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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~ the (unpublished) sequence of yeast dipeptidyl-peptidase A is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 3p21 is located on the short arm of human
chromosome 3, deletion of which is associated with small cell
lung cancer (Naylor ez 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
talytic site residues we 1dent1fy here. These proteins
e be considered additional members of the new

1yl oligopeptidase, we would predict that
n the other enzymes are the aligned Ser®®”

1 Ser®”® and His"®® (yeast dipeptidyl-
W serine- dependent peptidases contain

idues: serine, histidine and
dence as to the 1dent1ty of any
rolyl ohgopepudase famlly,

:E{Stone 8. R., Rennex, D

acy peptidase), Ser® and His™! (rat: s 7 s
‘Received 9 July 1991

”"’opeptldes (prolyl ohgopeptrdase) an
leaves. dipeptides: from- the N-termini: of -
es onl« When the N-terminus is - free * (dipeptidyl:-
‘omega peptldase that preferentlally cleaves'
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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-
anunoacyl-peptldase 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 transmémbrane 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,
‘dlhydropyrldlne-sensmve calcium channel

and—;nt‘erfoc‘—trypmn 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 contalmng a number of repeated
domains. As a result of the ‘exon shuffling’ process [2] such

‘domalns _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

1991
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identified in other proteins. In particular, the triplicated type A PULIGN [15] revealed some reliable regions. The most stringent
domain (VWA) was found to be widespread in adhesive proteins motifs (1-2-3 and 6-7 in Fig. 1) were selected for a property
and receptors. VWA could be detected in the complement pattern search [16] to identify distant related domains in other
components B and C2 [7], twice in cartilage matrix protein [8],in  extracellular proteins as described in [17]. Ser ning of

some integrin a subunits (the so called I-domains; for review see (MIPSX is a merged database, containing 3280
e.g. [9]) and in the different chains of collagen VI [10-12] in up release 17) indicates exactly four candidates w
to 11 copies (a, chain). separated from a random background (Fig. 2).
Segments corresponding to the VWA domain in the different corroborated by the fact that they also match
proteins share only a limited sequence similarity; no amino acid ~ motifs (Fig. 1). a3

is completely conserved (Fig. 1). The pairwise amino acid The presence of a VWA domain in thr‘;mbospbndin-related
identities remain within the so-called twilight zone [13], where  anonymous protein (TRAP) from the malaria parasite Plas-
current alignment procedures fail. But low-level sequence resem- modium falciparium [18] is suggested by the known mosaic
blance becomes more significant as more members are added to structure of that protein and by the exact location of the domain
the alignment [14]. The multiple alignment carried out by - mnext to an identified thrombospondin type 1 repeat, which, in

LR gagaaadadaaaaaa pRpARE agqgaaqaaana TITT .

RS W IR 2 1 Y 104 t 3y U 6 ) [
WVNAL 1275 LLDLVFLLDGSSRLS-(3)-FEVLKAFVYDNNERL-(3)-OKNVRVAVVEYHDG-SHAYIGL- (20)-SOVASTSEVLKYT-{14)-ALLLNASAERD-(16)-KY
WVWAZ 1496 YLDVAFVLEBSDKIG~(3)-FNRSKEFNEEVIORM-{3)-DS IVIVLOYSYH-VIVEYPF~ (20)-GNRTNTGLALRYL-(17)-NLYYHVTGNPA-(09)-DIGVVP
AVHA3 1689 PLOVILLLDGSSSFP-(3)-FOEMKSFAKAF 15KA-(3)-PRLTQVSVLOYGST-TT1DVPH- (19)-GEPSRIGDALGFA- (17)-AYVILVTDUSY-{13)-RVIVEP]
CCHP1 37 PTOLVFIIDSSRSYR- (3)-FEKVKVFLGRVIEGL- (3)-PNSTRVGVINYASA-VKNEFSL-(19)-STBTHTGLALOFA-(17)-KYAIWTDGRP-( 14)-GIETFATGVER--VDH---HTL
CCHP? 270 ALDLYFLIDGSKSVR-(3)-FELVKKFINGIVESL-(3)-EKOAQYGLYRYSSS-VROEFPL-(19)-EKBTHTGOALKYL- {19)-KVG1VF TDGRS-{14)-6FRNFAVGVEN-AVE---~DELREIASE. ..
he 252 HLNLYLLLDCSOSYS- (3)-FLIFKESASLHVDRI~ (3)-EINVSVAT I TFASE-PKYLHSV-(25)-BTGTNTYAALNSY- (22)-HATILLTDGKS~ (25)-YLDTYAIGYGKLDVDK-~-RELNELGSK. ..
h 243 SHNIYLVLDGSDS1G(3)-FIGAKKCLUNL LEKY-(3)-GYKPRYBLVTYATY-PKINYKV-(25) -KSBTNTKKALOAY-{19)-HV L ILHTDGLH-(29)-YLOVYVFBYGPLUNG----VHINALASK. ..
ANACL 148 DSDIAFLIDGSGS]I=(3)-FRRNKEFVSTYHEAL~(1)-KSKTLFSLNOYSEE-FRINFTF~(19)-LBRTHTATGIRKY- 18)-KILVVITDGEK-(17)-BVIRYVIGVEDAFRSEKSROELNT IASK . ..
aHACL 148 ESDIVFLIDGSGSIN-(3}-FRKMKEFVS! {1)~KSKTLFSLNQYSDE-FRIHFTF- (19)-NGRTKTASGIRKY-{ 16)-KILUITOGEK~(17)-GVIRYVIGYGHAFNKPOSRRELDTIASK, .
hPA50 149 EGDIVFLIDGEBSIS-(3)-FATHHNFVR , /GLAFONRNSKELNDTIASK. .o
BLFAL 154 NVOLVFLFDGSMSLA-(3)-FaKILDFN i 1
hCOLR 172 LIDVYVYCOESNSTY={1)-HDAYKNF
cCb3ni 18 SADLIFLIDGSONIG~(3)-FOALRDF
cCo3n2 221 KKDIVFLIDGSTALG-(3)-FNSIRDFVAKIVORL:
cC63n3 420 KRDIIFLLDGSLNVE-(2)-FPFYRDFWILVNYL-(3)
cC63n4 619 KKDILFLIDGSANLL-(2)-FPAVRDF IHKVISDL-(
cCo3n5 812 KKDYYFLIDGSDGVR-(2)-FPLLKTFVERYVESL=
tCo3nb 1016 KRDYYFLVDBSRYAA-(2)-FYLIRDLIERTVNNL-
cCo3n7 1218 EKDVUFLIDSSDSYR- (3)-LAHIRDFISRIVOAL-(
(o308 1417 BADIVFLLDBSINLE- (3)-FOEVLOFVYSIVOAI-{
<CA3n9 1625 DLDVILGFOVSDVGA-(4)-FNSORGLESRVEAVL=(0)
cCb3cl 2182 PTELAFATDTSSGVE-(3)-FNRMKQTVLRVVSNL-(7)-PREARVALVTYNNE-VTTELRF-(17)-ATLTTKPRSLETA-(
(Cb3c2 2400 DTDIAF INDSSASTT-(3) -FNEHKKYISHLVSNN-(9) -HHARVAVLOGAPYDHE TNSSF - (17) 1 INYLHNOHTOLY- (15
cColnl 35 PVDLFFVLDTSESVA-(9)-VAQVKDFTNRF IDKL-(9)-FLAHNAGALHYSDS-VV11KDL~(20)-GKGTHTOCAIKDE- (14)
hColnt 35 PYDLFFVLDTSESYA-(9)-YDKVKSFTKRFIDNL-(9)-NLVKNAGALHYSDE-VET106L-(20)-BKETYTOCAIKKG-(14)
cCoan! 44 PISYYFYIDTSESIA-(9)-VDRIKGFIPRF IEKL-(9)-S1THNFGELHYSOV-VEIYSPL-(17)-BRETF TOCAISNH-(12) =X ~O6LRE
hCo2ni 34 PIHVYFYLDTSESYT-(B)-LFHNKOFVPOF 1SOL-(9)-ALSHRYBBLHFSD-VEVFSPP-(17)-RRETFTDCALANH- (13)-HFAV 5)-EEGIR GLRDIAST . ..
cChlcl 611 PYOLLFYLDSSESIG-(3)-FRIAKDFIIKVIDRL-(9)-PGESRVGVVYSHN-NTRELVA-(22)-AGBTHTBEALOFS-(12)-NVAIVITOGRS-(15)-VIPWSLELE DLADIACL ...
muuanmmwm%mwmﬂmmwwmbwwwmwwm&mmwuwmwmmmmummmmm4mﬁmmmmwmmwmmmm.
(Cb2cl 613 ALDIMFVINSSESIG-(3)-FTLEKNFVVNVVSRL- ()-ETGARVGYVGYSHE-GTFERTK- (22) -AGGTHTPSALOFA-(14) -VFAVITOGRY-(16) -DVLVNTIGIGDLFDOPEOSEILYSIACK.
bC62cl 612 ALDYVFVIDSSESIE-(3)-FILEKNFVINVVNRL- (7)-ETGTRVGYVOYSHE-GTFEALQ-(22)-AGBTHTPSALKFA- 14)-VFAVVITOGRH-(15)~DVIVIAIG IGONFHEKNESENLISIACD. ..
CCblc2 822 PADIMLLVDSSTSVE- (3)-FOTTKNFYKRLAERF~(7)-EDSVRVSYVOYSGR-NOGKVEV-( 19)-NEATOVNAALOYI- (L4) -K-VLVFSDENS-(19)-GIEVYVLAVGS-OVHEP--VRVLVTGHS. ..
hChic? 827 PADITILLEPPPOVG-(3)-FOTTKRFAKRLAERF - (8)-AHDVAVAVVOYSGT-GOURPER-(22)-NDATDVNDALGYV- (14) -R-LLLFSUGNS-(18)-GIEIFVVVVR-0 RVLVIGKT...
c062c2 831 PVDIVFLLDGSERIG-{3)-FHRARHFYEQVAQQL- (8)-NHNARIALLOYGSE-REONVVF - (19)-DSSSNIGSAI1HA-(21)-S-FVF ITOGIT-(16) -DVHPTVVALES-D
hCo2c2 824 PVDIVELLDBSERLG-(3)-FHKARRFVEQVARRL- (B) -PLNARVALLOFGBP-GEDOVAF - (19)-NSF SHVGAGVVHA-(1B)-S-FVFLTDGUT-(13) -NVVPTVLALD YLITLSLG. ..
)nlﬂﬁﬂ____ib_g!ﬂLILLﬁDCSGSlR*(A)-VNHAVPLAHKLXUGL-(3)~DNAIHLYVNVFSNN-AKEIIRL-(24]-YGRTNLTDRLLDV-(lAJ-GLYYJLIDELE;jLZ “GVK1A FLVBCH. . .¢
ShITIZ 343 PKNILFVIDVSGSNH-(3)-HKOTVEAMKT ILDDL- (0)-RAEDHF SVIDFNONIRTHRNOL - (20)-SEGTNINEALLRA-(18)-SL11LVSDEDP-(20
)hL1L1___22L_ﬂxﬂ2yE!1Dlﬁﬁﬁﬂﬂ:i}i;!ﬁglﬁgﬂLLﬁlLggH-(0)—OPBDYFDLVLFBTRVOSHKGSL‘(20)-DEA1NLNGGLLRG-(151;§1L1ﬁLIQ§gE:1 {511E . ¢
SPbVCCZ 253 PKDHLILVOVSGSYS- (3)-LKLIRTSVSENLETL-(0)-EDDDFVNVASFNSN-AODVSCF - (23)-KBITOYKKGFSFA-(13)-KIIHLFTD
propertiest  fhhahhistssh ap hfpah phhpph pp  hshhpasp p hh s hhssh h phhhhhi

Fig. 1. Multiple alignment of the VWA family

Sequences that show higher similarities to one another are grouped between vertical lines..Only the m(
are numbered. Predicted secondary structures (a, £) within the motifs correspond to typical hydroph
between the motils is indicated. The suggested new members are marked by arrows, The consensus lin¢ sum
conserved positions: hydrophobic (h), polar (p), small (), aromatic (a), extremely cons_erved and_suggestlcd" ‘ be in
were taken from MIPSX: hVWA, human von Willebrand factor; cCMP, chicken cartilage matrix protein ,hC and h
C and B; hMACI (mMAC!), & chain of human (mouse) leukocyte adhesion molecult.a MAC-1; hP150, « chain of
a chain of human integrin LFA-1; hCOLR, a, chain of collagen receptor; cC63, chlgken collagen VI a, chain
a, (ey) chain; hC61 (hC62), human collagen VI a, («,) chain; fTRAP, thrombo_spondm—related anonymous prote
hITI2 (hIT13), human inter-a-trypsin inhibitor a, (a,) subunit; rbVCC, rabbit voltage-dependent dlhydropygld Ie-seps
subunit.
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(1)-NTSYOFAAYOFSTS-YKTEFDF-(19)-LLLTNTFGAINYV-(16)-KVLLLITDGEA-(10)-
KTOVGL 10YANN-PRVVENL-(20) -GDLTNTFBAIOYA- {1b]-KVHYYUT
QQTHIGYYYSDO-PRIEFAL- (19)-GKEANTGAALEYV- (18)-QILVL 1SGGES-1
~PDLIOYAVAQYADT-VRPEFYF-{19)-GTALNTGSALDFY-~(18)-PHLYL ITGGKS~{12).
~TDKIRVGLVOFSOT-PKTEFSL- {19) -GSVLNTBSALNFY- {1B)-BVLYLVTABRS-(12)
PDATRYAVAQFSDN~101EFDF-(19)-GKOLNIGVALDEY-(18)-OFLVLLARGRS-(12)

LFVGLDR-VKNF--~EEVHOLEFS. ..
UFLTSRO-DAVL---ERALEINNT ...
FVILBIGK-NVDV-~-KNIYSLASE. ..
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Fig. 2. Pattern-matching statistics

7

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
i property pattern. Sequences of the learning set fall into the range of
to six ‘mismatches without any misclassification. Above the
. wthreshold” 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 leatning set and
B 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 «,
subunit of a dihydropyridine-sensitive voltage-dependent calcium
& ohannel {271, (2) and (3) the noninhibitory a, and «, subunits of a
inter-o-frypsin Kunitz type inhibitor [24,29], and (4) throm-
lated anonymous protein [18].

'perdyinyk[194] malkarika circ'umspo’roz‘oite
tion of TRAP is unknown, but the
[18]. A'VWA domain could aid such

‘the whole inter-a-trypsin in-
s see [22 23]) and in particular

V] "[1{2,].[Henc‘e‘ a VWA domain

~complex with the inhibitor.
ridine-sensitive calcium channels
<spanning proteins that allow the

G

sitive calcium channel complex
k_el formmg protem [26]. Three

cellular part of the pr

14.

me terminal complement components: -

lerein has been suggested to play a role -
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putative transmembrane reglons have been predicted, and the
suggested VWA—llk ' 's located in the N-terminal extra-
. The o, subunit interacts with the

lex and the VWA-like domain
Interestmgly, the sequence

slightly b elow 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 funct10nal relatxons
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