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Abstract: Members of the discoidin (DS) domain family, which
includes the C1 and C2 repeats of blood coagulation factors V and
VIII, occur in a great variety of eukaryotic proteins, most of which
have been implicated in cell-adhesion or developmental processes.
So far, no three-dimensional structure of a known example of this
extracellular module has been determined, limiting the usefulness
of identifying a new sequence as member of this family. Here, we
present results of a recent search of the protein sequence database
for new DS domains using generalized profiles, a sensitive mul-
tiple alignment-based search technique. Several previously unrec-
ognized DS domains could be identified by this method, including
the first examples from prokaryotic species. More importantly, we
present statistical, structural, and functional evidence that the DI
domain of galactose oxidase whose three-dimensional structure
has been determined at 1.7 A resolution, is a distant member of this
family. Taken together, these findings significantly expand the con-
cept of the DS domain, by extending its taxonomic range and by
implying a fold prediction for all its members. The proposed align-
ment with the galactose oxidase sequence makes it possible to
construct homology-based three-dimensional models for the most
interesting examples, as illustrated by an accompanying paper on
the C1 and C2 domains of factor V.

Keywords: DS domain; fold prediction; galactose oxidase; gen-
eralized profiles; homology search

The discoidins from the slime mould Dictyostelium discoideum
were first described as lectins with high affinity for galactose
(Poole et al., 1981). When the sequences of the blood coagulation
factors V (Jenny et al., 1987) and VIII (Wood et al., 1984) were
determined, two C-terminal repeats in these proteins were found to
be similar to the N-terminal region of discoidin. This surprising
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finding defined a new extracellular module known as DS or F5/8
type C domain. Additional members of this family were later found
in milk fat globule (Stubbs et al., 1990), in Xenopus laevis neuro-
nal cell surface antigen A3, recently renamed neuropilin (Takagi
et al., 1991; Kawakami et al., 1995), in two subfamilies of mam-
malian receptor tyrosine kinases (Johnson et al., 1993; Karn et al.,
1993), in a pathogen defense protein named hemocytin from Bom-
byx mori (Kotani et al., 1995), in a mammalian carboxypeptidase
termed AEBP (Ohno et al., 1996), in human and Drosophila neu-
rexin IV (Baumgartner et al., 1996), and most recently in XLRSI,
a candidate gene for X-linked juvenile retinoschisis (Sauer et al.,
1997). Several of these proteins contain tandemly repeated pairs of
DS domains (see Fig. 1). One of them, milk fat globule, has sub-
sequently been isolated in several other research contexts, for in-
stance as a zona pellucida-binding protein (Ensslin et al., 1998). or
as a ganglioside O-acetyltransferase (Ogura et al., 1996).

Searching the current protein sequence database, we readily
identified single DS domains in six additional proteins: SCO-
spondin (Gobron et al., 1996), a newly characterized member of
the thrombospondin family, CUBI1 (Shibata et al., unpubl.), an
anonymous human protein, three hypothetical proteins from Cae-
norhabditis elegans and Caenorhabditis briggsae encoding recep-
tor protein tyrosine kinases and F47C21.1, a large modular protein
also from C. elegans. Moreover, a tandem pair of DS domains was
found in the Del-1 protein (developmental endothelial locus-1;
Hidai et al., 1998), an embryonic endothelial cell protein that binds
to avf33 integrins.

Using the more sensitive generalized profile-based search method,
we found additional members in microbial species, most notably
the crystallized D1 domain of galactose oxidase (Ito et al., 1994)
from the fungus Dactylium dendroides. This domain was previ-
ously found to be similar to noncatalytic extensions of two bacte-
rial sialidases (Bork & Doolittle, 1994). It is also relatively closely
related to three internal repeats in ORF 4.7 of AUDI, an amplifi-
able DNA element from Streptomyces lividans (Piendl et al., 1994).
In addition, we found homologous sequences in Mu toxin of Clos-
tridium perfringens (Canard et al., 1994) and migA of D. discoi-
deum (Escalante et al., 1997), a protein involved in chemotaxis to
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Fig. 1. Schematic diagram of the occurrence of DS domains in proteins drawn in scale. Listed are proteins from top to the bottom as
they appear in the text. Dark green boxes denote signal peptides, different colors in the boxes denote different modules as they have
been discovered or and annotated in the corresponding publication. White areas are portions with no obvious homology. The brown

vertical bar represents a cell membrane. TK indicates tyrosine kinase.

cAMP and slug migration. There appears to be a close homologue
of migA in Arabidopsis thaliana. A complete list of currently
known DS domains is given in Table 1, and an alignment of
representative members is shown in Figure 2.

Evidence supporting the homology between the galactose oxidase
D1 domain and the DS domain: Sequence similarities between
previously recognized members of the DS domain family, or be-
tween members of the GOase D1 domain subfamily, are readily
detected by standard sequence comparison techniques and, thus,
need not be further justified. Significant cross-matches between
the two groups were detected with the more sensitive profile-based
technique (Bucher et al., 1996) and corroborated with a recently
introduced robust significance test (Hofmann & Bucher, 1995).
With a profile made from the larger eukaryotic subfamily, we
obtained a significant match (P < 1072) to one of the GOase-
related repeats in the AUDI protein (Piendl et al., 1994). With a
profile made from all members of the second subfamily, we ob-
tained significant matches to the human milk fat globule (P <
1077) and to the C2 repeat of bovine factor V (P < 1072). Both
profiles also identified a significant match (P < 10~*) in Clos-
tridium perfringens Mu toxin, shown to possess hyaluronidase
activity (Canard et al., 1994). This match corresponds to the sec-

ond of three previously reported internal repeats located in the
noncatalytic C-terminal region of this protein. Finally, a profile
made from the two main subfamilies and the central DS-like repeat
of Mu toxin produced a highly significant match (P < 1077) to
migA from D. discoideum.

The proposed expansion of the DS domain family is further sup-
ported by additional structural and functional arguments. For in-
stance, each subtype occurs in at least one protein as tandem repeats
of almost identical length of about 150 amino acids. More impor-
tantly, the residue conservation pattern observed within the major
eukaryotic subfamily is readily explained by structural constraints
expected for protein sequences folding into a GOase D1 domain-
like structure. This fold has been described as a beta-sandwich where
a five-stranded antiparallel beta-sheet (b1-b2-b7-b4-b5) faces an-
other three-stranded antiparallel beta-sheet (b8-b3-b6). A second-
ary structure prediction (Rost, 1996) made from a multiple alignment
of the eukaryotic subfamily only (excluding GOase and migA) is in
good agreement with the beta-strand assignments in the GOase D1
structure (Fig. 1). Moreover, the most conserved parts of this mul-
tiple sequence alignment correspond to the four strands b2, b3, b4,
and b7, located in the center of the two sheets, a conservation pat-
tern reminiscent of other beta-sandwich domains, e.g., fibronectin
type III. Finally, virtually all hydrophobic core residue positions in
GOase D1 are clearly maintained in the other subgroups. Taken to-
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Dd DisIa 2 .STQ..... GLVQLLANAQCHLRTSTNYNGV....... HTQFNSALNYKNNG . TNTIDGSEAWCSS...... IVDTNQYIVAGCEVPRTFMCVALQGRGDADQ.
Dd DisII 2 .SVP....AGSVSCLANALLNLRSSTDYNAD....... HGVKNSILNFSNSKDASRFDGSESWSSS...... VLDKNQFIVAGSDSVKHFVAISTQGRGDHDQ.
Hs fVIII 1 2040 CQTP....LGMASGHI.RDFQITASGQYGQ........ WAPKLARLHYS........ GSINAWSTK........ EPFSWIKVDLLAPMITHGIKTQGARQKFS.
Hs fVIII 2 2193 CSMP....LGMESKAI.SDAQITASSYFTNMFAT....WSPSKARLHLQ........ GRSNAWRPQ...... VNNPKEWLQVDFQKTMKVTGVTTQGVKSLLT .
Hs fv 1 1907 CRMP....M@LSTGII.SDSQIKASEFLGY........ WEPRLARLNNG........ GSYNAWSVEKLA. . AEFASKPWIQVDMOKEVIITGIQTQGAKHYLK.
Hs fVv 2 2066 CSTP....LGMENGKI.ENKQITASSFKKSW....... WGDYWEPFRARLNAQ. . . .GRVNAWQAK...... ANNNKQWLEIDLLKIKKITAIITQGCKSLSS.
Mm MFG 1 148 CSTQ....LGMEGGAI.ADSQISASYVYMGFMGL. .QRWGPELARLYRT........ GIVNAWHAS...... NYDSKPWIQVNLLRKMRVSGVMTQGASRAGR.
Mm MFG 2 308 CLEP....LGLKNNTI.PDSQOMSASSSYKTWNLR.AFGWYPHLGRLDNQ........ GKINAWTAQ...... SNSAKEWLQVDLGTQRQVTGIITQGARDFGH.
Mm Dell 1 158 CSGP....LGIEGGII.SNQQITASSTHRALFGL..RKWYPYYARLNKK........ GLINAWTAA...... ENDRWPWIQINLQRKMRVTGVITQGAKRIGS .
Hs Dell 2 319 CSEP....LGMKSGHI.QDYQITASSVFRTLNMD.MFTWEPRKARLDKQ........ GKVNAWTSG...... HNDQSQWLQVDLLVPTKVTGIITQGAKDFGH .
Hs XLRS1 63 CPYHKP..LGFESGEV.TPDQITCSNPEQYVGWY..SSWTANKARLNSQ........GFGCAWLSK...... FQDSSQWLQIDLKEIKVISGILTQGRCDID. .
Bm hcyt 1 940 CSPDNYIDLVMGDEPL.PDTAFSASSEFSEI....... FAPHNARLNRGPT..... NSGAGSWNPK...... VNNDKQYIQVELPRREPIYGVVLQGSPIFD. .
Bm hcyt 2 1116 CTEP....LGLIGEL..PLENIQVSSNSEE.......... KDYLSIN..cccvveeee GNRGWKP....... LYNTPGWVMFDFTGPRNITGILTKGGNDG. . .
Mm npl 1 275 CMEA....LGMESGEI.HSDQITASSQYGT....... NWSVERSRLNY.......... PENGWTPG...... EDSYKEWIQVDLGLLRFVTAVGTQGAISKETK
Mm npl 2 431 CSGM....LGMVSGLI.SDSQITASNQADR....... NWMPENIRLVT.......... SRTGWALPPSP. . .HPYTNEWLQVDLGDEKIVRGVIIQGGKHREN.
Hs DDR 31 CRYA....LGMQODRTI.PDSDISASSSWSD....... STAARHSRLESS........ DGDGAWCPAGSV. . . FPKEEEYLQVDLQRLHLVALVGTQGRHAGGLG
Hs TKT 30 CRYP....LGMSGGQI.PDEDITASSQWSE....... STAAKYGRLDSE........ EGDGAWCPEIPV. .EPDDLKEFLQIDLHTLHFITLVGTQGRHAGGHG
Dm nrx IV 46 CNQP....L.MERAV...... LTATSSLTE........ RGPDKARIN. ...ccco0ee GNAAWTPV...... ENTYNHFLTLDLGDPRMVRKIATMGRMHTD. .
Hs AEBP1 72 CPP.....IGMESHRI.EDNQIRASSMLRH....... GLGAQRGRLNMQTGA . TEDDYYDGAWCAE...... DDARTQWIEVDTRRTTRFTGVITQGRDSSIH.
Hs CUB1 224 CYGT....LGMESGVI.ADPQITASSVLEWTDHRARDSWKPKKARLKKTW....... TALGAFAT......... DEYQWLQIDLNKEKKITGIITTGHHGEHN.
Bt SCO SP 334 CYSP....LGLARLP...EGSLPASSQQLEHP........ AWARILRPAP. GAPGWSPVEHADTQGHTPPPYLQLDLLOPRNLTGIIVQGAGSSDWL
Ce F47C12 1 940 CVLSED..VGIVSGFV.PDGAFADNSDSTNL...... GYEPHHARMG......cc00v0 SSGWCGA....... KEDFIFLSVDLORIYTLTTLRIAGVAGSGH.
Cp mu 799 .DSN....SGVEFNPS..LIRSESWQVYEG.......... NEANLLDGDD........ NTGVWYKTLNG. . DTSLAGEFIGLDLGKEIKLDGIRFVIGKNGGGS
Ds migA 659 .NEK....WSNPHSTS..KIKITSSSIDKG.......... VPASWVMIDLGPNRTVVPMYYTIRHGLSYK
S1 AUDL 1 33 .ATA....AGGPNIAV..GDATAASSSHGEY SLPQWVQTDLGATERIDEVVLRLPAGWE. .
S1 AUD1 2 174 .AGE..... SSVDLAA. .GRRLTASSSTGAY ALPQWLQADLGSARRVNRVVLRLPDGWP. .
Mv Neu 501 .VGL....LDQARMSI.ADVDSEETAREDG.......... RASNVIDGN......... PSTFWHTEWSRA.DAPGYPHRISLDLGGTHTISGLQYTRRQONSAN.
Cs Neu 43 .SQP....IAEKLVPR.SEIQASATSALTGE......... GPEKAIDGN......... TSTLWHTPWAGV.DIQINPQSLTLKLGKTRNISSICVTPRQEGTN.
Dde GOase 43 .SAP....IGSAISRN..NWAVTCDSAQSGN......... ECNKAIDGN......... KDTFWHTFYGAN .GDPKPPHTYTIDMKTTQNVNGLSMLPRQDGNQ .
GOase 3D struct. bbbb bbbbbb bbbbbbbbb
EEEEEE EEEE E EEEEEEE EEEEEEEEEE PHD prediction

« . WVTSYKIRYSLDNVSWFEYR..... NGAAVTGVTDR.NTVVNHFFDTPIR. . .ARSIAIHP.......... LTWNGHISLRCEFYT. 151 Dd DisIa

<. WVTSYKLRYTLDNVNWVEYN..... NGEIINANKDR.NSIVTINFNPPIK...ARSIATHP.......... QTYNNHISLRWELYA. 153 Dd DisII

.SLYISQFIIMYSLDGKKWQTYRGNSTGTLMVFFGNVDS . SGIKHNIFNPPII.. . ARYIRLHP.......... THYSIRSTLRMELMGC 2188 Hs fVIII 1

.SMYVKEFLISSSQDGHQWTLFF . . ONGKVKVFQGNQDS . FTPVVNSLDPPLL. . .TRYLRIHP.......... QSWVHQIALRMEVLGC 2345 Hs fVIII 2

.SCYTTEFYVAYSSNQINWQIFKGNSTRNVMYFNGNSDA.STIKENQFDPPIV.. .ARYIRISP.......... TRAYNRPTLRLELQGC 2061 Hs fV 1

.EMYVKSYTIHYSEQGVEWKPYRLKSSMVDKIFEGNTNT . KGHVKNFFNPPII.. .SRFIRVIP.......... KTWNQSITLRLELFGC 2221 Hs fV 2

.AEYLKTFKVAYSLDGRKFEFIQD.ESGGDKEFLGNLDN.NSLKVNMENPTLE. . .AQYIRLYP.......... VSCHRGCTLRFELLGC 303 Mm MFG 1

. IQYVESYKVAHSDDGVQWTVYE. . EQGSSKVFQGNLDN .NSHKKNIFEKPFM. . .ARYVRVLP.......... VSWHNRITLRLELLGC 463 Mm MFG 2

. PEYIKSYKIAYSNDGKTWAMYKVKGTNEEMVFRGNVDN . NTPYANSFTPPIK. . .AQYVRLYP.......... QICRRHCTLRMELLGC 314 Mm Dell 1

. VQFVGSYKLAYSNDGEHWMVHQDEKQRKDKVFQGNFDN . DTHRKNVIDPPIY. . .ARFIRILP.......... WSWYGRITLRSELLGC 476 Hs Dell 2

. .EWMTKYSVQYRTDERLNWIYYKDQTGNNRVFYGNSDR. TSTVONLLRPPII...SRFIRLIP.......... LGWHVRIAIRMELLEC 219 Hs XLRS1

. .QYVTSYEIMYGDDGNTFSTVDG. PDGKPKIFRGPIDN. THPVKQMISPPIE. . .AKVVRIRP.......... LTWHDEISLRLEIIGC 1095 Bm hcyt 1

.. .WVTSYKVLYTSDFETFNPVID.KDGKEKIFPANFDG. IVSVINEFHPPIR. . .ARYLKVLP.......... QKWNKNIELRIEPIGC 1254 Bm hcyt 2

KKYYVKTYRVDISSNGEDWISLK. . EGNKAIIFQGNTNP. TDVVLGVFSKPLI.. .TRFVRIKP.......... VSWETGISMRFEVYGC 424 Mnm npl 1

.KVFMRKFKIAYSNNGSDWKTIMDDSKRKAKSFEGNNNY . DTPELRTFSPLST... . RFIRIYP......... ERATHSGLGLRMELLGC 583 Mm npl 2

.KEFSRSYRLRYSRDGRRWMGWK. . DRWGQEVISGNEDP.EGVVLKDLGPPMV. . .ARLVRFYP........ .RADRVMSVCLRVELYGC 185 Hs DDR

. IEFAPMYKINYSRDGTRWISWR. . NRHGKQVLDGNSNP.YDIFLKDLEPPIV. . .ARFVRFIP.........VTDHSMNVCMRVELYGC 185 Hs TKT

. .EFVTEYIVQYSDDGEFWRSYVN.PTSEPQDVQGNSDG .NSTHYNVFEVPII.. .AQWVRINP.......... TRWHDRISMRVELYGC 184 Dm nrx IV

.DDFVTTFFVGFSNDSQTWVMYT. .NGYEEMTFHGNVDK . DTPVLSELPEPVV. . .ARFIRIYP.......... LTWNGSLCMRLEVLGC 227 Hs AEBP1

. .YYVSAYRILYSDDGQKWTVYREPGREQDKIFQGNKRIITRMVRNNFLPPII.. . ARFIRVNP.......... TQWQQOKIAMKMELLGC 380 Hs CUBL

QVSSDGLHWHSYRDIQHGTQ....... PAPQLFPKNWN . .GPSTVWMFARMVQ. . . ARHVRVWPSDGHHQAAPSSDANLDGPLRVELLGC 502 Bt SCO SP

LKGHVTKFQLFYKTENQHTH...... KPYPVEFESPAGNHNAMHHFDLKFPLR. . .ARYILFGV.......... TEYEGNPCMKFDLMGC 1085 Ce F47C12 1

. SDKWNKFKLEYSLDNESWTT..... IKEYDKTGAPAG. .KDVIEESFETPIS.. .AKYIRLTNME........ NINKWLTFSEFAIVS. 945 Cp mu

.SDSLRTWDFQGSTNGEQWTVLKRHTNDPSLNYKY..... ATHSWPVTGCETA. ..FRYFRILQTGK..... NSNNRNFLVIGGLEIYG. 803 Ds migA

. . SRDQTLSVQGSADGTGFST..... LKTSATYAFDP. ..GSGNTVTIAFPAT. .QTRFVRVDITA....... NTGWQAAQLSELEVHA. 173 S1 AUD1 1

. .ARSQTLKIQASDNGSDFTD..... LTARKAYTFDA. . .AGGQSATVTFDAA. . TARYVRVLVTA. ...... NTGQPAAQISELEVYG. 313 S1 AUD1 2

. .EQVADYEIYTSLNGTTWDG..... PVASGRFTTS....LAPQRAVFPARDA. .. .RYIRLVALS...... EQTGHKYAAVAELEVEG. 656 Mv Neu

« GMITDYKIYSGDD...cccc0cee VIAEGKWKSD....SSDKYVVEDNPISTDNIRIEAISTVG....... DENNKHASIAEVEVYE. 185 Cs Neu

.NGWIGRHEVYLSSDGTNWGS..... PVASGSWFAD. ...STTKYSNFETRPA. .. .RYVRLVAIT...... EANGQPWTSIAEINVFQ. 188 Dde GOase

bbbbbbb bbbb bbbbbbbbbb bbbbbb bbbbbb GOase 3D struct.

Fig. 2. Alignment of representative DS domains. Sequences are listed from the top to the bottom as they appear in the text. Conserved
residues are colored red; those that appear in more than 50% of the cases are shown in bold red. Each domain sequence is identified
by a SWISS-PROT or EMBL accession number, and by the starting and ending positions within the protein sequence. Several putative
frame-shifts in the human CUB1 sequence were corrected using information from the EST sequence M91216. On top of the alignment
the secondary structure prediction for eukaryotic DS domains obtained from the PHD server (Rost, 1996) is shown. E stands for
“extended structure.” The eight b-strands in the crystal structure of galactose oxidase are indicated as “b” below the alignment.

gether, these arguments strongly suggest that all members of the en-
larged DS domain family have the same overall fold.

Evolutionary and functional implications: The relative degrees of
sequence conservation among different members of the discoidin
domain family suggest that this module has been transferred once
or several times between eukaryotes and prokaryotes. Bork and
Doolittle (1994) have already proposed horizontal transmission as
the most likely explanation for the high similarity between the
GOase D1 domain and its bacterial homologues. The identification

of these domains as distant members of the DS domain family
provides a stronger quantitative argument supporting this hypoth-
esis: The DS domains of the bacterial sialidases are sequence-wise
clearly more similar to the DS domain of GOase than to the DS
domains of Mu toxin; however, this bacterial enzyme is function-
ally and evolutionary more closely related to bacterial sialidases
than to fungal GOase. At least two other DS domain-containing
proteins appear to have exchanged other parts of their sequences
with distantly related organisms, rendering horizontal gene transfer
of DS domains even more plausible. The C-terminal sequences of
the discoidins share significant sequence similarity only with one
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other sequence in the current sequence database, a hypothetical
protein from Rohdopseudomonas blastica (SWISS-PROT acces-
sion P05450). The AUDI protein from Streptomyces lividans con-
tains two fibronectin type 3 domains located between DS domains,
which presumably are of eukaryotic origin.

There is also a common functional theme to proteins harbor-
ing the DS domain: binding to cell surface-attached carbohy-
drate residues. The discoidins and hemocytin biochemically behave
as lectins, The other functionally characterized proteins from
higher eukaryotes, i.e., the blood coagulation factors, neuropilin,
receptor tyrosine kinases, and neurexin IV, all appear to be im-
plicated in cell surface-mediated regulatory events. Recent data
have suggested that neuropilins bind semaphorins via the DS
domain (He & Tessier-Lavigne, 1997), thus the DS domain ap-
pears to be involved in protein-protein interaction (possibly de-
pendent on post-translationally attached carbohydrate residues).
Another interesting case of a DS domain protein mediating cel-
lular interactions is the apparent involvement of P47 (identical
to milk fat globule) in fertilization. This protein was detected on
the acrosomal cap of testicular sperm and on spermatozoa bound
to zona pellucida (Ensslin et al., 1998) suggesting an active role
in binding of the sperm to the zona pellucida. Finally, the DI
domain of GOQase, which was shown to have weak galactose-
binding activity, was proposed to function as an anchor fixing
the enzyme to carbohydrates of the cell walls of a tree, the
natural habitat of the fungus from which the protein was purified.

DS domains occur in a number of medically important proteins
including blood coagulation factors V and VIII, and the recently
isolated X-linked juvenile retinoschisis gene XLRS1 (Sauer et al.,
1997). The possibility of homology-based three-dimensional struc-
ture modeling of their DS domains based on the known crystal
structure of galactose oxidase opens new perspectives for studying
their function, as well as for designing therapies against diseases
caused by mutation of the corresponding genes. Examples are
homology-modeled structures of the C1 and C2 domains of factor
V presenting new insights on blood coagulation (Villoutreix et al.,
in prep.). The XLRS! protein, which is almost exclusively com-
posed of a DS domain, would be another obvious target for such an
approach. XLLRSI is a genetic disease causing retinal degradation
in males (Sauer et al., 1997). Not surprisingly, all sequenced mu-
tant alleles from patients show changes in phylogenetically con-
served amino acids of the DS domain. The previously discussed
zona pellucida binding protein represents another example where
structural inferences based on the fold prediction reported in this
paper may lead to applications. Finally, the bacterial DS domains
are also relevant from a medical perspective, as they all occur in
proteins that were shown or hypothesized to be virulence factors of
human pathogens.

The profile describing the DS domain has been added to PROSITE
(Bairoch et al., 1996) under the accession number PS50022.
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