
908 BJ Letters

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the (unpublished) sequence of yeast dipeptidyl-peptidase A is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 3p2l 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 Ser587
and His707 (acylaminoacyl-peptidase), Ser631 and His741 (rat
dipeptidyl-peptidase IV), and Ser678 and His788 (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 Asp529 and Asp642 residues (or
Asp641, 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,

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 Wiliebrand factor type A
domains? Sequence similarities with malaria
thrombospondin-related anonymous protein,
dihydropyridine-sensitive calcium channel
and inter-a-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 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]. Screening of MIPSX
some integrin az subunits (the so called I-domains; for review see (MIPSX is a merged database, containing 32800 sequences in
e.g. [9]) and in the different chains of collagen VI [10-12] in up release 17) indicates exactly four candidates which appear clearly
to 11I copies (cc3 chain). separated from a random background (Fig. 2). The findings are

Segments corresponding to the VWA domain in the different corroborated by the fact that they also match the remaining
proteins share only a limited sequence similarity; no amino acid motifs (Fig. 1).
is completely conserved (Fig. 1). The pairwise amino acid The presence of a VWA domain in thrombospondin-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 next to an identified thrombospondin type 1 repeat, which, in

ooppGUUOGQGGGG popop aaauapaooa POOo
I I 1 2 1 C 3 ] 4 ( 5 [6 1 [7] [8

hVWAI 1275 LLDLVFLLD6SSRLS-(3)-FEVLKAFVVDMMERL-(3)-OKWVRVAYVEYHD6-SHAYI6L-(20)-SOVASTSEVLKYT-(16b)-ALLLMASOEPO-(16)-KYIVIPVGIGP-HANIL--- ORURLEO..
hVWA2 1496 VLDYAFVLE6SDK16-(3)-FNRSKEFMEEVIQRN-(3)-aDSIHVTVLQYSYM-VTVEYPF-(20)-6NRTNT6LALRYL-(1l7)-NLVYMVTGNPA-(09)-DIOVVPIGyGP-NANV---OELERIGWP...
hhVW69PA31GSF689FEKFKFSK-3-RIYVLYS-TDP-(9-GS1DAOA(7-VILTVY(3-YTFI1DRD--ALIAP.
cCPc7PDCIISRKP3-EIKF 37L()-NTYYNAAYKES-1)SOTTLIF-1)KVIYDR-1)-IIAG6-YM--TRIS .

cCflP2 270 ALDLVFLIDGSKSVR-(3)-FEIVKKFINOIVESL-(3)-EK0AOVGLVOySSS-VROEFPL-(19)-EKSTNTGOALKYL- (9)-KV6 IVFIDGRS- I4k6fFRMFAv6vcIe-AVE----DELREIASE...hC 252 HLNLYLLLDCSOSVS-(3)-FLIFKESASLMVDRl-(3)-EINVSVAIITFASE-PKVLflSV-(25)-STGTNTYAALNSV-(22)-HAI ILLTDGKS-(25)-YI.D_1Y_imG-vG-KLDvDW---RELNELGSK...
hD 243 SMNIYLVLDGSDS16-(3)-FTGAKKCLVNLIEKV-(3)-GYKPRYGLYTYATY-PKIWYKV-(25)-KS6TNTKKALDAV ( 19)-HYVIlLfTDGLH-(29)-YLDYVyF6V6PLVIIO----VIIINALASK. ..
MACi 4 SIF148I()FRMEYTMO-I)KKLSMYE-FIFF(9-GRHASRY(6-KLVTGK(7)GIY1VDFSESOLTAK.
sNC 4SIYfDlSNA3-CIE 148F()KKTFLQGEFRHT-I)NRTTSIK-16-IYIDEK(7-YRYIVtANPSREDIS .

hPlSO 149 LDSSS()FTMNYAIO-I)RSOSMFN-FTFF(9-OFYAAOV(6-KLYTGK(7)GIYIVLFNRSENTAK.
hIAF5AlL154SG()-OIDMDMKL()NSGAYQSSYTFF(1)LLNFAIY-1)KLIIDE-1)DIRIGGHOKSOTHFS .

hCOLR _172 LIDVYVVCDESNSIY-(1)-WDAYKNFLEKFV06L-(3)-PTKTQVGLIDYANN-PRVVFNL-(20)-GDLTNTFGAIOYA..(16)1VVVTD6EjI-JI4I-DNIRFGiAv1GYLNRNALDTKNIKE...
cC63 1 ALILDSNGnI 18DLNISL()AOHGYGSOPTFL(1)GENSAEY-1)gLLS6E-1)OSFSSGLAS-- EOIT .

cC3221KDCFIGTL63-FSRFA3nL-3-D2 221D-REY-19-TLTSLFY(8-MVIGGS(2-NIILVSND ALEAI .

cC3 2 RIILDSNG(2-PVD6TLNL3n3KR 421TPTES-1)GVLTSLF-18-VYYAR-(2-AVTAVVIAK-- EEIF .

cC63 69KDIFIGAL-n4FARFHK 619-DTRAAFD-DIFF(9-KQNGADV(1)GLLAGS-1)E6VFAKKAL-- EEIY .

cCb382KDnFS8122-FLKFEYEL-3-DYVIQYN-OEL-19-SLTALYL(B-FILADS(2-STPF11tAL-- EOIF .

cC6311nK61016A-2-YIDLEINL()-DTIYOFE-HEL-(9-oYYEAEV(8-FLISRS( 2-VVPVITIMP-EEVIL .

cCb311nK71218R-3-AIDISIOL()PKVIYQSNYFEY-1)GYYAKLY-(8-lLVLDO-1)SSOP66RVR--OOIN .

cC3nC1163DnF LD8 O__F_SI D I_3__S___AYN D_TEF L 19_R_NT A IK L_1___A_T_KS_1__K_KF V_RN D --EE S LA E _.

cC63n9 1625DDIGDDVA4-FSREREAL()NTOKSCGRASR-2-RGRTGYL(0KYHTDD(17)-VHALLFVGLDR-VKNF---EEVflOLEF6...
cCb3cl 2182 PTELAFAIDTSS6VG-(3)-FNRIIKQTVLRVVSNL-(7)-PR6ARYALYTYNNE-VTTEIRF-(17)-ATLTTKPRSLETA-( 19)-KVAVFFSNIGET-(16)-GVTPVFLTSRO-DAVL---ERALEINIIT...
cCb32 2400 DTIA__S_ST_3_FN_K__HLSM_9__HA__OAPDENS-(11- U M Y I5 YIL ITKE-(17~GLF IL 1KNVV--KII SAE
cC6Inl 35 PVDLFFVLDTSESVA-(9)-VAQVKDFTNRFIDKL-(9)-FLAWNA6ALHYSDS-YVIIKDL-(20)-6K6THTDCAIKG-(I14)-KYLIYVTIDGHP-(19)-HL6 IKVFSVAISPHHID--0RLNI lATD...
hCC63lPDFnDTEl-(9 YKKFTR NL 9 NLWAAHYD-35 IAT2O...YDCIKG14 KLI YDH- 1)-LGKFV TDL-PRSIIA
cC24C6YYITEI29nDIKFPFEL() 44FGHSYYEYP-1)GSTTCIN-1)KFYIDH-1)-MILAASDYE-GRIS .

hC62nl 34 PIHVYFVLDTSESYT-(8)-LFHHKOFVPQFISDL-(9)-ALSWRY66LHFSDG-YEVFSPP-(17)-RR6TFTDCALANMl- 13)-HFAVVITD6H V-C(I5)-EE6IRLAVAPNaNLKE--QGLRDI AST...
cC661PDLILSEcl()40IAD YIDL 9 PER 611NNOLY-(2 AGHGELF-(12 -VIVIIDRS )-TYSG DIFNINPON C .

hC6l63PcLFlDSS -()-F AD613RL 9 PQYGV9S99QHS 2) AOFBAOT 01 RIAYITDR-1)-IYSV DFFIPSDLI C
cC6263ADIFclSE613-FLKFVVSL ()-TAYYQSH-TE -(2)-GTTSLF- )-FY T R-(f DLN 61DIFOEOETY C .

hCb262ADcFIDSS1I 612LKF NVNL 9 EGRVVQSESFA -(2 AGWTSLF-04 -FV DR- I5 DTT 6IGIFEIESNY C .

cC6l02PDc2LDSS822-DTNVRAR- 7 ESRSYGSRNQVY 19 NADNAO I-( )--LVSGS I9 61EYLVSQ?EP-RLTK .

hC6l87PDITcLEPD2 3 -DTKFKLEF-()-H 827YG-ORE-(2)-DTVDLY- )--LFDGS I8 6IE VV6-VE11 VVG .

cC62c2 P831GEI-()FRHFEOAO-B-MARALYS-EGYF(9-SSNSAIA(2)SFFTGT-1)DMTVA6-VH-- VLLL .

hCb284Pc2F824-()FKRFEOAR-B-LNRALFG-GOVF(9-SFHGGVA(1)SFFTGV-1)NVTVAG-VM--VTLL .

)pRP 4OpTRASP -(4 YHVLAK 463 DA HYNFNNAEII L 2)-YRNTA ____V_ILD_P 1)-GKIAF6 06I V-FRLVC .

)hT233PNIF111M-2 343AKILD-O-ADHSIFOITRNL(0-6INNALA(8-SILSGP(2)NSFLtGFDD - FLRSI .

111 1 NN13 221R-3 K_KA LK L DM___PD F__FT V_WGS -2__ T_N__g: I )- l L LI P P (? )RF L ILG GItID - -N LE IS E .

)rbVCC2 KD253SS(3-KITVEMEL()SDFYVSNNADSC-2)KIDYKFF-1)KIMFDG-1)-YVTSGIIYR--G OtAE
properties: fhhahhfsfssh ap hfpah phhpph pp hshhpasp p h h s h hs sh hi 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 (cc,f) 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; hMACTI (mMACl1), cc chain of human (mouse) leukocyte adhesion molecule MAC-l1; hPl15O, ac chain of human integrin p150,95; hLFA1,
ac chain of human integrin LFA-1; hCOLR, cc2 chain of collagen receptor; cC63, chicken collagen VI cc3 chain; cC6l (cC62), chicken collagen VI
cc1 (cc2-) chain;- hC6l (hC62) human collagpen VI ey- (cc2) chain; ITRAP, thrombospondin-related anonymous. protein from Plasmodium falcinarium;-
hITI2 (hITI3), human inter-a-trypsin inhibitor°C2 (cc3) subunit; rbVCC, rabbit voltage-dependent dihydropyridine-sensitive calcium channel a2
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 ofdetected 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 a2
subunit of a dihydropyridine-sensitive voltage-dependent calcium
channel [27], (2) and (3) the noninhibitory a2 and a3 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 a2and a3 (which share about 40%
sequence identity) is uncertain [24]. The precursor ofthe precursor
of the al subunit containing the two catalytic Kunitz-type
inhibitor domains has a typical mosaic structure and releases ac-
microglobulin after cleavage. Also, the precursors of the a2 and
a3 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 a3chain of collagen VI [12]. Hence aVWA 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 a2
subunit ofthe dihydropyridine-sensitive calcium channel complex
does not act directly as a channel-forming protein [26]. Three

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 a2 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 a2 subunit of inter-
a-trypsin inhibitor is as high as 23 % 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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