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Polgar (1991) has demonstrated that the catalytic mechanism is
significantly different from those of the serine endopeptidases of
the chymotrypsin and subtilisin families. Because EC 3.4.21.26
hydrolyses oligopeptides but not proteins, unlike the prolyl
endopeptidases from various species of bacteria that degrade
immunoglobulin A, we propose that it should be renamed prolyl
oligopeptidase.

It now appears that prolyl oligopeptidase can be placed in an
evolutionary family of serine-type peptidases. The sequence of
prolyl oligopeptidase shows a moderate similarity to that of
dipeptidyl-peptidase IV (EC 3.4.14.5), but there is a still clearer
relationship to acylaminoacyl-peptidase (EC 3.4.19.1). The
strongest resemblance between the sequences is seen in the C-
terminal 250 residues or so, which contain the identified catalytic
residues of prolyl oligopeptidase (Fig. 1).

The statistical significance of the relationships between prolyl
oligopeptidase and the other enzymes was tested with the RDF2
program from the FASTA package of Pearson & Lipman (1988).
The KTUP value was set to 1, and 100 random uniform shuffles
of the test sequences were performed. Values of six standard
deviation units or more are considered significant in this test, and
the following sequence pairs met this requirement (standard
deviation values in parentheses): dipeptidyl-peptidase IV and
yeast dipeptidyl-peptidase B (80.34); prolyl oligopeptidase and
acylaminoacyl-peptidase (8.73); and dipeptidyl-peptidase B and
acylaminoacyl-peptidase (8.21). It therefore follows that all four
enzymes are members of a single homologous family of proteins.

The sequence of pig acylaminoacyl-peptidase (Mitta et al.,
1989) is closely similar to that of rat and it has been reported that
the (unpublished) sequence of yeast dipeptidyl-peptidase A is
related to that of dipeptidyl-peptidase B (Roberts et al., 1989).
Another homologous sequence is that of the human protein
3p21. The gene for 3p2l is located on the short arm of human
chromosome 3, deletion of which is associated with small cell
lung cancer (Naylor et al., 1989). Protein 3p21 shows marked
sequence similarity to the acylaminoacyl-peptidases; it is shorter
at both N- and C-termini (Jones et al., 1991), but contains the
putative catalytic site residues we identify here. These proteins
can therefore be considered additional members of the new
family.

By analogy with prolyl oligopeptidase, we would predict that
the catalytic residues in the other enzymes are the aligned Ser®%’
and His™ (acylaminoacyl-peptidase), Ser®®! and His™! (rat
dipeptidyl-peptidase IV), and Ser®’® and His"®® (yeast dipeptidyl-
peptidase B). Other known serine-dependent peptidases contain
a ‘catalytic triad’ of essential residues: serine, histidine and
aspartic acid. There is no direct evidence as to the identity of any
essential aspartic acid residue in the prolyl oligopeptidase family,
but candidates are the conserved Asp®%® and Asp®? residues (or
Asp®4, in a slightly shifted alignment).

Like prolyl oligopeptidase, dipeptidyl-peptidase IV and acyl-
aminoacyl-peptidase are inhibited by di-isopropylfluoro-
phosphate, and acylaminoacyl-peptidase also is inactivated by a
chloromethane (Kobayashi & Smith, 1987). The other enzymes
do not show the marked thiol-dependence of prolyl oligo-
peptidase, however.

From the point of view of the catalytic activities of the
component enzymes, this is one of the most disparate families of
peptidases so far recognized, containing an endopeptidase that is
confined to action on oligopeptides (prolyl oligopeptidase), an
exopeptidase that cleaves dipeptides from the N-termini of
polypeptides only when the N-terminus is free (dipeptidyl-
peptidase IV), and an omega peptidase that preferentially cleaves
N-terminal acetyl-aminoacyl residues from polypeptides (acyl-
aminoacyl-peptidase). The enzymes therefore fall into three
distinct sub-subsections of the Enzyme Nomenclature list (IUB,
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1984). Prolyl oligopeptidase and dipeptidyl-peptidase IV show
marked preference for the cleavage of prolyl bonds, but no such
specificity is seen with acylaminoacyl-peptidase (McDonald &
Barrett, 1986). Moreover, prolyl oligopeptidase and acyl-
aminoacyl-peptidase are soluble, cytosolic enzymes, whereas
dipeptidyl-peptidase IV is a heavily glycosylated enzyme that is
predominantly membrane-associated in both rat and yeast,
containing a transmembrane segment near the N-terminus (Ogata
et al., 1989).
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More von Willebrand factor type A
domains? Sequence similarities with malaria
thrombospondin-related anonymous protein,
dihydropyridine-sensitive calcium channel
and inter-«-trypsin inhibitor

von Willebrand factor is an adhesive glycoprotein involved in
various binding interactions (for recent review see [1]). The
subunits of this oligomeric complex are large in size and have a
typical mosaic structure containing a number of repeated
domains. As a result of the ‘exon shuffling’ process [2] such
domains may occur in apparently unrelated proteins involved in
very different extracellular pathways [3-6]. Indeed, different
types of domains observed in von Willebrand factor were also
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identified in other proteins. In particular, the triplicated type A
domain (VWA) was found to be widespread in adhesive proteins
and receptors. VWA could be detected in the complement
components B and C2 [7], twice in cartilage matrix protein [8], in
some integrin « subunits (the so called I-domains; for review see
e.g. [9]) and in the different chains of collagen VI [10-12] in up
to 11 copies (e, chain).

Segments corresponding to the VWA domain in the different
proteins share only a limited sequence similarity ; no amino acid
is completely conserved (Fig. 1). The pairwise amino acid
identities remain within the so-called twilight zone [13], where
current alignment procedures fail. But low-level sequence resem-
blance becomes more significant as more members are added to
the alignment [14]. The multiple alignment carried out by
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PULIGN [15] revealed some reliable regions. The most stringent
motifs (1-2-3 and 6-7 in Fig. 1) were selected for a property
pattern search [16] to identify distant related domains in other
extracellular proteins as described in [17]. Screening of MIPSX
(MIPSX is a merged database, containing 32800 sequences in
release 17) indicates exactly four candidates which appear clearly
separated from a random background (Fig. 2). The findings are
corroborated by the fact that they also match the remaining
motifs (Fig. 1).

The presence of a VWA domain in thrombospondin-related
anonymous protein (TRAP) from the malaria parasite Plas-
modium falciparium [18] is suggested by the known mosaic.
structure of that protein and by the exact location of the domain
next to an identified thrombospondin type 1 repeat, which, in

BBBRR aaeaaaaaaaaaadd BeBaRe aaacaaaaaaq CELLE CEEELT) aaagaaq
( 1 ] { 2 ] [ 3 104) ( 3 ] [ & ) t 7 {8 )

hVKAL 1275 LLDLVFLLDGSSRLS-(3)-FEVLKAFVVDMMERL- (3)-0KNVRVAVVEYHDG-SHAYIGL-(20)-5QVASTSEVLKYT-(16)-ALLLHASGEPG-(16)-KVIVIPVGIGP-HANL---KQIRLIEKD. ..
hVHAZ 1496 VLDVAFVLEGSDK1G-(3)-FNRSKEFMEEVIGRM-(3)-@DSIRVIVLAYSYM-VIVEYPF-(20)-GNRTNTELALRYL-(17)-NLVYYHVIGNFA-(09)-DIGVVPIGYGP-NANV---QELERIGHP. . .

89 PLOVILLLDGSSSFP-(3)-FDEMKSFAKAF |SKA-(3)-PRLTAVSVLAYESI-TTIDVPN-{19)-66PSQ1GDALGFA-(17)-AVVILVTDVSY-({13)-RVTVFPIGIGD-RYDA---AOLRILAGP. ..
cCPy 37 PTDLVFIIDSSRSVR-(3)-FEKVKVFLSRVIEGL-(3)-PNSTRVGVINYASA-VKNEFSL-(19)-STGTMTGLAIOFA-{17)-KVAIVVTOGRP-{14)-6IEIFATGVER--VDM-~-HTLRAIASE. ..

70 ALOLYFLIDGSKSVR-(3)-FELVKKF INOIVESL-(3)-EXQAQVELYAYSSS-VRAEFPL-{19)-EKGTHTGOALKYL-(19)-KVGIVFTDGRS-(14)-GFRMFAYGVEN-AVE----DELREIASE. . .
hC 252 HLNLYLLLDCS@SVS-(3)-FLIFKESASLMVDRI-(3)-EINVSVATITFASE-PKVLMSY=(25)-6TGTNTYAALNSY-(22)-HATILLTDGKS-(25)-YLDIYAIGVGKLDVDN---RELNELGSK., ..
hB 243 SMNIYLVLDGSDS1G-(3)-FTGAKKCLYNLIEKV-{3)-BVKPRYGLVTYATY-PKINVKY-{25)-KSETNTKKALBAY-(19)-HVTILMTOGLH-(29)-YLOVYVFEYGPLYND----VNINALASK. ..
hHACL 148 DSDIAFLIDGSGSII-(3)-FRRMKEFVSTVHEAL-(1)-KSKTLFSLMAYSEE-FRINFTF~(19)-LGRTHTATGIRKV-(16)-KILVVITDGEK-(17)-6VIRYVIGVEDAFRSEKSROELNTIASK, ..
aMACI 148 ESDIVFLIDGSGSIN-(3)-FOKMKEFVSTVNEQF-(1)-KSKTLFSLMQYSDE-FRIHFTF-(19)-NGRTKTASGIRKV-{16)-KILVVITDGEK-(17)-6VIRYVIGVGNAFNKPASRRELDTIASK. ..
hP150 149 EQDIVFLIDBSGSIS-(3)-FATMMNFVRAVISQF-(1)-RPSTQFSLNAFSNK-FATHFTF-(19)-0GFTYTATAIONV-(16)-KILIVITDGKK-(17)-611RYAIGVGLAFONRNSKELNDTIASK, ..
hLFAL 154 NVDLVFLFDGSMSLA-(3)-FOKILDFMKDYMKKL-(1)-NTSYQFAAVAFSTS-YKTEFDF-(19)-LLLTNTFGAINYV-{16)-KVL111TDGEA-(10)-DIIRYI1G1GKHFATKESOETLHKFASK. .
COLR 1DVYVVCDESNSIY-{1)-WDAVKNFLEKFVAGL-(3)-PTKTAVEL 1AYANN-PRVVENL-(20)-6DLTNTFGAIAYA-({16)-KVHVVVTDGES-(14)-HONILRFGIAVLGYLNRNALDTKNL IKE, ..
cCb3ni 18 SADLIFLIDGSDNIG-(3)-FOAIRDFLYNLIESL-(3)-AGQIHIGVVAYSDQ-PRTEFAL-(19)-GKEANTGAALEYV-(18)-0ILVLISGGES-(12)-0ASIFSFSIGVLNADS---AELOQIATD. ..
cCo3n2 221 KKDIVFLIDGSTALG-(3)-FNSIRDFVAKIVARL-(3)-PDL1QVAVAQYADT-VRPEFYF-(19)-GTALNTGSALDFV~(18)-PHLYLITGGKS-(12)-RNRIVILAVGSRNADY---AELOEIANE. ..
cC63n3 421 KRDIIFLLDGSLNVG-(2)-FPFVRDFYVTLVNYL-{3)-TDKIRVGLVAFSDT-PKTEFSL-(19)-6SVLNTBSALNFY-(18)-0VLVLYTAGRS-({12)-RAGVLTFAYGVRNADK---AELEQIAFN, ..
cCé3n4 619 KKDILFLIDGSANLL-(2)-FPAVRDF IHKVISDL-(3)-PDATRVAVAQFSON-1QIEFDF-(19)-6KALNIGVALDEV-(18)-OFLVLLAAGRS-(12)-EABVVIFAIKAKNADL---SELERIAYA. ..
cCo3nd 812 KKDVVFLIDBSDGYR-(2)-FPLLKTFVERVVESL-(3)-RDKVRVAIVBYSNA-TQPEFLL-(19)-6SPLNTGAALDYL-{18)-0FLILLTADRS-(12)-TS6TVPFGIGIGNADL---TELATISFL, ..
cCo3nb 1016 KRDVVFLVDGSRYAR-(2)-FYLIRDLIERIVNNL-(3)-FDTTRISVVAFSEH-PHVEFLL-(19)-60QYNVGEALEFV-(18)-0FLVILSSRKS-{12)-QVGYAFHVIA=KNNDP---EENVAISLS. ..
cCb3n7 1218 EKDVVFLIDSSDSVR-(3)-LAHIRDFISRIVAAL-(3)-PNKVRIGYVQFSNN-VFPEFYL-(19)-6YPYNAGKALDYV-(18)-GHLYVILGDAS-{12)-5TSIAPLGYGARNYDR---NOLAVITND. ..
¢Co3nB 1417 GADIVFLLDGSINLG-(3)-FAEVLAFVYSIVDOAI-{3)-6DS1AVELADYNSD-VTDEFFL-{19)-GRVANTGAAIKHL-{18)-01AF11T66KS-(12)-0KEVKVFAYEVRNIDL--~EEVSKLASE., ..
cCo3n9 1625 DLDVILGFDVSDVEA-(4)-FNSQRGLESRVEAVL-(0)-NRITOMBKISCTES-RAPSVRY-(26)-RFAGMRTRGPYFL-(20)~KVVIHFTD6TD=(17)-VHALLFVGLDR-VKNF---EEVMOLEFG. .,
cCb3cl 2182 PTELAFAIDTSSGVG-(3)-FNRMKATYLRVVSNL-(7)-PRGARVALVTYNNE-VTTEIRF-(17)-ATLTTKPRSLETA-(19)-KVAVFFSNGET~(16)-6VTPVFLTSRO-DAVL---ERALEINNT, ..
¢C63c2 2400 DTDIAFINDSSASTT-(3)-FNEMKKY]ISHLVSNM-(9)-0HHARVAVLORAPYDHETNSSF~(17)-1INYLHNGHTOLY-{15)-VIVLMITGKME-(17)-6YLFVILE16K-NVDV---KNIYSLASE. ..
cCoinl 35 PVDLFFVLDTSESVA-(9)-VAGVKDF TNRF IDKL-{9)-FLAWNAGALHYSDS-VVIIKDL-(20)-6KGTHTDCAIKAG-(14)-KYLIVVTDEHP-(19)-HLGIKVFSVAISPHHLD--ORLNTIATD, .,
hCéinl 35 PYDLFFVYLDTSESVA-(9)-VDKVKSFTKRF IDNL-(9)-NLVNNAGALHYSDE-VE11G6L-(20)-6KGTYTDCATKKG-(14)-KYLIVVTDGHP-(19)-HLGVKVFSVATITPDHLE--PRLSIIATD. .,
cCé2nl 44 PISVYFVIDTSESIA-(9)-VDGIKQF IPRFIEKL-(9)-SITHMFEGGLHYSOV-VEIYSPL-(17)-6RGTFTDCAISNN-(12)-KFAVVITDGHV-(16)-DME1KLFAVAPSEDVYE--QGLREIASP, ..
hCo2n1 34 PIHVYFVLDTSESVT-(8)-LFHNKQFVPAFISAL-(9)-ALSWRYGELHFSDO-VEVFSPP-(17)-RRGTFTDCALANM-(13)-HFAVVITOGHV-(15)-EEGIRLFAVAPNONLKE--OGLRDIAST, .,
cCélct 611 PYDLLFYLDSSESIG-(3)-FAIAKDFIIKVIDRL-{9)-PGESRVEVVAYSHN-NTRELVA-(22)-A6G6THTGEALOFS-(12)-NVAIVITOGRS-(15)-VIPYVSLGIGDIFRNNPNPDOLNDIACL. ..
hCblct 613 PIDLLFVLDSSES16-(3)-FEIAKDFVVKVIDRL-({9)-P6ASYAGYVAYSHS-GMOEHVS-(22)-AGETFTGEALOYT-(11)-RIALVITDGRS-(18)-61QVVSVGIKDVFDFIPESDOLAVISCA. ..
cCb2ct 4613 ALDIMFVIDSSESIG-(3)-FTLEKNFVVNVVSRL-(9)-ETGARVEVVAYSHE-GTFEAIK-(22)-RGETNTPSALOFA-(14)-VFAVVITDGRY-(16)-DVLVYNTIGIGDIFDAPEQSETLVSIACN. ..
hCb2cl 612 ALDVVFVIDSSESIB-(3)-FTLEKNFVINVVNRL-(9)-ETGTRVGVVAYSHE-BTFEAIQ-(22)-AGGTHTPSALKFA-{14)-VFAYVITDGRH-(15)-DVIVIAIGIGOMFHEKHESENLYSIACD. ..
cCblc2 822 PADIMLLVDSSTSVE-(3)-FDTTKNFVKRLAERF~(7)-EDSVRVSYVQYSGR-NQOBKVEV-(19)-NEATDVNAALAYI-{14)-K-VLVFSDGNS-(19)-6IEVYVLAVGS-QVNEP--VRVLVTGKS. ..
hCéic2 827 PADITILLEPPPDVG-(3)-FDTTKRFAKRLAERF~(8)-AHDVRVAYVQYSGT-GQARPER-(22)-NDATDVNDALGYV-(14)-R-LLLFSDGNS-(18)-GIETIFVVYVGR-GVNEPH-IRVLVIGKT. .,
cCb2c2 831 PVDIVFLLDGSERIG-(3)-FHRAHHFVEQVAGAL-(8)-NHNARTALLQYGSE-REANVVF-(19)-DSSSNIGSATIHA-(21)-S-FVFITDGIT-(14)-DVHPTVVALGS-DVDH---DVLLKLGLG. ..
hCb2c2 824 PVDIVFLLDGSERLE-(3)-FHKARRFVEQVARRL-(8)-PLNARVALLOFGEP-GEQOVAF-(19)-NSFSHVEABYVHA-(18)-5-FVFLTDGVI-{15)-NVVPTVLALGS-DVDH---DVLTTLSLG. ..

46 QVDLYLLMDCSGSIR-{4)-YNHAVPLAMKL10GL-(3)-DNATHLYVNVFSNN-AKE] [RL-(24)-YGRTNLTDALLAY-(14)-QLYVILTDGIP-(17)-GVKIAVFGIGA-GINVA--FNRFLVECH. . .<

JhITI2Z 343 PKNILFVIDVSGSMH-(3)-MKATVEANKTILDDL-(0)-RAEDHFSVIDFNGNIRTNRNDL-(20)-S66TNINEALLRA-(18)-SLTILVSDGDP-(20)-NISLFSLGNGF -DVDY---DFLFRLSNE. . .<

drbvCC2 253 PKDHLILVDVSGSVS-(3)‘LKL!RISVSERLEIL-(0)-SDDDFVNVASFNSN-AGWSCF-(23)-KGITD¥KK6F§FA~(lS)-KlIHLFIDBGE-(H)-KVRVFIFSVGOIiNQDR---GPlGNMhCE. ol
properties:  fhhahhfsfssh ap hfpah phhpph pp hshhpasp p hh s hhssh h phhhhhffss h hhhhshs p pph hs

Fig. 1. Multiple alignment of the VWA family

Sequences that show higher similarities to one another are grouped between vertical lines. Only the most conserved regions are shown. These motifs
are numbered. Predicted secondary structures (a, £) within the motifs correspond to typical hydrophobicity patterns. The number of amino acids
between the motifs is indicated. The suggested new members are marked by arrows. The consensus line summarizes characteristic features of
conserved positions : hydrophobic (h), polar (p), small (s), aromatic (a), extremely conserved and suggested to be involved in function (f). Sequences
were taken from MIPSX: hVWA, human von Willebrand factor; cCMP, chicken cartilage matrix protein; hC and hB, human complement factors
C and B; hMAC! (mMAC1), a chain of human (mouse) leukocyte adhesion molecule MAC-1; hP150, « chain of human integrin p150,95; hLFAL,
a chain of human integrin LFA-1; hCOLR, a, chain of collagen receptor; cC63, chicken collagen VI a4 chain; cC61 (cC62), chicken collagen VI
a, (a,) chain; hC61 (hC62), human collagen VI a, (,) chain; fTRAP, thrombospondin-related anonymous protein from .P{asmodiym falciparium;
hITI2 (hITI3), human inter-a-trypsin inhibitor a, (a;) subunit; rbVCC, rabbit voltage-dependent dihydropyridine-sensitive calcium channel «,
subunit.
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Fig. 2. Pattern-matching statistics

The property-pattern approach extracts from each position of the
multiple alignment of known VWA domains a set of common steric
and physicochemical amino acid properties (to each amino acid a
defined set has been assigned [16]). A sequence database search has
been carried out with the derived consensus property patterns. The
y-axis represents the number of detected sequence segments matching
both patterns (1-2-3 and 6-7), while the x-axis shows the respective
number of mismatches. The number of mismatches corresponds to
the number of amino acid properties deviating from the consensus
property pattern. Sequences of the learning set fall into the range of
up to six mismatches without any misclassification. Above the
threshold of nine mismatches many misclassified (not related)
sequences are recorded and considered as ‘noise’. Since there is no
overlap between the two curves (members of the learning set and
‘noise’) we regard the unknown sequences among the ‘correct
positives’ as belonging to the family described by the consensus
patterns. The four candidates for possible relationships: (1) the a,
subunit of a dihydropyridine-sensitive voltage-dependent calcium
channel [27], (2) and (3) the noninhibitory a, and a, subunits of a
inter-a-trypsin Kunitz type inhibitor [24,29], and (4) throm-
bospondin-related anonymous protein [18].

turn, can be found in properdin [19], malaria circumsporozoite
protein (e.g. [20]) and in some terminal complement components
[21]. The biological function of TRAP is unknown, but the
thrombospondin type 1 therein has been suggested to play a role
in parasite—cell interactions [18]. A VWA domain could aid such
a function by specific binding.

The physiological function of the whole inter-a-trypsin in-
hibitor complex (for recent reviews see [22,23]) and in particular
its two noninhibitory subunits e, and &, (which share about 40 %,
sequence identity) is uncertain [24]. The precursor of the precursor
of the «, subunit containing the two catalytic Kunitz-type
inhibitor domains has a typical mosaic structure and releases a,-
microglobulin after cleavage. Also, the precursors of the a, and
a, subunits are cleaved, but the proposed VWA domains remain
constituents of the mature inter-a-trypsin inhibitor. Kunitz type
inhibitors seem generally to be involved in a network of shuffled
domains as seen in the case of amyloid precursor protein (e.g.
[25]). A Kunitz type inhibitor domain also coexists with VWA
repeats in the a, chain of collagen VI [12]. Hence a VWA domain
may recognize proteins which then complex with the inhibitor.

Voltage dependent dihydropyridine-sensitive calcium channels
belong to a group of membrane-spanning proteins that allow the
controlled entry of extracellular calcium into the cell. The a,
subunit of the dihydropyridine-sensitive calcium channel complex
does not act directly as a channel-forming protein [26]. Three
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putative transmembrane regions have been predicted, and the
suggested VWA-like domain is located in the N-terminal extra-
cellular part of the protein [27]. The «, subunit interacts with the
other components of the complex and the VWA-like domain
may also have a binding function. Interestingly, the sequence
similarity to the proposed VWA unit in the a, subunit of inter-
a-trypsin inhibitor is as high as 239, identical residues, only
slightly below a value that suggests similar folding topology [28].

Even if experimental support is needed, the observed sequence
similarities within conserved regions point to a structural hom-
ology and represent a further step in classification of domains in
extracellular mosaic proteins. A comparative analysis of shuffled
domains like VWA may also contribute to a better understanding
of their functional relations.
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