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Abstract: Using a variety of  homology search methods  and mul- 
tiple  alignments, a new extracellular  module was identified in 
(1) agrin, (2) enterokinase, (3) a 63-kDasea urchin sperm  protein, 
(4) perlecan, (5) the  breast  cancer  marker  MUCl (episialin), (6) 
the cell surface antigen 114/A10, and ( 7 / 8 )  two functionally un- 
characterized,  probably  extracellular, Caenorhabditis elegans 
proteins. Despite the  functional diversity of these  adhesive pro- 
teins, a common  denominator seems to be their  existence  in 
heavily  glycosylated environments. In addition,  the  better  char- 
acterized  proteins  mentioned  above  contain all  O-glycosidic- 
linked  carbohydrates  such  as  heparan  sulfate  that  contribute 
considerably  to  their  molecular masses. The  common  module 
might  regulate or assist binding to  neighboring  carbohydrate 
moieties. 

Keywords: agrin;  enterokinase;  homology  search;  molecular 
evolution;  perlecan;  sperm  protein 

In animals,  most  of  the  extracellular  proteins  are  composed  of 
multiple  modules,  i.e.,  independent  building blocks that  are 
found in functionally  diverse  proteins  (for reviews see Doolit- 
tle, 1985; Patthy, 1985, 1991; Baron et al., 1991; Bork, 1991, 
1992; Doolittle & Bork, 1993; Bork & Bairoch, 1995). The 
spread of  these protein  modules  can  only be the result of genetic 
shuffling  mechanisms;  the  genomic  organization of many  of 
them is consistent with exon  shuffling, which requires  phase- 
compatible  introns  (for reviews see Patthy, 1991, 1994). In  some 
cases, the  shuffled  modules  retain similar functions in different 
proteins,  but  often they are  only used as  structural  scaffolds  and 
new functions evolve after  the  shuffling  event. Nevertheless, de- 
ducing  the  modular  architecture  of  an  extracellular  protein  not 
only sheds light on its structural features,  but  also  provides clues 
about  its  functional  units  and  binding sites. 

The recent sequencing of enterokinase,  the biochemically well- 
characterized  initiator  of  digestion, revealed a highly modular 
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architecture  and  the  enzymatic activity could be assigned to  the 
C-terminal domain (light chain after processing), which contains 
a serine protease of the trypsin  type (Kitamoto et at., 1994; Mat- 
sushima et at., 1994). The  protease  domain  appears  to be most 
similar  to hepsin and  blood  clotting enzymes such  as  factor XI 
and  prekallekrein;  the  modular  architecture of the  N-terminal 
heavy chain is, however,  considerably different  from blood clot- 
ting factors  (Fig. 1). 

By analogy to other  modular  proteins,  the  only  two segments 
of enterokinase  for which no  homology  has been found yet are 
also expected to  form  modules,  i.e., they should  also be present 
in other extracellular proteins  as structurally  independent  build- 
ing blocks.  When  subjecting these segments  to a  variety of se- 
quence  analysis  methods  (for  details see Koonin et al., 1994), 
we indeed  found  that  the  N-terminus of  enterokinase is similar 
to segments in other extracellular mosaic  proteins.  Thus, we re- 
port  here  the  delineation  of a new protein  module  and discuss 
structural  and  functional  features. 

Results and  discussion: A combination of computer  methods, 
including  multiple  Blastp database  searches, as well as iterative 
pattern  and  profile  approaches  (for  details see Materials  and 
methods), revealed a new protein module in enterokinase, agrin, 
a  sea urchin  sperm  protein,  perlecan,  MUCl (episialin), the 
cell surface  antigen 114/AlO, and  two  functional  not well- 
characterized Caenorhabditis elegans proteins  (Fig. 1). We will 
refer to this new domain as the  SEA  module  after  the first three 
proteins in which it was  identified (sperm  protein,  enterokinase 
and ?grin). 

The beginning of  the  module  can be defined by a phase 1 in- 
tron  (i.e.,  the  intron is inserted after  the first  base  in the  codon) 
as determined  from  the  genomic  structures  of  agrin  and perle- 
can  (Rupp et al., 1992a; Cohen  et  at., 1993). This is consistent 
with the  end  of  preceding  modules (Fig. 2) in all the  identified 
proteins  (internal signal sequence in enterokinase). The sequence 
similarity between all proteins  containing SEA modules is sig- 
nificant  over a length of  about 80 residues (Fig. 2). In all the  pro- 
teins  shown in Figure  1,  an  about  40-amino  acid-long  sequence 
segment  separates  the  conserved 80-residue  region of  the  SEA 
module  from  the  subsequent  downstream  modules.  This seg- 
ment was included in the  alignment  (Fig. 2)  because  it proba- 
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Fig. 1. Modular  architecture  of the proteins  containing the SEA module.  Names  and  abbreviations  were  chosen  according a 
nomenclature  for  extracellular  protein  modules  proposed  at a recent  meeting  on  modular  proteins  (for  details  see  Bork & Bairoch, 
1995).  FS,  follistatin-like  module; LE, laminin  EGF-like,  found in laminin and  similar  matrix  proteins;  LamG,  first identified 
as G domain in laminin; EG, EGF-like  module; VA, Von Willebrand  factor type A module; SEA, SEA module; LA, LDL re- 
ceptor  class A module; MAM, also  found in meprin, A4 protein,  and  receptor  protein  phosphatase p;  CUB, present in a vari- 
ety  of  developmentally  regulated  and Cls-like complement  proteins; SR, first identified in the scavenger  receptor but now  known 
to occur in numerous  other  proteins.  Putative  0-glycosylation sites are denoted by antenna-like  symbols.  Putative  transmem- 
brane  regions of the Cls and the GPI anchor  of the sea urchin SP63 are  indicated. 

bly extends the  C-terminal boundary of the SEA  module (e.g., 
to the alternatively spliced exon in agrin and enterokinase or  the 
phase 1 introns in perlecan; Fig. 2). This appears  to be the up- 
per boundary for  the domain as other modules follow  in the pro- 
teins shown in Figure 1. The distribution and phase of introns 
in all SEA modules (where determined)  differs  somewhat,  al- 
though clusters of their boundaries (e.g., a  common phase 0 in- 
tron within the conserved part of the alignment; Fig. 2) give 
additional genetic support  for a  homology of all SEA modules 
mentioned above. 

Secondary structure predictions for the conserved 80 residues 
suggest successive b-strands  interrupted by one a-helix (Fig. 2). 
A search with a  string of secondary structure elements derived 
from Figure 2 in a database of selected proteins with known 
three-dimensional structure (L. Holm, pers. comm.) revealed 
the best matches with the fold of streptococcal protein G (PDB 
code 2GB1; Gronenborn  et  al., 1991), which belongs, together 
with ubiquitin, to family 44 of the classification of Holm  and 
Sander (1994). In protein G ,  two /3-hairpins are formed, respec- 
tively, by strands A and B and  strands C and D (Fig. 2). The 
two /I-hairpins are connected via hydrogen bonds between the 
parallel,  central strands A and D. The a-helix between strands 
B and C crosses the central sheet stabilizing the two P-hairpins 
(for structural details and immunoglobulin-binding site, see  Der- 
rick & Wigley, 1994). The conserved positions in the multiple 
alignment of the SEA modules are consistent with the fold  de- 

scribed above: the most hydrophobic  b-strands are A and D 
(Fig. 2), which would be the central strands of the b-sheet. The 
nonconserved extension following the conServed region is pre- 
dicted to contain  another helix and two P-strands (Fig. 1). This 
C-terminus might be an  addition to the protein G like topology, 
but may also  act as a linker region. 

When speculating on the functional role of the SEA modules, 
it seems important  to note that all the better characterized pro- 
teins shown in Figure 1 act in heavily glycosylated surroundings 
and are all 0-linked proteoglycans, with the carbohydrates con- 
tributing a considerable fraction of their molecular weight. Oth- 
erwise, the overall function of the proteins  containing SEA 
modules is diverse. 

Agrin,  a  heparan  sulfate proteoglycan of the basal lamina of 
the neuromuscular junction (Tsen et al., 1994) plays a key role 
in the formation and maintenance of the synapse as well as post- 
synaptic  differentiation (Nastuk & Fallon, 1993; Patthy & 
Nikolics, 1993). It is responsible for  the clustering of acetylcho- 
line receptors (AChRs) and  other proteins at  the neuromuscu- 
lar  junction.  For these functions, it interacts with several 
proteins including AChR, nidogen, and a-dystroglycan; bind- 
ing to  the  latter triggers the aggregation of AChRs and hepa- 
ran sulfate  proteoglucan  AChE in  the postsynaptic  membrane 
(Fallon & Hall, 1994, and references therein). The C-terminal 
third of agrin seems to bind dystroglycan (Fallon & Hall, 1994, 
and references therein), but several other interactions are needed 
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Fig. 2.  Alignment  and  dendrogram  of  the SEA module.  First  column,  protein  namelspecies  abbreviations  (SWISS-PROT  data- 
base  codes  with  an  underscore in the  name  are used i f  available:  Ynx3  and  Yny3, C. eleguns proteins;  Entp,  enterokinase;  Agri, 
agrin;  Sp63,63-kDa  sperm  protein;  Mucl,  MUCI;  Perl,  perlecan;  C114, 114/A10);  second  column,  position  of  the  module  in 
the  respective  proteins;  last  two  columns,  position  of  the  end  of  the  alignment  and  database  accession  numbers.  Top  line  shows 
intron  phase  as  deduced  from  the  corresponding  genomic  sequences  (e.g., 0 corresponds  to  intron  insertions  before  the  affected 
amino  acid; 1 indicates  intron  between  the  first  and  the  second  base of the  codon;  the  respective  amino  acids  are  shown  as  low- 
ercase  letters  and  italics in the  alignment),  A-D  correspond  to  the  &strands  mentioned in the  text;  second  line,  predicted sec- 
ondary  structure by using  the PHD  program (Rost & Sander, 1994): E(e),  P-strand;  H(h), helix; L (not  assigned),  not helix or 
P-strand.  Capitals  denote  positions  with  an  expected  accuracy  larger  than 82% and lowercase  letters or unassigned  positions 
have less predictive  power;  average  accuracy of the  method is greater  than 72% (Rost & Sander, 1994). Because  the  lower  part 
of the  alignment  (putative  linker  region) is not  significant,  secondary  structure  predictions  are  omitted  for  these  segments.  Bot- 
tom  consensus  line:  capital  letters,  amino  acids  conserved in more  than 50% of the  sequences;  t,  turn-like or polar;  h,  hydro- 
phobic;  a,  aromatic; 0 ,  S or T. Using  ClustalW  (Thompson  et  al., 1994), dendrograms for both  the  conserved  segment  (upper 
part)  and  the  whole  region as displayed  were  carried  out and  did  not  differ  significantly.  Shown is the  result for  the  complete 
alignment. 

for  proper  functioning.  The  N-terminal  part is essential for  as- 
sociation with the  extracellular  matrix  and/or cell surface  mol- 
ecules  (Ferns  et  al.,  1993);  the  two  cysteine-rich  so-called 
EGF-like  laminin  modules  (Fig. 1) are  assumed  to  bind  nido- 
gen  as  they d o  in laminin  (Nastuk & Fallon, 1993). Thus,  the 
SEA  module  might  also  interact with components  of  the  basal 
lamina  or cell surface molecules. A specific binding  function is 
supported by the high conservation of the  SEA  module in agrins 
from  different species (Tsim et al., 1992). 

The digestion initiator  enterokinase is physiologically the only 
enzyme that converts  trypsinogen into trypsin in pancreatic  fluid 
(Light & Janska, 1989). It is thought  to  interact with the  intes- 
tinal  brush  border  membrane  through its modular  noncatalytic 
heavy chain. By analogy with the  complex  regulatory  proteins 
in the  coagulation, fibrinolytic, and complement activation cas- 
cades  (Patthy, 1993), it  seems  likely that  the  various  modules 

of  enterokinase  (Fig. 1) also  mediate  interactions  with cell 
surface-associated  macromolecules  and  thus  regulate  entero- 
kinase activiy. Enterokinase is heavily  glycosylated and  proba- 
bly contains 30-50% carbohydrate  (Kitamoto et al., 1994). 

The  63-kDa sea urchin  sperm  protein (SP63) has been sug- 
gested to be a receptor  for egg jelly ligands triggering the  sperm 
acrosome  reaction,  but  other  experiments  have  shown  that it is 
not a speract  receptor  (Mendoza  et  al., 1993). Because sperm 
exocytosis  in animals involves interactions with  heavily  glyco- 
sylated  proteins of  the  zona  pellucida,  an  extracellular  matrix 
surrounding  oocytes  (for review see Wassarman, 1988), carbo- 
hydrate  binding  may  also  be  needed for the  function  of  the 
63-kDa  sperm  protein. Although its overall function  remains un- 
known,  the  structural  similarity  to  developmentally  regulated 
transmembrane  proteins suggests that it might  mediate  sperm- 
egg or  sperm-matrix  interactions  (Mendoza et al., 1993). 
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The cell surface  antigen 114/A10 has  a  similar  overall  archi- 
tecture  to  the sea urchin  protein  SP63  (Fig. l )  but is an  integral 
transmembrane  protein  (compared  to  the glycosylphosphatidyl 
inositol [GPII-anchored SP63) and  has  an N-terminal  extension 
with eight tandem  repeats  containing  0-linked  carbohydrates 
that  have  a  molecular weight three to five times  higher  that  the 
amino  acid  composition  alone  (Dougherty et al., 1989). The 
heavily glycosylated 114/A10 is highly expressed in hemopoietic 
progenitor cells and  IL-3-dependent cell lines, and  thus it has 
been proposed  to  play a regulatory  role in  cellular responses to  
IL-3  (Dougherty et al., 1989). 

Perlecan is a  component of  all basement  membranes  and 
pericellular matrices.  It  contains  three  0-linked  heparan sul- 
fate  chains,  their  attachment sites  in the  core  protein  just  pre- 
cede the  SEA  module  (Fig. 2). Human  and  mouse  genomes 
contain a single perlecan gene that is subjected  to  alternative 
splicing.  Perlecan  has been proposed to bind  to  various  extra- 
cellular matrix  and cell surface  proteins  (for review see Iozzo 
et al., 1994). Its very early  expression in development  and  the 
ability  to  promote  the  binding of basic fibroblast  growth  fac- 
tor  to its receptor suggest a role in cell and tissue growth (Aviezer 
et  al., 1994). 

MUCl  stands  for  a  group  of  alternatively  spliced,  polymor- 
phic, mucin-like glycoproteins  that have a high molecular mass 
due  to their 0-linked  carbohydrates (Spicer et al., 1991 ; Zrihan- 
Licht  et  al., 1994). MUCl  proteins  are expressed at  basal levels 
by most  secretory  epithelial cells, but their  expression is dramat- 
ically increased in malignant  breast  epithelia  and they are  thus 
important breast  cancer markers.  The expression of MUCl  may 
reduce cellular adhesion  (Zrihan-Licht et al., 1994, and  refer- 
ences  therein). 

Little is known  about  the  function of the  two  putative  nem- 
atode  proteins  that were identified  within the C. elegans genome 
sequencing  project  (Wilson et al., 1994). Like other  multiple 
EGF  domains  containing integral membrane  proteins, they may 
also  participate in cell-cell or cell-matrix interactions. 

When  comparing  orthologues from different species, the SEA 
modules  always  belong  to  the  most  conserved  regions in the  re- 
spective proteins, which is suggestive of a  functional  domain. 
The most  striking common  feature of all the proteins  mentioned 
above seems to  be,  however,  the coexistence  of  O-glycosidic- 
linked carbohydrates  and  SEA  modules in four  out of the eight 
distinct  proteins  (Fig. 1). Two  others (SP63 and  enterokinase) 
are  known  to  be heavily glycosylated;  the  remaining  two C. el- 
egans proteins have not yet been  studied. All these proteins  con- 
tain several consensus  motifs  that  are  apparently  required  for 
0-glycosylation  and could therefore  also be 0-linked proteogly- 
cans.  Furthermore,  Unc52  from C. elegans (Rogalski et al., 
1993) with a modular  architecture  similar to perlecan  and 
grouped  into  the perlecan  family (Iozzo et al., 1994) lacks both 
the  N-terminal  0-glycosylation sites and  the succeeding SEA 
module. Splice variants of MUCl devoid of the  tandem  repeats 
that  contain  the  carbohydrate  attachment sites contain  only  a 
short  probably  nonfunctional  segment of the  SEA  module 
(Zrihan-Licht et al., 1994). 

It needs to  be  experimentally verified whether all of the  SEA 
module-containing proteins  are indeed  0-glycosidic-linked pro- 
teoglycans as is suggested by our comparisons; at least they seem 
to  function  in  carbohydrate-rich  environments.  Furthermore, 
all of  the  characterized  proteins  containing  SEA  modules  inter- 
act with constituents  of  the extracellular matrix.  The  functional 

role of the  SEA  module  remains  unclear, it might even  assist  in 
recognizing the  attachment sites to  be glycosylated during  the 
posttranslational modification  process. A precise description of 
the  binding  function of SEA  modules is also  impossible  at  the 
moment;  only  structurally  important residues seem to be con- 
served (Fig. 2), and  individual  SEA  modules may well have  dis- 
tinct  binding  targets in different  proteins. 

Materials and methods: The  initial  database  searches were car- 
ried out with the  N-terminal 118-residue-long segment of the ma- 
ture peptide  preceding an alternatively spliced exon and the first 
identified module (Fig. 1; Kitamoto et al., 1994). Using the  pro- 
grams of the Blast series and  applying several amino  acid  sub- 
stitution  matrices  (Altschul et al.,  1990),  the best scoring 
database  proteins  identified were agrins  from  different species 
(Ruegg et al., 1992; Rupp et al., 1992b; Smith et al., 1992; Tsim 
et al., 1992) and  a  63-kDa sea urchin  sperm  protein  (Mendoza 
et al., 1993). They  had  probability ( P )  values of  matching by 
chance (Altschul et al., 1990) between 0.004  and 0.14.  Blastp 
P-values in this  range  are  not low enough  to  infer  common  an- 
cestry immediately, but are  often indicative  of a  distant  homol- 
ogy (that  has to be verified by other  methods).  Curiously,  the 
Blastp  alignments of the detected  segments were consistent, i.e., 
the  same region of the  enterokinase segment was matched  and 
similar amino acids were conserved. This  prompted  further stud- 
ies,  and  a  multiple  sequence  alignment  using  the  program 
ClustalW (Thompson et al., 1994) was carried out. Both entero- 
kinases  from cow (Kitamoto et al., 1994) and pig (Matsushima 
et al., 1994), as well as agrins from  rat,  mouse, chicken, and  ma- 
rine ray were included. The alignment  (training set) was used for 
several pattern  and profile searches (Gribskov et al., 1987; Patthy, 
1987; Rohde & Bork, 1993; Tatusov et al., 1994) that worked 
complementarily  for  this  protein  family.  Each  method was 
trained with both  the whole alignment  and with conserved re- 
gions. I f  any of the  methods mentioned  above significantly iden- 
tified a  putative new member of the  family, blast searches with 
the new member were carried out, the  multiple  alignment was 
reconstructed,  and  the new member was thus included in the 
training  set.  The closest similarity  had  the  two repeats in the 
C. elegans proteins as all  of the  profile  and  pattern  methods 
which are able to identify  internal  repeats recognized them first. 
MUCl,  perlecan,  and 114/A10  were added in additional  itera- 
tions  of  the  procedure. 

Finally,  the MOST program  (Tatusov et al., 1994) was used 
to check the significance of detected  similarities.  When subject- 
ing the conserved regions of the final  alignment (Fig. 2) to data- 
base  searches, all proteins of the  family  had  P-values of 
matching by chance below lo-’,  whereas  other  proteins of the 
database scored above  0.01,  i.e.,  a clear discrimination was 
achieved. 

For secondary  structure  prediction,  the  neural  network 
method  PHD (Rost &Sander, 1994) was used with the  ClustalW 
alignment (Thompson et al., 1994) as  input.  The topology predic- 
tion was based on  the result of a filtering procedure  that extracted 
three-dimensional structures deposited  in PDB (Bernstein et al., 
1977) with a similar order  of  secondary  structure  elements (L.  
Holm,  unpubl.). 
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