PA14

—| Trypsin I PA14>—
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| — 100 residues |
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Figure 2. Domain organization of proteins containing the PA14 domain (named PA14 after its location in the PA,, pro-peptide). Full names and accession numbers of the
proteins are as in Figure 1. Domain composition of individual proteins was deduced by comparing them with Pfam [6], SMART [18] and CDD [19] databases and
drawn approximately to scale. The 50 C-terminal residues of the PA14 domain overlap with the beginning of the Binary toxin B domain (Pfam entry PF03495). The flocculin
N-terminal domain (FloN; PF06660) overlaps with the PA14 domain. Other glycoside hydrolase domain abbreviations and Pfam database entries are as follows: GH2N
(PF02837), GH2 (PF00703), GH2C (PF02836), GH3 (PF00933), GH3C (PF01915), GH10 (PF00331), GH20 (PF00728), GH20b (PF02838) and GH31 (PF01055). Glycosyl transferase
catalytic domains are GT20 (PF00982) and CHGN (chondroitin N-acetylgalactosaminyltransferase; PF05679), the former additionally in combination with a trehalose phos-
phate phosphatase domain (PF02358). Other presumed catalytic domains are Amidase_2 (PF01510), Trypsin (PF00089), M37 (PF01551) and C11 (PF03415). Carbohydrate-
binding module family 6 (CBM6; PF03422), LCCL (PF03815) and LamGL (SMART entry: SM00560) domain are also found in combination with PA14 and are labeled, as is a
domain of unknown function (DUF1080; PF06439). Smaller repeated domains are drawn as gray circles (CADG; SM00736), white ellipses (TIG; PF01833) or black ellipses
(PbH1; SM00710). Cyan rounded boxes represent CALX-B domains (PF03160) and the orange ellipse is a Fibronectin type lll domain (PF0O0041).

falciparum protein, MAL1P2.18, the PA14 domain is
combined with an LCCL domain, the naming and
implication in lipopolysaccharide binding of which are
discussed in Ref. [24]. In the M. degradans protein
Mdeg3681, the PA14 domain is placed after three of a
total of nine cadherin-like domains (CADG, SM00576),
which are found in dystroglycans and sarcoglycans [25], as
well as in hemagglutinins and neuraminidases [26]. A
signaling role in the transition from amoeba to prespore
cells has been demonstrated for Dictyostelium discoideum
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prespore-cell-inducing Psi factor [27], in which PA14 is the
only recognizable globular domain, and can be suggested
in several other proteins. In the extracellular signaling
molecule DicA (published only in the database, GenBank
accession CAD69024), the PA14 domain is followed by
seven copies of the Dictyostelium (slime mold) repeat
(PF00526) and a transmembrane anchor (not shown).
Finally, the largest protein containing the PA14 domain,
fibrocystin (also known as polyductin or tigmin; Figure 2),
is also lacking known molecular function, although both
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this 4074-amino acid transmembrane protein and its
variant, referred to as fibrocystin L, appear to function
as receptors in cellular differentiation [10,28]. At the
phenotypic level, mutations in the gene encoding fibro-
cystin are responsible for autosomal recessive polycystic
kidney and hepatic disease [9,10,29]. Several known
lethal mutations in fibrocystin map to the PA14 domain
(Figure 1), whereas the most common disease-causing
nonsense mutation Arg496 — Xaa, typically resulting in
perinatal death [29], causes formation of a protein
truncated shortly after its PA14 domain.

Domain function

Taken together, several lines of evidence suggest that the

PA14 domain could be a novel carbohydrate-binding

module:

e The PA14 domain is combined in a mosaic manner
with various catalytic or non-catalytic domains directly
or indirectly implicated in binding carbohydrate or
peptidoglycan.

e For the yeast flocculins, carbohydrate binding has
been demonstrated for a region overlapping the PA14
domain [21].

e The notion that the PA14 B-sandwich domain might
have a carbohydrate-binding function is also consistent
with the fact that all CBMs of known structure are
composed principally of B-strands with half of these
similarly described as B-sandwiches in the SCOP
database.

e The alignment of PA14 sequences (Figure 1) has
few conserved hydrophilic residues, in agreement
with a passive binding role rather than a catalytic
function [30].

e Based on structural interpretation of sequence conser-
vation, a putative carbohydrate binding site [31] on the
PA14 domain could be located in the vicinity of highly
conserved aromatic residues 77 and 136 although its less
than complete conservation might suggest that carbo-
hydrate binding is not maintained in all PA14 domains.
Interestingly, 11e473 of human fibrocystin (Figure 1),
mutation of which causes moderate polycystic kidney
disease [29], borders this putative site.

Future perspectives

The hypothesis that the PA14 domain binds carbohydrates
raises interesting possibilities about its participation
in anthrax toxin activation. Simple hydrolysis of the
PA5y—PAgs bond in intact PA is insufficient in itself to give
subunit separation [14], which raises the question of what
drives separation of the PAyg and PAgs in vivo. Attachment
of the PA14 domain of the PAy, fragment to an extra-
cellular matrix component could provide an explanation
for this apparent inconsistency and offer an insight into
the activation of this family of toxins. We hope that the
recognition of the PA14 domain in the polycystic kidney
disease protein will encourage the identification of its
ligand(s) and, thereby, enable a better understanding of its
biological function and role in disease.
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Using top-of-the-range fold-recognition methods, we
have assigned a thioredoxin-like structure to a family of
previously uncharacterized hypothetical proteins of
bacterial origin. The DCC family, named after the con-
served N-terminal DxxCxxC motif, encompasses proteins
of unknown function from DUF393 (in Pfam database)
and COG3011. The presence of two invariant potentially
catalytic cysteine residues indicates that DCC proteins
function as thiol-disulfide oxidoreductases.

The thioredoxin-like fold represents a prototype for
several different protein families including a large family
of thiol-disulfide oxidoreductases. These enzymes — which
encompass, among others, thioredoxin (Trx), glutaredoxin
(Grx) and disulfide bond isomerase (DsbC) — are found in
all kingdoms of life and typically use an active-site CxxC
motif to mediate target protein activity by dithiol-
disulfide exchange. In addition, thioredoxin-like proteins,
such as Grx or glutathione S-transferase (GST), use the
small thiol-containing molecule glutathione (GSH) in their
various reactions. Through redox regulation of different
target proteins, thiol-disulfide oxidoreductases control
diverse cellular functions including apoptosis, cell pro-
liferation, protein folding, oxidative stress and signal
transduction. For instance, the genomes of most organ-
isms possess several identified variants of Trx (at least
seven in Arabidopsis thaliana [1]). This abundance makes
identification of specific physiologic roles difficult consider-
ing potential functional redundancies. In this and other
cases, precise knowledge of all existing thioredoxin-like
molecules is thus imperative to determining their

physiology.
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Identification and structural assignment for DCC
proteins

We have assigned a thioredoxin-like fold to a family of
previously uncharacterized hypothetical proteins, which
we call DCC after a conserved characteristic N-terminal
DxxCxxC motif. This finding is a result of a large-scale
structure—function annotation performed for all PfamA
protein families [2] of unknown function (DUF) with a
newly developed meta profile [3] alignment method Meta-
BASIC (http://basic.bioinfo.pl) [4]. This fold-recognition
approach uses comparison of sequence profiles combined
with predicted secondary structure (meta profiles)
enabling detection of distant similarity between proteins.
Specifically, Meta-BASIC mapped the consensus sequence
of DUF393, which contains several DCC proteins, with an
above-threshold (>12) Z score to both a glutaredoxin
family (PF00462) and the structure of Escherichia coli
glutaredoxin 3 (Grx3) [5]. Our benchmarking results
show that predictions with Z scores of >12 have <5%
probability of being incorrect. Both PSI-Blast [6] and
RPS-Blast were unable to find any reliable matches (with
E-value < 0.01) to other PfamA families or to known
protein structures.

The Meta-BASIC assignment was further confirmed by
3D-Jury [7] (http://bioinfo.pl/meta), the consensus method
of fold-recognition servers that has proven to be one of
the best performing approaches in CASP5 [8]. 3D-Jury
assigned reliable scores of >50 (correspond to correct fold
predictions in >90% of the cases [9]) to the thioredoxin-
like superfamily for both the consensus sequence of
DUF399 and its family member, the yugD gene product
from Bacillus subtilis (gi 16080202). In particular, the
highest scoring 3D-Jury predictions pointed to several
thioltransferases (mainly from Grx family) and to GST
proteins as the closest structural templates. Additional
indicators of the correct fold assignment for DUF399
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