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Abstract: Members of  the discoidin  (DS)  domain family, which 
includes  the CI  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 Dl 
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 CI 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 VI11 (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 AS,  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 Drosophiln 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. I ) .  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  0-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, CUB1  (Shibata  et  al.,  unpubl.), an 
anonymous  human  protein,  three  hypothetical proteins from Cue- 
norhabditis elegans and Caenorhnbditis  briggsae encoding recep- 
tor  protein tyrosine  kinases  and  F47C21. I ,  a  large modular protein 
also  from C. eleguns. Moreover, a tandem pair of DS domains  was 
found in the Del-I protein (developmental  endothelial  locus-I; 
Hidai et  al.,  1998), an embryonic  endothelial cell  protein that  binds 
to avp3 integrins. 

Using  the more sensitive  generalized  profile-based  search  method, 
we found  additional  members in microbial  species, most  notably 
the crystallized D l  domain of galactose  oxidase  (Ito  et  al., 1994) 
from the fungus D u c ~ l i u m  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 perjiringens (Canard et al.,  1994) and  migA of D. discoi- 
deurn (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 I ,  and an alignment of 
representative members is shown in Figure 2. 

Evidence supporting the homology between the galactose oxidase 
D l  domain and the DS domain: Sequence similarities between 
previously recognized members of the DS domain family, or be- 
tween members of the GOase Dl  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  < to one of the GOase- 
related repeats in the AUDl 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  < 
I O p 5 )  and to the C2 repeat of bovine factor V ( P  < Both 
profiles also identified a significant match ( P  < lo-') in Clos- 
tridium pefringerzs 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  < lop5) 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 Dl domain- 
like structure. This fold has been described as a beta-sandwich where 
a five-stranded antiparallel beta-sheet (bl-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 D 1 
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 111. Finally, virtually all hydrophobic core residue positions in 
GOase Dl  are clearly maintained in the other subgroups. Taken to- 
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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 C U B 1  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 andfunctional 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 D l  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 AUDl protein  from Streptomyces lividuns 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 i n  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 Dl 
domain of GOase, 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  XLRSI  (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 C 1 and C2 domains of factor 
V presenting new insights on  blood coagulation (Villoutreix et al., 
in prep.).  The  XLRSl  protein, which is almost  exclusively  com- 
posed of  a DS domain,  would  be  another  obvious target for  such an 
approach.  XLRS I 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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