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A protein that binds to and precipitates with pneu-
mococcal C-polysaccharide and a phosphocholine (PC) 
derivative of bovine serum albumin has been affinity 
purified from Limulus amebocytes. Sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis analysis re-
veals that the isolated protein consists of a single poly-
peptide chain of -50 kDa. It is an intracellular protein 
localized in the secretory granules of amebocytes ac-
cording to immunogold staining. Although it shares the 
PC-binding property with C-reactive protein isolated 
from Limulus and other animal species, it differs from 
C-reactive protein in that the latter binds to PC only 
in the presence of Ca', whereas the newly isolated 
protein binds to PC in a Ca' -independent manner. In 
this respect, the newly isolated PC-binding protein 
resembles the antibodies to PC of mouse myelomas. 

The gene coding for this protein has been isolated. 
The gene sequence predicts a protein of 54 kDa with 
an unusual structural feature: it consists almost en-
tirely of 10 contiguous segments, 45 amino acids in 
length, with extensive homology. Some limited se-
quence homologies were found between the 54-kDa 
protein and segments of vitronectin, gelatinase, and 
collagenase. It binds to bacterial cells, fixed amebo-
cytes, and a number of extracellular matrix molecules. 
Due to its structural and some functional similarities 
to other adhesion molecules, the Limulus 54-kDa pro-
tein was named "Limunectin." 

For a number of years our laboratory has been engaged in 
the study of C-reactive proteins (CRPs),' Ca'-dependent 
phosphocholine binding proteins from human (Oliveira et al., 
1979; Lei et al., 1985), rabbit (Syin et al., 1986), and Limulus 
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(Robey and Liu, 1981; Nguyen et al., 1986a, 1986b). Whereas 
in humans (Tillett and Francis, 1930) and rabbits (Anderson 
and McCarty, 1951), CRP synthesis is induced in response to 
inflammation or trauma, in invertebrates such as Limulus, 
CRP is constitutively produced and represents a major com-
ponent of the horseshoe crab's hemolymph (Robey and Liu, 
1981). Even though the exact physiological roles have not 
been assigned, CRPs are known to promote agglutination, 
complement fixation, bacterial capsular swelling, and phago-
cytosis (Gewurz et al., 1982; Gal and Miltenyi, 1955; Kaplan 
and Volanakis, 1974; Lofstrom, 1944; Hokama, 1962). CRP 
has also been shown to bind to chromatin (Robey et al., 1984) 
and to histones (Du Clos et al., 1988) in vitro. We question if 
CRP or CRP-like molecules exist intracellularly and if they 
do what would be their physiological functions. 

Adhesion proteins are a group of complex glycoproteins 
which play critical roles in the regulation of the immune 
response, in wound healing, cellular development, morpho-
genesis, and metastasis (Suzuki et al., 1985; Clark and Colvin, 
1985; Terhorst et al., 1988). A substantial body of literature 
dealing with tissue injury and repair indicates that adhesion 
molecules, soluble or membrane bound, are involved. These 
proteins serve as mediators for cell to cell adhesion and cell 
to extracellular matrix interaction through different mecha-
nisms (Filippsen et al., 1990). Fibronectin and von Willebrand 
factor contain several types of internal repeats, whereas vitro-
nectin contains no internal repeat (Verweij et al., 1986; Pe-
tersen et al., 1983; Suzuki et al., 1985). Adhesion proteins in 
general share little sequence homology but often contain 
several separate domains each of which exibits specific phys-
iological functions (Suzuki et al., 1984; Clark and Colvin, 
1985). 

By using PC affinity column chromatography similar to 
that used in the purification of CRP (Oliveira et al., 1980), we 
have isolated a 54-kDa intracellular protein from Limulus 
amebocytes that binds to PC independent of Ca'. Its possible 
role as an adhesion protein will be discussed. 

MATERIALS AND METHODS 

Reagents—CH-Sepharose 4B was purchased from Pharmacia LKB 
Biotechnology Inc. The calcium salt of phosphocholine chloride was 
from Sigma. Limulus amebocytes were purchased from the Associate 
of Cape Cod, Woods Hole, MA. The molecular weight standards used 
for SDS-PAGE were from Bio-Rad. The ionophore, 4-bromo-calcio-
ionophore A23187 was from Sigma. All other chemicals used in this 
study were reagent grade and were purchased from Fisher. 

Purification of Limunectin—The phosphocholine affinity matrix 
used for the protein isolation was made essentially as described 
previously (Oliveira et al., 1980). Thirty ml of frozen amebocytes were 
thawed and washed three times with 3% saline containing 0.05 M 

PMSF. The cells were then homogenized in 100 ml of 50 mm Tris, 
pH 7.5, 0.15 M NaCl, 0.01 M CaCl2, 0.1% NaN3 (Buffer I) containing 
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(Robey and Liu, 1981;  Nguyen et al., 1986a, 1986b). Whereas 
in  humans  (Tillett  and Francis, 1930) and  rabbits (Anderson 
and McCarty, 1951), CRP  synthesis is induced in response to 
inflammation or trauma, in invertebrates such as Limulus, 
CRP is constitutively produced and  represents  a major  com- 
ponent of the horseshoe crab’s hemolymph (Robey and Liu, 
1981). Even though the exact physiological roles have not 
been assigned, CRPs  are known to promote agglutination, 
complement fixation, bacterial capsular swelling, and phago- 
cytosis (Gewurz et al., 1982; Gal and Miltenyi, 1955; Kaplan 
and Volanakis, 1974; Lofstrom, 1944; Hokama, 1962). CRP 
has also been shown to bind to chromatin (Robey et al., 1984) 
and  to histones (Du Clos et al., 1988) in  uitro. We question if 
CRP  or  CRP-like molecules exist intracellularly and if they 
do what would be their physiological functions. 

Adhesion proteins  are  a group of complex glycoproteins 
which play critical roles in the regulation of the immune 
response, in wound healing, cellular development, morpho- 
genesis, and  metastasis (Suzuki et al., 1985; Clark and Colvin, 
1985; Terhorst et al., 1988). A substantial body of literature 
dealing with tissue injury and repair indicates that adhesion 
molecules, soluble or membrane bound, are involved. These 
proteins serve as mediators for cell to cell adhesion and cell 
to extracellular matrix  interaction  through different mecha- 
nisms (Filippsen et al., 1990). Fibronectin and von Willebrand 
factor contain several types of internal repeats, whereas vitro- 
nectin  contains no internal  repeat (Venveij et al., 1986; Pe- 
tersen et al., 1983; Suzuki et al., 1985). Adhesion proteins in 
general share  little sequence homology but often contain 
several separate domains each of which exibits specific phys- 
iological functions (Suzuki et al., 1984; Clark and Colvin, 
1985). 

By using PC affinity column chromatography similar to 
that used in the purification of CRP (Oliveira et al., 1980), we 
have isolated a 54-kDa intracellular  protein from Limulus 
amebocytes that binds to  PC independent of Ca2+. Its possible 
role as  an adhesion protein will  be discussed. 

MATERIALS  AND  METHODS 

Reagents-CH-Sepharose 4B  was purchased from Pharmacia  LKB 
Biotechnology Inc. The calcium salt of phosphocholine chloride was 
from Sigma. Limulus amebocytes were purchased from the Associate 
of Cape Cod,  Woods Hole, MA. The molecular weight standards used 
for SDS-PAGE were from Bio-Rad. The ionophore, 4-bromo-calcio- 
ionophore A23187  was from Sigma. All other chemicals used in this 
study were reagent grade and were purchased from Fisher. 

Purification of Limunectin-The phosphocholine affinity matrix 
used for the protein isolation was made essentially as described 
previously (Oliveira et al., 1980). Thirty ml  of frozen amebocytes were 
thawed and washed three  times with 3% saline containing 0.05 M 
PMSF. The cells were then homogenized in 100 ml  of  50 mM Tris, 
pH 7.5, 0.15 M NaC1, 0.01 M CaCI,, 0.1% NaN3 (Buffer I) containing 
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0.05 mM PMSF. The homogenate was centrifuged at 10,000 x g for 
20 min at 4 °C. To the supernatant ammonium sulfate was added to 
40% saturation followed by centrifugation at 10,000 x g for 20 min. 
After centrifugation, ammonium sulfate was added to the supernatant 
to 70% saturation. The protein precipitate was collected by centrifu-
gation at 10,000 x g for 20 min and dissolved in 10 ml of Buffer I and 
loaded onto a phosphocholine-Sepharose 4B column (1 x 10 cm) 
(Oliveira et al., 1980) previously equilibrated with the Buffer I. The 
column was washed extensively with the Buffer I containing 2 M 
NaCl until the absorbance of the eluent at 280 nm was constant. The 
proteins were eluted by including 0.1 M phosphocholine chloride in 
Buffer I. 

Alternatively, the protein was prepared by using the same proce-
dure as above except that calcium was eliminated in all the buffers. 
A phosphocholine-Sepharose 4B column was stripped of calcium by 
passing through two column volumes of 0.1 M EDTA, pH 8.0, then 
equilibrated with Buffer I without CaC12 before loading a protein 
sample. For binding studies, PC was removed from the purified 
limunectin by concentrating 1 ml of protein to 0.1 ml and passing 
through a PD-10 Sephadex column (Pharmacia). 

SDS-PAGE—Gel electrophoresis was carried out in 10% polyacryl-
amide and 0.1% SDS according to Laemmli (1970). Protein samples 
were denatured in 0.1% SDS in the presence of 0.1% fi-mercaptoeth-
anol. The molecular weight of the protein was calculated on the basis 
of a linear relationship of the log of the molecular weight to the 
distance migrated in the SDS gel. 

Ion Spray Mass Spectroscopy—To accurately determine the molec-
ular weight of limunectin, the purified protein was subjected to ion 
spray mass spectrometry using a Sciex Mass Spec., API III system 
(Covey, et al., 1988). The reliability of this method and the accuracy 
of the instrument were affirmed by determining the molecular weight 
of a recombinant human growth hormone. The value obtained was 
consistently within two mass units of its expected mass of 22,123.2

Amino Acid and Carbohydrate Analyses—Protein was hydrolyzed 
in 4 M methanesulfonic acid for 90 min at 150 °C in a hermetically 
sealed capillary tube (Liu and Boykins, 1989). Amino acid composi-
tion was obtained by analyzing the sample on a Beckman 6300 amino 
acid analyzer (Spackman, 1967). Carbohydrate content was deter-
mined on a sugar analyzer (Boykins and Liu, 1980). 

Carboxymethylation of Proteins—To determine if limunectin has 
any free SH-groups, the native protein (1 nmol) was exposed to 1 µCi 
[14C]iodoacetate (from Du Pont-New England Nuclear) and recrys-
tallized unlabeled iodoacetate (50 nmol) in 0.1 ml of 0.1 M Tris, pH 
8.5, 6 M guanidine hydrochloride, 1 mM EDTA, at 25 °C for 1 h under 
nitrogen. The protein was subsequently separated from the reagents 
by gel filtration on a Sephadex G-25 column (1 x 60 cm) in 10% 
acetic acid, and aliquots from the effluent were counted for radioac-
tivity. 

Generation of Internal Protein Sequences—Native protein (7-10 
nmol) was subjected to CNBr cleavage (100-fold excess over the total 
methionine, 88% HCOOH, 25 °C, 20 h) (Gross and Witkop, 1962) 
and limited tryptic digestion (1% trypsin, 0.1 M NH4HCO3, pH 8, 
25 °C, 12 h) independently to generate peptides for sequencing. A 
cyanogen bromide-cleaved peptide and a tryptic peptide were purified 
by a combination of gel-permeation chromatography on Sephadex G-
50 (1 x 60 cm) in 10% acetic acid followed by reverse-phase chro-
matography on a C-18 column (Bio-Rad 4.6 x 200 mm) as previously 
described (Nguyen et al., 1986b). The purified peptides were subjected 
to automated Edman degradation. 

Protein Sequence Analysis— Automated Edman degradation was 
carried out with a 477A gas-phase microsequencer (Applied Biosys-
tems Inc.), connected to an on-line model 120A phenylthiohydantoin 
analyzer. The amount of protein or peptide applied to the sequencer 
was determined from amino acid analysis of an aliquot of the protein 
or peptide solution. This value was used to compute the absolute yield 
of phenylthiohydantoin derivatives in the automated Edman degra-
dation. The absolute and repeated yields were in the range of 95-97 
and 85-88%, respectively, for the automated Edman degradation. 

Double Diffusion—Double diffusion was performed on glass plates 
coated with 1% agarose in 50 mm Tris, pH 7.4, 0.15 M NaCl in the 
presence and in the absence of 0.01 M CaCl2. 

Polymerase Chain Reaction—Three mixed oligonucleotides based 
on the amino acids determined by protein sequencing were synthe-
sized with an Applied Biosystem DNA Synthesizer: 3C, CAA/GAC-

2 Ion spray mass spectroscopy of limunectin was performed in the 
laboratory of Drs. W. S. Hancocks and A. Guzzetta of Genentech, 
Inc. 

NGAT/cAAA/GACNGA; la/b, GGc/TTTG/ATCT/cTCG/ATAT/GTT, 
and 2a/b, TTNCCT/cTTG/AAAG/AAAG/ATA. The mixed oligonucle-
otides were used in pairs (3C and la/b, 3C and 2a/b) for the polym-
erase extension and amplification. Single-stranded cDNA made from 
amebocyte mRNA was used as a template. The reaction mixtures 
were analyzed on 0.8% agarose gels. Ethidium bromide-stained bands 
were excised from the gel, and the isolated DNA was cloned into pUC 
vectors. DNA sequences were determined by the dideoxy-chain ter-
mination method (Sanger et al., 1977). One of the clones, 3a-4 (1.2 
kilobases in length made from primers 3C and la/b) contained most 
of the coding sequence for the limunectin, including three regions of 
the amino acid sequence determined by protein sequencing. 

Screening for Full-length cDNA Coding for Limunectin—A cDNA 
library made from amebocyte mRNA and a genomic DNA library 
from Limulus sperm DNA were prepared by Clontech using a Xgt 10 
vector (Huynh et al., 1985). Several overlapping cDNA clones which 
contained most of the coding sequence, excluding both the three 
amino acids at the NH2 terminus and the 5' -noncoding sequence, 
were identified and sequenced. Several attempts to screen for cDNA 
clones containing the NH2-terminal sequence failed. A 300-base pair 
EcoRI and ClaI fragment was isolated from the 5' -end of the cDNA 
clone and was used to screen the genomic DNA library. One of the 
clones was shown to contain the 5' -noncoding sequence, coding 
sequence for a putative signal peptide, and the entire coding sequence 
of limunectin. 

Computer Analysis for Sequence Homology—The FASTA program 
was used to determine protein sequence homology between limunectin 
and other proteins of known sequences. 

Binding of Limunectin with Phosphocholine—Purified limunectin 
(0.15-0.2 nmol) was incubated at room temperature for 1 h with 2-
120 µx4 of ["C]phosphocholine (5 mCi/mm) in 50 mM Tris buffer, 
pH 7.5, 0.15 M NaCl, 0.1% NaN3 in a total volume of 120 µl. For 
nonspecific binding, 20.8 mM of unlabeled PC (>200-fold excess) was 
included in the incubation mixture. The values of specific binding 
were computed by subtracting the nonspecific binding from the total 
binding. A Pharmacia PD-10 Sephadex column (1 x 5 cm) was used 
to separate bound from free PC. The PD-10 column was first coated 
with 1 ml of a 2% BSA solution followed by equilibration with 25 ml 
of 50 mm Tris buffer, pH 7.5, 0.15 M NaC1, 0.1% NaN3. The reaction 
mixture was then loaded on to the column and eluted with the same 
buffer. The first 2.5 ml was discarded and the next 2.0 ml were 
collected for the radioactivity counting. 

Preparation and Purification of Polyclonal Anti-limunectin Anti-
body—Rabbits were initially immunized with a 1:1 mixture of purified 
limunectin (300 µg/ml) and complete Freund's adjuvant. For subse-
quent booster injections incomplete Freund's adjuvant was used. 
Blood was collected 2 weeks after the second booster injection. Serum 
from the last bleed was used for Western blot analysis without 
purification. For immunocytochemistry studies, the antibody was 
purified with a DEAE-Affi-Gel Blue column (Bio-Rad) according to 
the manufacturer's protocol. 

Electron Microscopy and Immunocytochemistry—For electron mi-
croscopy studies the Limulus blood was collected in an equal volume 
of HEPES 0.05 M, pH 7.4, containing 0.1 M N-ethylmaleimide, 0.165 
M NaCl, 0.01 M EDTA, and 0.1% glutaraldehyde. Amebocytes were 
pelleted by centrifugation and resuspended in the same buffer where 
they remained for 1 h for fixation. After washing several times in 
PBS, the cells were dehydrated, embedded in "LR White" resin (Ted 
Pella, Inc.), and sectioned (Newman et al., 1982). The nickel grids 
containing the amebocyte sections were placed in PBS solution 
containing 1% BSA for 30 min followed by a solution of rabbit anti-
limunectin (1:50 dilution) in PBS containing 20% of normal goat 
serum. After 1 h the grids were washed three times in PBS, 5 min 
each, and were placed in PBS-normal goat serum containing goat 
anti-rabbit IgG serum gold conjugate (1:10 dilution) (Auro Probe, 10 
nm gold labeled, Amersham Corp.) for 1 h after which they were 
washed in distilled water and stained by conventional methods with 
uranyl acetate (De May et al., 1981). The sections were analyzed in a 
JEOL-100CX electron microscope with an x8000 magnification. 

Iodination of Limunectin—Limunectin (210 µg) was radiolabeled 
with 1 mCi of carrier-free Na125I (Du Pont-New England Nuclear) 
using lodo-Beads (Pierce) (Markwell, 1982). After 20 min at room 
temperature the free Na125I was removed by passing the reaction 
mixture through a DG-10 column (Pharmacia) in 0.02 M Tris-HC1, 
pH 7.4, containing 2% BSA and collected in tubes containing 0.1% 
BSA. The specific activity of the radiolabeled limunectin was 3 µCi/ 
µg, and when it was analyzed on a SDS-PAGE a single band corre-
sponding to '-50 kDa was obtained. 
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0.05 mM PMSF.  The  homogenate was centrifuged a t  10,000 X g for 
20 min a t  4 "C. To  the  supernatant  ammonium  sulfate was added  to 
40%  saturation followed by centrifugation at  10,000 X g for 20 min. 
After  centrifugation,  ammonium  sulfate was  added to  the  supernatant 
t o  70% saturation.  The  protein  precipitate was  collected  by centrifu- 
gation a t  10,000 X g for 20 min  and dissolved in  10  ml of Buffer I and 
loaded onto a phosphocholine-Sepharose 4B column (1 X 10  cm) 
(Oliveira et al., 1980)  previously equilibrated  with  the Buffer I. The 
column was washed  extensively with  the Buffer I containing 2 M 
NaCl  until  the  absorbance of the  eluent at 280 nm was constant.  The 
proteins were eluted by including 0.1 M phosphocholine chloride in 
Buffer I. 

Alternatively, the  protein was prepared by using  the  same proce- 
dure  as above except that  calcium was eliminated  in  all  the buffers. 
A phosphocholine-Sepharose 4B  column was stripped of calcium by 
passing  through two  column  volumes of 0.1 M EDTA, pH 8.0, then 
equilibrated  with Buffer I without CaC12 before loading a protein 
sample.  For  binding  studies, PC was  removed from  the purified 
limunectin by concentrating 1 ml of protein  to 0.1 ml and  passing 
through a PD-10  Sephadex  column  (Pharmacia). 

SDS-PAGE-Gel electrophoresis was carried  out  in 10% polyacryl- 
amide  and 0.1% SDS according to  Laemmli (1970). Protein  samples 
were denatured  in 0.1% SDS  in  the  presence of 0.1% 0-mercaptoeth- 
anol.  The molecular weight of the  protein was calculated  on  the  basis 
of a linear  relationship of the log of the molecular  weight to  the 
distance  migrated  in  the  SDS gel. 

Zon Spray Mass Spectroscopy-To accurately  determine  the molec- 
ular weight of limunectin,  the purified protein was subjected  to  ion 
spray  mass  spectrometry  using a Sciex Mass Spec., API 111 system 
(Covey, et al., 1988). The reliability of this  method  and  the accuracy 
of the  instrument were affirmed by determining  the molecular  weight 
of a recombinant  human  growth  hormone. The value obtained was 
consistently  within two mass  units of its expected mass of  22,123: 

Amino Acid and Carbohydrate  Analyses-Protein  was  hydrolyzed 
in 4 M methanesulfonic acid  for 90  min at 150 "C  in a hermetically 
sealed capillary tube  (Liu  and Boykins,  1989).  Amino  acid  composi- 
tion was obtained by analyzing  the  sample  on a Beckman 6300 amino 
acid  analyzer  (Spackman, 1967). Carbohydrate  content was deter- 
mined  on a sugar  analyzer  (Boykins  and Liu,  1980). 

Carboxymethylation of Proteins-To determine if limunectin  has 
any free SH-groups,  the  native  protein (1 nmol) was  exposed to  1 &i 
["C]iodoacetate (from  Du  Pont-New  England  Nuclear)  and recrys- 
tallized  unlabeled iodoacetate  (50  nmol)  in  0.1  ml of 0.1 M Tris, pH 
8.5,6 M guanidine  hydrochloride, 1 mM EDTA, at 25 "C  for 1 h under 
nitrogen. The protein was subsequently  separated  from  the  reagents 
by gel filtration  on a Sephadex  G-25  column (1 X 60 cm)  in 10% 
acetic acid, and  aliquots from the  effluent were counted for radioac- 
tivity. 

Generation of Znternal Protein Sequences-Native protein (7-10 
nmol) was subjected to  CNBr cleavage  (100-fold  excess  over the  total 
methionine, 88% HCOOH, 25 "C, 20 h)  (Gross  and  Witkop, 1962) 
and limited  tryptic digestion (1% trypsin, 0.1 M NH4HC03,  pH 8, 
25 "C, 1 2  h) independently  to  generate  peptides for  sequencing.  A 
cyanogen  bromide-cleaved peptide and a tryptic  peptide were purified 
by a combination of gel-permeation  chromatography  on  Sephadex  G- 
50 (1 X 60  cm)  in 10% acetic  acid followed by reverse-phase  chro- 
matography  on a C-18  column  (Bio-Rad 4.6 X 200 mm) as previously 
described (Nguyen  et al., 1986b). The  purifiedpeptides were subjected 
to  automated  Edman  degradation. 

Protein Sequence  Analysis-Automated Edman  degradation was 
carried  out  with a 477A gas-phase microsequencer  (Applied  Biosys- 
tems  Inc.),  connected  to  an  on-line model 120A phenylthiohydantoin 
analyzer. The  amount of protein  or  peptide  applied  to  the  sequencer 
was  determined  from  amino acid analysis of an aliquot of the  protein 
or peptide solution.  This value  was used to  compute  the  absolute yield 
of phenylthiohydantoin  derivatives  in  the  automated  Edman  degra- 
dation. The absolute  and  repeated yields  were in  the  range of  95-97 
and 85-88%, respectively, for the  automated  Edman  degradation. 

Double Diffusion-Double diffusion  was performed  on glass plates 
coated with 1% agarose in  50 mM Tris, pH 7.4, 0.15 M NaCl  in  the 
presence  and  in  the absence of 0.01 M CaC12. 

Polymerase Chain Reaction-Three mixed  oligonucleotides based 
on  the  amino  acids  determined by protein  sequencing were synthe- 
sized with  an Applied  Biosystem DNA  Synthesizer: 3C,  CAA/cAC- 

Ion spray  mass spectroscopy of limunectin was performed  in  the 
laboratory of Drs. W. S. Hancocks and A. Guzzetta of Genentech, 
Inc. 

NGAT/cAAA/cACNGA; l a b ,  GGC/TTTr,/ATCT/CTCG/ATAT/cTT, 
and   2ab ,  TTNCCT/cTTG/AAAG/AAAG/ATA. The mixed  oligonucle- 
otides were used in  pairs (3C and l a b ,  3C and  2a/b) for the polym- 
erase  extension  and amplification. Single-stranded  cDNA  made from 
amebocyte  mRNA was  used as a template. The reaction  mixtures 
were analyzed  on 0.8% agarose gels. Ethidium  bromide-stained  bands 
were  excised from  the gel, and  the  isolated DNA  was  cloned into  pUC 
vectors.  DNA  sequences were determined by the dideoxy-chain ter- 
mination  method  (Sanger  et al., 1977). One of the clones,  3a-4 (1.2 
kilobases in  length  made  from  primers 3C and l a b )  contained most 
of the coding sequence for the  limunectin,  including  three regions of 
the  amino  acid  sequence  determined by protein sequencing. 

Screening  for  Full-length cDNA Coding for Limunectin-A cDNA 
library  made  from  amebocyte  mRNA  and a  genomic  DNA library 
from  Limulus  sperm  DNA were prepared by Clontech using  a Xgt 10 
vector (Huynh et al., 1985). Several overlapping cDNA clones  which 
contained  most of the coding  sequence,  excluding both  the  three 
amino acids at the  NH2  terminus  and  the 5"noncoding sequence, 
were identified  and sequenced. Several  attempts  to screen  for  cDNA 
clones  containing  the  NHp-terminal sequence failed. A  300-base pair 
EcoRI and ClaI fragment was isolated  from  the  5'-end of the  cDNA 
clone and was used to  screen  the genomic DNA library. One of the 
clones was shown  to  contain  the 5"noncoding sequence,  coding 
sequence for  a putative signal peptide,  and  the  entire coding  sequence 
of limunectin. 

Computer  Analysis for Sequence Homology-The FASTA  program 
was used  to  determine  protein  sequence homology between limunectin 
and  other  proteins of known sequences. 

Binding of Limunectin with  Phosphocholine-Purified limunectin 
(0.15-0.2 nmol) was incubated a t  room temperature for 1 h with 2- 
120 pM of ["C]phosphocholine (5 mCi/mM) in 50 mM Tris buffer, 
pH 7.5,  0.15 M NaCl, 0.1% NaNs  in a total volume of 120 pl. For 
nonspecific  binding, 20.8 mM of unlabeled PC (>200-fold  excess)  was 
included in  the  incubation  mixture.  The values of specific binding 
were computed by subtracting  the nonspecific binding  from  the  total 
binding.  A Pharmacia  PD-10  Sephadex column (1 X 5 cm) was used 
to  separate  hound  from free PC.  The  PD-10 column  was first coated 
with 1 ml of a 2% BSA  solution followed by equilibration  with 25 ml 
of 50 mM Tris buffer, pH 7.5, 0.15 M NaCl, 0.1% NaN3. The reaction 
mixture was then loaded on  to  the  column  and  eluted  with  the  same 
buffer. The first 2.5 ml was  discarded and  the  next 2.0 ml were 
collected  for the  radioactivity  counting. 

Preparation  and  Purification of Polyclonal Anti-limunectin  Anti- 
body-Rabbits were initially immunized with a 1:l mixture of purified 
limunectin (300 wg/ml) and  complete  Freund's  adjuvant.  For subse- 
quent  booster  injections  incomplete  Freund's  adjuvant was used. 
Blood  was  collected  2  weeks after  the second  booster  injection. Serum 
from  the  last bleed was used for Western  blot  analysis  without 
purification.  For  immunocytochemistry  studies,  the  antibody was 
purified with a  DEAE-Affi-Gel Blue column (Bio-Rad) according to  
the  manufacturer's protocol. 

Electron Microscopy and Immunocytochemistry-For electron mi- 
croscopy studies  the  Limulus blood  was  collected in  an  equal volume 
of HEPES 0.05 M, pH 7.4, containing 0.1 M N-ethylmaleimide, 0.165 
M NaC1, 0.01 M EDTA,  and 0.1% glutaraldehyde.  Amebocytes were 
pelleted by centrifugation  and  resuspended  in  the  same buffer  where 
they  remained  for 1 h for  fixation.  After washing  several times  in 
PBS,  the cells  were dehydrated,  embedded  in "LR White"  resin  (Ted 
Pella,  Inc.),  and  sectioned  (Newman et al., 1982). The nickel  grids 
containing  the amebocyte sections were placed in PBS solution 
containing 1% BSA for 30 min followed by  a solution of rabbit  anti- 
limunectin (1:50 dilution)  in PBS containing 20%  of normal  goat 
serum.  After 1 h the  grids were  washed three  times  in  PBS, 5  min 
each,  and were placed in  PBS-normal  goat  serum  containing goat 
anti-rabbit IgG serum gold conjugate (1:lO dilution)  (Auro  Probe,  10 
nM gold labeled, Amersham Corp.) for 1 h after which they were 
washed  in  distilled  water  and  stained by conventional  methods  with 
uranyl  acetate  (De  May et al., 1981). The sections were analyzed in a 
JEOL-100CX  electron microscope with an X8000 magnification. 

Zodination of Limunectin-Limunectin  (210  pg) was radiolabeled 
with 1 mCi of carrier-free Nalp51 (Du  Pont-New  England  Nuclear) 
using Iodo-Beads (Pierce)  (Markwell, 1982).  After 20 min a t  room 
temperature  the free  Nalp51  was  removed by passing  the  reaction 
mixture  through a DG-10  column  (Pharmacia)  in 0.02 M Tris-HC1, 
pH 7.4, containing 2% BSA and collected in  tubes  containing 0.1% 
BSA. The specific activity of the radiolabeled limunectin was  3 pCi/ 
pg, and when it was  analyzed on a SDS-PAGE a  single band  corre- 
sponding to  -50 kDa was obtained. 
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Limunectin-Limulus Adhesion Protein 14815 

Binding of 'I -Limunectin to Bacteria and Amebocytes—For the 
binding studies, the overnight cultures of Staphylococcus aureus and 
Escherichia coli were harvested and washed twice in 0.05 M Tris-HCI, 
pH 7.4, 0.15 M NaCl, and 10 mM CaC12 (binding buffer) and resus-
pended in the binding buffer to a final concentration of 2 x 10s cell/ 
ml (Filipssen et al., 1990; Paulsson and Wadstrom, 1990). For for-
malin-fixed S. aureus and Limulus amebocytes, cells were resus-
pended in the binding buffer to an OD€00 = 1.2. Fifty µl of cell 
suspension containing 0.1% of BSA were incubated with 30µl (20,000 
cpm) of "4-limunectin and 20 µl of unlabeled limunectin in different 
concentrations (0-2 µM) for 2 h at room temperature. For inhibition 
studies, inhibitors were added 30 min prior to the addition of '4 -
limunectin. The reaction mixtures were quenched by the addition of 
200 µl of ice-cold binding buffer and centrifuged for 10 min in an 
Eppendorf microcentrifuge. The pellets were washed three times in 
500µl each of PBS, and amounts of the bound radioactive limunectin 
were measured in an LKB gamma counter. 

Binding of ' 2'1- Limunectin to Immobilized Proteins and Heparin—
Binding assays were performed according to Gebb et al. (1986) with 
the exception that a radiolabeled ligand instead of an antibody to the 
ligand was used. Wells of a polyvinyl microtiter plate were coated 
overnight at room temperature with 100µl of solutions containing 10 
µg/m1 of collagens, gelatin, fibronectin, or heparin (Sigma) in 0.1 M 
NaHCO3, pH 9.5. The wells were then washed three times with 0.02 
mM Tris buffer, pH 7.4, and this buffer was used in all subsequent 
steps. Radiolabeled limunectin (10,000 cpm) was added to each well 
and incubated overnight at room temperature. For competition stud-
ies 100-fold excess of unlabeled limunectin was added to the wells 30 
min prior to the addition of radiolabeled limunectin. The unbound 
materials were removed by three washes with the same buffer. The 
wells were counted individually in an LKB gamma counter. 

RESULTS3

Purification of Limunectin—When Limulus amebocyte ly-
sates were passed through a phosphocholine affinity column 
in the presence of Ca", a protein of -50 kDa and two proteins 
of approximately 30 kDa, were selectively adsorbed. In the 
absence of divalent ions, only the 54-kDa protein was selec-
tively retained by the affinity column (Fig. 1). The purified 
54-kDa protein precipitated with pneumococcal C-polysac-
charide and phosphocholine derivative of bovine serum albu-
min (BSA-PC) in a Ca"-independent manner (Fig. 2). 

SDS-PAGE and NH2-terminal residue analysis revealed 
that the newly isolated protein consisted of a single polypep-
tide chain. Ion spray mass spectroscopy analysis indicated 
that the molecular mass for limunectin is 55,323 ± 4 daltons. 
The carbohydrate analysis indicated that the protein is prob-
ably not glycosylated. The protein as a whole is dominated by 
hydrophilic regions and consists of 35.0% non-polar residues, 
42.4% polar residues, 9.8% acidic residues, and 12.8% basic 
residues with a pl of 9.1 as calculated from the pl values of 
individual amino acids. 

Nucleotide and Deduced Amino Acid Sequence of Limunec-
tin—The nucleotide and the deduced amino acid sequence of 
limunectin are shown in Fig. 3. The DNA sequence is derived 
from a genomic clone (full-length) and several cDNA clones 
(base 217 to the 3' -end). The NH2-terminal residues and two 
internal segments of the sequence of limunectin were verified 
by amino acid sequence analyses of the purified protein, a 
CNBr fragment and a tryptic peptide of the molecule, as 
indicated by solid underlines in Fig. 3. In all cases there is 
excellent agreement between the amino acid sequence deter-
mined by protein sequence and the deduced amino acids from 
the DNA sequence. The DNA sequence defines a polypeptide 
of 54,146 daltons which agrees closely with the molecular 

Portions of this paper (including Figs. S-1-S-3 and Tables S-1-
S-3) are presented in miniprint at the end of this paper. Miniprint is 
easily read with the aid of a standard magnifying glass. Full size 
photocopies are included in the microfilm edition of the Journal that 
is available from Waverly Press. 
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36 -

29 - 

a 

FIG. 1. Purification of limunectin. A 10% SDS-PAGE analysis 
of proteins eluted from PC-column. Lane I, limunectin coeluted with 
30-kDa proteins when the PC affinity column was run in the presence 
of Ca' and the adsorbed proteins eluted with PC. Lanes 2-4, limu-
nectin (10 µg, lane 2; 25 µg, lane 3; 50 µg, lane 4) eluted from the PC 
affinity column with PC in the absence of Ca". 

• 
• 
• 

(A) 

(B) 

FIG. 2. Double diffusion of limunectin and C-reactive pro-
tein. Double diffusions were carried out in 1% agarose plates con-
taining 50 mM Tris, pH 7.5, 0.15 M NaCl. Panel A, the agarose plate 
contains 0.01 M CaC12. Center well at left contains C-polysaccharide, 
0.2 mg/ml, 20 µl. Center well at right contains BSA-PC, 1 mg/ml, 20 
µl. Panel B, identical arrangement with panel A except that the 
agarose plate did not contain CaCl2. Samples I and 3, human CRP, 
20 µl (OD28./m1 = 2). Samples 2 and 4, limunectin, 20 µl (0D2a0/m1 
= 2). 

mass determined by ion spray mass spectroscopy, 55,333 
daltons. The gene sequence predicts a leader sequence of 15 
amino acid residues which is absent in the mature protein. 
Further evidence that the deduced amino acid sequence ac-

Limunectin-Limulus Adhesion Protein 14815 

Hinding of "!'I-l,irnunectin lo Bacteria  and Arnehocvles-For the 
hintling studies,  the  overnight  cultures of Staph.ylococcus aurcus and 
Is'scherichia coli were harvested  and  washed twice in 0.05 M Tris-HCI, 
pH 7.4. 0.15 M NaCI, and 1 0  mM CaCI, (hinding huffer) and resus- 
pended in the  hinding huffer to a final concentration of 2 X 10" cell/ 
In1 (Filipssen et al., 1990; Paulsson  and  Wadstrnm, 1990). For for- 
malin-fixed S .  nureus and 1,irnulu.q amehocytes.  cells  were resus- 
pended in the  hinding huffer to  an OD,,x, = 1.2. Fifty pI of cell 
suspension  containing 0.1% of RSA were incuhated with 30 pI (20,000 
cpm) of ""I-limunectin  and 20 p l  of unlaheled  limunectin in different 
concentrations  (0-2 p ~ )  for 2  h a t  room temperature. For inhihition 
studies,  inhihitors were added 30 min  prior  to  the  addition of '"'1- 
limunectin. The reaction  mixtures were quenched hy the  addition of 
200 pI of ice-cold hinding huffer and  centrifuged for 10  min in an 
1Sppendorf microcentrifuge. The pellet,s  were  washed three  times in 
500 p l  each of PHS, and  amounts of the  hound radioactive limunectin 
were measured in an LKI3 gamma  counter. 

Ninding of ""1-1,irnunrctin to Irnrnohilizrd Proteins  and  Hpporin- 
Hinding assays were performed  according to Gehh et al. (1986) with 
the exception that  a radiolaheled  ligand instead of an  antihody  to  the 
ligand was used.  Wells of a polyvinyl microtiter  plate were coated 
overnight  at room temperature  with 100 pl  of solutions Containing  10 
pg/ml of collagens, gelatin,  fihronectin, or heparin  (Sigma) in 0.1 M 
NaHCO:{, pH 9.5. The wells were then washed three  times with 0.02 
mM 'rris huffer, pH 7.4, and  this huffer was used in all suhsequent 
steps. Radiolaheled limunectin (10,000 cpm) was added  to  each well 
and  incuhated  overnight  at room temperature. For competition  stud- 
ies 10O-fold excess of unlaheled limunectin was added to the wells 30 
min  prior  to  the  addition of radiolaheled limunectin. The unhound 
materials were removed hy three  washes with the same huffer. The 
wells were counted individually in an I,KR gamma  counter. 

RESULTS:' 

Purification of Limunectin-When Limulus  amebocyte ly- 
sates were passed  through a phosphocholine  affinity  column 
in  the presence of Ca2+, a protein of -50 kDa  and two proteins 
of approximately 30 kDa, were  selectively adsorbed. In the 
absence of divalent ions, only  the  54-kDa  protein  was selec- 
tively retained by the  affinity  column (Fig. 1). The purified 
54-kDa  protein  precipitated  with pneumococcal C-polysac- 
charide  and  phosphocholine  derivative of bovine serum  albu- 
min  (BSA-PC) in a Ca"-independent manner (Fig. 2). 

SDS-PAGE  and  NH,-terminal residue analysis revealed 
that  the newly isolated protein  consisted of a single  polypep- 
tide  chain. Ion spray  mass  spectroscopy  analysis  indicated 
that  the molecular mass  for  limunectin is 55,323 zk 4 daltons. 
The  carbohydrate  analysis  indicated  that  the  protein is prob- 
ably  not glycosylated. The  protein as a whole is dominated by 
hydrophilic  regions and  consists of 35.0% non-polar residues, 
42.4% polar residues, 9.8% acidic  residues, and 12.8% basic 
residues  with a pI of 9.1 as calculated from the pI values of 
individual amino acids. 

Nucleotide and Deduced Amino Acid Sequence of Limunec- 
tin-The  nucleotide and  the deduced amino acid sequence of 
limunectin  are  shown in Fig. 3. The DNA sequence is derived 
from a genomic clone  (full-length)  and several  cDNA clones 
(base 217 to  the 3"end). The  NH2-terminal residues and  two 
internal  segments of the  sequence of limunectin were verified 
by amino acid sequence  analyses of the purified protein, a 
CNRr  fragment  and a tryptic  peptide of the molecule, as 
indicated by solid underlines in Fig. 3. In all cases  there is 
excellent  agreement between the  amino acid sequence  deter- 
mined by protein  sequence  and  the deduced amino  acids from 
the DNA sequence. The DNA  sequence  defines a polypeptide 
of 54,146 daltons which agrees closely with the molecular 

' Portions of this  paper  (including Figs. S - 1 4 - 3  and  Tables S-l- 
S - 3 )  are  presented in miniprint at  the  end of this paper. Miniprint is 
easily  read  with the aid of a  standard magnifying  glass. Full size 
photocopies are included in  the microfilm edition of the  Journal  that 
is availahle from Waverly Press. 

kDa 1 2 3 4  

66 - 

" - 0  
45 - 
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FIG. 1. Purif icat ion of l imunectin.  A 10''; SI)S-I'A(;F: analysis 
of proteins  eluted from I'('-rolumn. /,ant, I ,  limunertin roeluted w i t h  
:mkr)a proteins when the PC nffinitv column was run in the presence 
of Ca" and  the adsorhecl proteins  eluted with I T .  /,an#,.s 2-4, l imu- 
nectin  (10 pg, lane 2; 25 pg, lnnr :I; .50 pg,  lnnr 4 eluted from the I'C 
affinity  column with I'C in the  ahsencr o f  ('a"'. 

FIG. 2. Douhle diffusion of l imunect in   and ('-rcwctivc. pro- 
tein.  Douhle  diffusions were ca r r id  o u t  in 1'; ;tgarnw platc'q con- 
taining  50 mM Tris,  pH 7.5, 0.1.5 M N d ' I .  / 'and/\ ,  the ngnrone plate 
contains 0.01 M CaCI:,. Center well at left contains C.poly.;nrrharide, 
0.2 mg/ml. 20 p l .  Center well at right contains HSA- IY ' ,  1 mg/ml. 20 
p l .  I'nnel H ,  identical arrangement with pond A except that  the 
agarose  plate did  not contain Ca('I!. Snrnplr-s 1 and .'{, human ( * R I ' ,  
20 p1 (OD,,,/ml = 2) .  Sarnplr*.s 2 and 4 .  limunrctin, 20 pI ~ O f ) ~ w , / m l  
= 2). 

mass  determined bv ion sprav mass  spectroscopy, 55,333 
daltons.  The gene sequence  predicts a  leader  sequence of 1.5 
amino acid  residues  which is absent in the  mature protein. 
Further evidence that  the deduced amino acid sequence ac- 
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14816 Limunectin-Limulus Adhesion Protein 

1 CA6CCTCTAAAAACCATAGAGCMATTIAATG17371TTTAAATITCTITGCAGACTA.AIAIACACAITTGT17GAATTOCT2N2770 
91 ACTT2C779‘770172C2CITTTNITCA27CAG79,1,77MTP7717711.82902GAT7TAGGWCAT727,81kAGGA,L,TOGACTITTCTT27, 

II 11 T r L L -9 
181 GTOGCCATT, CCAAATCTCTACCTGTCAAGIVAG7TAGACOGACAAGACOGACCTCCATTCGACMG.TCCAAATACTCCACTCCATA 

✓ A 2 L Q I S '2 Ct, V S OSDIT• LH S T GEE I LQ S ,  21 
271 '77TCCATCANITGATGCAGTG1TTAAATGG7.0.1.7VGAG2CACATATAITT2CAAAGGC7r7.2G7TATTMCGCMCGAACACAAAACG 

I P S , D A S P K VI S N C V T Y I I, I( C S C ! P R Y 8 13 I( T 51 
361 AACGAGNITTCAAATTGCAGACGATIATC.CATOGGGTGGGCTAACIGGACCAGTGGATCCCCTNITICOCTGCCGCAATGGAGTAACA 

14 E I S N C II II L S A VI G G LSG P V D A V P R W li N G VT 81 
451 TAITTPITCCAGOCCGATTGITATTACAGNTATGAGGACIAPACTGACGAAATATCAAAK2GCACTCCAG299SCAGCGTGOGGAGGAN2G 

Y P F QC D C V I R Y B O T D I I S X C S P V T AM C II 111 
541 ACTGGACCAGTTGATGCTOTGITTCGCTGGAGTAATGGAATTACATACTTCTTCAAAGAAGACTGTTACMCCOTTACGAACATMKGAT 

T G P V 0 A V F 10 10 S N G I T I F P K E DMIR Y E LI I< 0 101 
631 .29 ,11.AATATC26.7.GCACTCCAATMC7GCTI`GGGCTAAAN2GACTOGACCAIC2CGATCC2GTATTTCGCTOGAGTAN2GrACTCACG 

N I< I S K C T P I T A II G K II TG P I D A V P A 01 S N G V 7' 171 
721 TACITC772CAMAGAGACTGTTACITCCGGTKIVAAGACAAACC,MOGAGATATCTAAAIGTAGAGCAATAGCTTTATGOGGAGCGAGT 

• F P K R D C 7 1, 11 1' 6 0 K P 14 e I MCA ,. I A LNG A S 701 
611 AGSTACCAACCACTAGATCCrT2G2STCGATGGAATGIV7GGAGTCACK77,722T7TAAAGGATTITTITATTACCACAATGATCTCAAA 

8 Y Q P L O R I F 2( 9I N O GIT T F P K G P < y y H M O 1. K 231 
901 A.A.IMTAAGCCAPTTTCGOCTIC.C.GGAGGGAITAGTMCC1.011,GTGCCOTATTOCTOTOGARMATAAGGAGACATACTITITTGAA 

K C !, P I S A NGG I S I( P VSA V L L II N H K E TV 10 P E 261 
991 GOAAAATO17211TCACAGITATGAGGCCAAAAATAATAGTAITTCAAAGTGTATACCAATP2C2ACGTGGOCCAAAAAAAITAGAGT2GTI. 

• C Y !I S Y E 0, K fI N S 1 8 1 C I P I S S ,' A KE I RVV  291 
1081 GATOCTGSA7172C0172.6GCMCGCCATCACICACTTCTITAAGGGILAAMGITACTIICCGGTATGAGGATAAAACTAA7.6.71`GTCA 

D A V P R N 5 II G I S T X e NC ), 2 R Y E D K T N I0 L S 321 
1171 CAGTGTAGTCCAGITACTGAATGGGGAGCAATCACTCCACCAG7GCATGCACTATIT CCerGOACTAATGGACC CACTTACTITTTC CAC 

Q C S P V 7' C 7I G G MT G P V D A V F RWR N G AT Y P F P 351 
1261 GGAILACTOCTAITACCGATACONTGACMAAATAACAAGITC7CACAATGTAGTVCAGITACTCCATCCGGAGGAATGACMGACCAGTG 

G N C Y Y 6 '0 0 0 % 9 6 6 C S I C S P VT A N G G I0 T G 381 
1)51 GATGCAGTAITTCGC2GGAGTANTGGAGCCACTTACT7CITCCAGGCAAACTGITATTACCOATACCATGACAAMATAACAAGTTC7CA 

O A V P R N 5 11 G A l' 2 8 10 8 C N C 1, Y R Y 0 0 MN ], I. 5 411 
1441 CAATOTAGITCAGITACTOCATOGGGAGOILIaGACCGGACCAGT2GATGCTOTATT2CGCMGAGIAATGCACCCACTTACTI,C7CAAG 

Q C S P V T A N S G M T G P VD A V P RW S N G ATV F P X 041 
1531 GAAGA TTGCTA CATGAAGTACGAGGACAUCCC CAAAAACTCTCTGGITO ThATCCAATTTCTGCTTGOGGAGGAGGAATAT AC1. 

E D C Y M 6  T N O It 1. 0 K L S C C ,' P I Q A M G A G I Y 469 
1618 TITTTMCCATAGAAGAAAAAACTGAAGOTACTTOCAGT2CTAGAAGATAACATCAGTCACTGOAATTATTCAGAILTOCCGTTATATTA 
1708 ArrAATC72CITITTCTITTATT.S.CCTGITGATTTCTATCACTC.CATMAATATAAAAATATIIIATATPrcrwurcrGTACTTGATO 
1798 A TGITATArIT7TATGITAAG2GATGTGAGAGITTGTTTACCITAACCAGAGMCAAGATC CAAATTATCPACTOGA 2'2211.AAGT1,20.2 
1888 TAATAAATAGCITAAGAACCIATANITTAA207CTATAATAATAAAT.I.TTCCACATTTTGTGTATTITITAAGTMTATGITOCTATA 
1978 '7 ACCAANTAAAAATTOPAG ATAAAGGAATATATATATCATILAAMATC7,01,20CTCITTC6.6.8.8.1.82, 

FIG. 3. Nucleotide sequence of the gene and the deduced 
amino acid sequence of limunectin. The DNA sequence is derived 
from a genomic clone and several cDNA clones (base 217 to the end). 
The arrow indicates the possible cleavage site for the signal sequence 
and leaves E as the NIL-terminal amino acid which was confirmed 
by Edman degradation of the mature protein. The TATA box (TA-
TATAT), the initiation codon (ATG), and the termination codon 
(TAA) are underlined. Also underlined are the matching sequences 
of amino acids determined by Edman degradation of the native 
protein, a CNBr fragment, and a tryptic peptide with the exception 
of 1/2 cystine residues which can not be determined by Edman degra-
gation method. Sequences in bold are regions to which oligonucleo-
tides were synthesized as primers for the polymerase chain reaction. 
Numbers on the left indicate nucleotide numbers; numbers on the 
right indicate amino acid residue numbers. 

TABLE I 

Amino acid composition of limunectin 

Amino acid Predicted' Found° 

Asp+Asn 55 52.0 
Thr 29 26.2 
Ser 35 30.5 
Glu+Gln 28 27.5 
Pro 19 18.9 
Gly 41 41.3 
Ala 25 25.0 
1/2 Cys 20 18.8' 
Val 27 25.0 
Met 7 6.3' 
Ile 21 19.5 
Leu 13 12.6 
Tyr 37 31.8 
Phe 32 27.5 
Lys 36 35.5 
His 3 3.1 
Arg 21 20.7 
Trp 20 16.4 

Predicted values were derived from amino acid sequence deduced 
from limunectin gene sequence. 

Hydrolysis performed at 150 °C for 90 min in a microcapillary 
tube in 4 M methanesulfonic acid containing 0.2% tryptamine. Values 
were average of three analyses. Correction values used for Thr and 
Ser were 90 and 85%, respectively. 

Half Cys and Met were determined as cysteic acid and methionine 
sulfone, respectively, after performic acid oxidation. 

counts for the complete amino acid sequence was obtained by 
compositional analysis of the isolated protein. The agreement 
between the cDNA predicted number of each amino acid and 
the values found by amino acid analysis is excellent (Table 
I). The genomic DNA clone contains the noncoding se-
quences, the signal peptide, and the entire coding region for 
10 repeating segments. There is no intron in the coding region 
of the limunectin gene. 

Internal Homology and Homology with Other Proteins—

The sequence of limunectin revealed 10 contiguous segments 
of about 45 amino acids, all homologous to each other (Fig. 
4). The percent similarity calculated by comparing amino 
acids in each of the 10 segments with those of the consensus 
sequence, allowing the substitution of similar amino acids, 
ranges from 56 to 98%. Domain 8 and 9 are identical in their 
amino acid sequences. Moreover, each of the 10 domains 
contains a pair of cysteines that are spaced 13 amino acids 
apart, with the exception of domain 5 in which the pair of 
cysteines are eight amino acids apart. Because limunectin 
consists of a single-chain polypeptide and there are no free 
SH groups in the molecule as indicated by the absence of 
carboxymethylation of denatured protein with [14C]iodoace-
tate, each pair of cysteines within each homologous segment 
probably forms an intrachain disulfide loop. In support of this 
proposal, domains 1, 2, 3, 8, 9, and 10 can be readily separated 
as CNBr fragments of the native protein by reverse-phase 
HPLC (on a C-18 column) as individual domains not linked 
to other domains by disulfide bonds (data not shown). There 
are 11 residues that are conserved in all 10 domains (Fig. 4) 

The deduced amino acid sequence was compared with all 
other proteins in the GenBank. While no appreciable homol-
ogous sequences were found, some limited similarities to 
vitronectin, gelatinase, and collagenase were detected (Fig. 5). 
The % identities between the consensus sequence of limunec-
tin and residues 207-233 of vitronectin, residues 539-582 of 
gelatinase, and residues 427-464 of collagenase are 52, 44, and 
39, respectively. Also worth noting is that limunectin does 
not contain a R-G-D sequence involved in the cell-binding 

Reeidue8 Uknoology 

EVSQTDKTEL HSTGMEILQS IFPS (1-24) 

(1) IDAVFKWSNG VTYIFKGSCY FRYEDKTNEI SNLIRISAWG CLAW (25-69) 91 

(2) VDAVFRWRNG VTYFFQGDGY YRYEDKTDEI SKCSPVTAWG ONTO? (70-114) 93 

(3) VDAVFRWSNG ITYFFKEDGY YRYEDKDNKI SKCTPITAWG KMTOP (115-159) 96 

(4) IDAVFRWSNG VTYFFKRDCY FRYEDKPNEI SKCRAIALWG ASSYQP (160-205) 85 

(5) LDAVFRWNDG VTIFFKGFCY YHNDLK---- -KCKPISAWG GISKP (206-245) 76 

(6) VSAVLIWUNK ETYFFEGKL HSYEAKNNSI SKCIPISTWA KKIRV (246-290) 56 

(7) VDAVFRWSNG ITYFFKGNCY YRYEOKTNI, SQCSPVTEWG GMTGP (291-335) 98 

(8) VDAVFRWSNG ATIFFOGNCY YRYDDKNNKL SQLPVTAWG GMTGP (336-380) 98 

(9) VDAVFRWSNG ATIFFOGNGY YRYDDKUNKL SQCSPVTAWG ONTO? (381-425) 98 

(10)VDAVFRWSNG ATYFFKEDCY MKIEDKPQKL SGCNPISAWG GGIY (426-469) 82 

(c) vdAVirWang vTYfFkgdCY yryedKtnki skCspitaWg gmtgp 

FIG. 4. Internal homology of limunectin indicating 10 con-
secutive repeating segments of 45 amino acids 1-10. c is a 
consensus sequence constructed from the repeating units by selecting 
amino acids that appear most frequently (used three to nine times) 
at each position; capital letters designate those amino acids which 
appear in all 10 segments. The homology is calculated by comparing 
amino acids in each of the 10 segments with those of the consensus 
sequence allowing the substitution of similar amino acids. The pre-
sumptive disulfide bonds connecting cysteines are indicated. 

(8) 

(C) 

Limunectin VDAVFRW--SNGITYFFKGDCYYRYED 

1 1 11 1 1 ' 1 ' 1 1 
Vitronectin IGAAFTRINCQGKTYLFKGNQYWRFED 

207 233 

Limunectin VDAVFRWSNG-ITYFFKGDCYYRYEDKTNKISKCSP---ITAW 

1 1 1111 1 1 1 1 1 
Gelatinase VDAAFNWSKNKKTYIFAGDKFURYNEVEKKMDPGFPKLIADAW 

539 582 

Limunectin VDAVERWSNGVTYFFKGDCYYRYEDKTNEISKCSPITAW 

o i l, l i l t 
COllagenaSe VDAVFM-IDGFFYFFHGTRQYKFDPKTKRILTIANANSW 

427 464 

%Identity %Homology 

52 80 

44 69 

39 59 

FIG. 5. Sequence comparison between limunectin versus vi-
tronectin (human) (A), limunectin versus gelatinase (human) 
(B), and limunectin versus collagenase (human) (C). I indi-
cates identical sequences; • indicates similar sequences. The consen-
sus sequence (see Fig. 4) of limunectin was used for comparison. 
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The sequence of limunectin revealed 10 contiguous segments 
of about 45 amino acids, all homologous to each other (Fig. 
4). The percent similarity calculated by comparing amino 
acids in each of the 10 segments with those of the consensus 
sequence, allowing the substitution of similar amino acids, 
ranges from 56 to 98%. Domain 8 and 9 are identical in their 
amino acid sequences. Moreover, each of the 10 domains 
contains a pair of cysteines that are spaced 13 amino acids 
apart, with the exception of domain 5 in which the pair of 
cysteines are eight amino acids apart. Because limunectin 
consists of a single-chain polypeptide and there are no free 
SH groups in the molecule as indicated by the absence of 
carboxymethylation of denatured protein with [‘4C]iodoace- 
tate, each pair of cysteines within each homologous segment 
probably forms an intrachain disulfide loop. In support of this 
proposal, domains 1,2,3,&g, and 10 can be readily separated 
as CNBr fragments of the native protein by reverse-phase 
HPLC (on a C-18 column) as individual domains not linked 
to other domains by disulfide bonds (data not shown). There 
are 11 residues that are conserved in all 10 domains (Fig. 4) 

The deduced amino acid sequence was compared with all 
other proteins in the GenBank. While no appreciable homol- 
ogous sequences were found, some limited similarities to 
vitronectin, gelatinase, and collagenase were detected (Fig. 5). 
The % identities between the consensus sequence of limunec- 
tin and residues 207-233 of vitronectin, residues 539-582 of 
gelatinase, and residues 427-464 of collagenase are 52,44, and 
39, respectively. Also worth noting is that limunectin does 
not contain a R-G-D sequence involved in the cell-binding 

ResiauaX ~Homolcqy 
eYS*TDKTEL “STGMElLQS IFPS (l-21) I I (1, IDAYFKWSNC “TYlFKGSCY PRYEDKTNEI SNCRRL.sA”WG GLTCP (25-69) 91 

(2, YDAVFRWRNG VTYFFQGDCYYRYEDKTDEISWTAWG CMTTCP (70-114) 93 I I (3) “DAVFRWSNG ITYPFKEDCY YRYEOKDNKl SKCTPITAWG KWTCP (115-159) 96 
,I) IDAVPRWSNG vTYFFmDrlAI*L.wG ASSYQP (160-205) 85 
(5, LDAYFRWNDG WYFFKGPcYYHNDLK-----KrKPIS*wLWC GISKP (206-215) 76 
(6, “SAVLLWNNK ETYFFEGKC-*P*STWli KKIR” (216-290, 56 
17) YD*“FRWSNG ITYFFKCNCYYRYEDKTNKLFWEUC CMTCP (291-335, 98 I I (8) “D*“mWSNG ATYPIPGNCY YRYDDKNNKL ?,QcsPvT*wG GMTTGP (336-380) 98 
(91 “DAYFRWSNG *\TYFFPGNcYYRYDDKNNKLPvT*l?G GMTCP (381425) 98 I 1 ~10,“D*“FRWSNG ATYPFKEDCY MKYEDKEQKL SGCNP*S*WG GGIY (426-169) 82 ---_____________________________________----~-------- 

I 1 CC) Yd*“frWS”9 VTYfFkcJdCY yryadKt”ki BkCspitaWg qmtgp 
FIG. 4. Internal homology of limunectin indicating 10 con- 

secutive repeating segments of 45 amino acids Z-IO. c is a 
consensus sequence constructed from the repeating units by selecting 
amino acids that appear most frequently (used three to nine times) 
at each position; capital letters designate those amino acids which 
appear in all 10 segments. The homology is calculated by comparing 
amino acids in each of the 10 segments with those of the consensus 
sequence allowing the substitution of similar amino acids. The pre- 
sumptive disulfide bonds connecting cysteines are indicated. 

Lirnunectin “DAVFRWSWGVTYF~KGDCYYRYEDKTNEISKCSPlTAW 
CC) I,,,, .I.,/,., ,...I!.; ; I/II, collagenare VOAVFn-K$FPP~kHbTRQaKFDPKTI(RILT~KANSW 

39 59 
127 161 

FIG. 5. Sequence comparison between limunectin versus vi- 
tronectin (human) (A), limunectin versus gelatinase (human) 
(B), and limunectin versus collagenase (human) (C). 1 indi- 
cates identical sequences; . indicates similar sequences. The consen- 
sus sequence (see Fig. 4) of limunectin was used for comparison. 
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activity of vitronectin or fibronectin and von Willebrand 
factor (Ruoslahti, 1988) 

Binding Properties of Limunectin with Phosphocholine—
The binding of radiolabeled PC to limunectin was determined 
by a Scatchard analysis (Fig. 6). The results indicate that the 
binding is specific and saturable. The binding of limunectin 
to radiolabeled PC was effectively displaced by a 200-fold 
excess of the unlabeled PC. The stoichiometry of limunectin-
PC interaction at pH 7.4 was estimated to be approximately 
2 PC bound/protein at four different protein concentrations 
with an average Kd = 4 x 10' M. The binding of limunectin 
to pneumococcal C-polysaccharide, a PC containing cell wall 
polysaccharide of bacteria and BSA-PC are illustrated by 
double diffusion analysis (Fig. 2). 

Cellular Localization—Polyclonal antibody used in this 
study is reactive only to the limunectin as shown by Western 
blot analysis of both purified limunectin and Limulus ame-
bocyte lysate. Immunocytochemical analysis revealed that 
limunectin is localized in the secretory granules of the ame-
bocytes and is absent from the nucleus and other cytoplasmic 
structures (Fig. 7). 

Adhesion-promoting Properties of Limunectin—Since lim-
ited sequence homologies were found to exist between limu-
nectin, vitronectin, gelatinase, and collagenase (Fig. 5), a 
number of binding studies were carried out to test the adhe-
sion properties of limunectin. Bacterial cells, gelatin, collagen, 
and heparin which are known to bind specifically to vitronec-
tin were used for binding to radiolabeled limunectin. Fibro-
nectin was also used to test the binding specificity of limu-
nectin. 

Adhesion to Bacteria and Amebocytes—Fig. 8 shows the 
binding of 19 -limunectin to S. aureus, E. coli, and formalin-
fixed S. aureus and amebocytes. The binding was displaced 
by the addition of unlabeled limunectin. The ID5c, for the 
bindings as calculated from these data is approximately 10' 
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FIG. 6. Specific binding of "C-radiolabeled phosphocholine 
to limunectin. The binding reactions were carried out in the pres-
ence of >200-fold excess of unlabeled PC (nonspecific binding) and 
in the absence of unlabeled PC (total binding). Substracting the 
nonspecific binding from the total binding, a saturation curve of 
specific binding of PC to limunectin was obtained. The insert is a 
Scatchard plot which gives a Kd of 4 x 10' M. 

FIG. 7. Electronmicrograph of Limulus amebocytes with 
immunogold staining. The first antibody used was an affinity 
purified rabbit anti-limunectin, and the second antibody was a gold-
labeled rabbit anti-IgG. A large number of granules with gold particle 
staining are visible. Magnification, x8000. 
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FIG. 8. Competition studies of limunectin to live (ID), for-
malin-fixed (•) S. aureus, E. coli (O), and formalin-fixed 
amebocytes (A). 'I -Limunectin (20,000 cpm) was added to 50µl of 
l0R cells/ml with increasing amounts of unlabeled limunectin in the 
range of 0-2 µM. 

M. Binding was not altered by formalin fixation when com-
paring live or formalin-fixed S. aureus cells. When PC was 
used to compete for the binding of limunectin to S. aureus, a 
high concentration was needed with an ID,0 of 18 mm. Other 
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substances tested (heparin, glucosamine, and lipopolysaccha-
ride) were ineffective as inhibitors. 

Binding of 125I-Limunectin to Immobilized Proteins and 
Heparin—Table II shows the maximal binding as well as 
specific binding of limunectin to several types of collagen 
(native and heat denatured), gelatin, heparin, and fibronectin. 
Limunectin bound to all types of collagen tested; heat dena-
turation did not affect the binding significantly. The binding 
of 19 -limunectin to collagen, gelatin, fibronectin, and heparin 
was displaced by the addition of 100-fold excess unlabeled 
limunectin. The result indicates that the binding activity of 
limunectin is not restricted to gelatin and collagens, and it 
also binds specifically to other matrix adhesion proteins like 
fibronectin. 

DISCUSSION 

A 54-kDa protein has been purified from a soluble extract 
of Limulus amebocytes by phosphocholine affinity chroma-
tography. The protein is found mainly in the secretory gran-
ules of the amebocytes as revealed by immunocytochemistry 
(Fig. 7). 

Based on the amino acid sequence deduced from the gene 
sequence, the protein is probably synthesized in a precursor 
form with a leader sequence of 15 amino acids that are 
essentially hydrophobic in nature (Fig. 3). The deduced pro-
tein sequence consists of 469 amino acid residues correspond-
ing to a molecular mass of 54,146 Da which is 1,187 Da less 
than that determined by ion spray mass spectroscopy. This 
small discrepancy could derive from an as yet unidentified 
post-translational modification. Even though there is one 
possible N-glycosylation site in the amino acid sequence (res-
idue 273), sugars were not detected in the carbohydrate analy-
sis. Due to the sensitivity of our carbohydrate determination, 
the possibility for a small carbohydrate chain attached to 
limunectin cannot be excluded. 

It is important to point out that a genomic clone isolated 
from the genomic DNA library contains the coding sequence 
for the entire limunectin (10 repeats) without any intervening 
sequence. One of the cDNA clones initially isolated, 3A4, 
contains, however, only nine repeats. Five additional cDNA 

TABLE II 
Binding of 1251-limunectin to collagen, gelatin, heparin, and 

fibronectin 
The binding was carried out with 100 Al of the test compound (10 

µg/ml) and 10,000 cpm of '"I-limunectin in the presence and in the 
absence of unlabeled limunectin. 

Compound 
'"I-limunectin bound 

Total Specific° 

Collagen 
Type I (native) 5506 

cpm. 

1959 
Type I (denatured) 4120 2708 
Type III (native) 9310 5749 
Type III (denatured) 8160 3721 
Type IV (native) 7505 3506 
Type IV (denatured) 6855 3783 
Type V (native) 5719 2915 
Type V (denatured) 6736 3129 

Gelatin 4949 3652 
Heparin 3503 3367 
Fibronectin 4196 2289 
Control' 1595 0 

° Specific binding was calculated by subtracting the nonspecific 
binding (with 100-fold molar excess of unlabeled limunectin) from 
the total binding. The values were the average of three determina-
tions. 

As a control, the wells received only the binding buffer. 

clones subsequently isolated all contain 10 repeats. The extra 
repeat was located between segment 8 and 9 of clone 3A4 and 
contains coding sequence for 45 amino acids identical to 
segment 8 with only two silent base substitutions in the DNA 
sequence (Fig. 4). Due to the homologous repeating segments 
in limunectin, distinguishing a protein with nine or 10 repeats 
is difficult based on either total amino acid analysis or partial 
sequence analysis. An accurate molecular weight determina-
tion could, however, provide the distinction. A sample of 
purified limunectin was therefore, subjected to ion spray mass 
spectrometric analysis (Covey et al., 1988) and resulted in a 
molecular weight of 55,333 ± 4. The result strongly favors the 
suggestion that limunectin consists of 10 rather than nine 
repeats. The origin of clone 3A4 is not clear. It might have 
come from an unusual splicing mechanism or more likely from 
an artifact in the polymerase chain reaction used to generate 
the cDNA clones. 

In gel filtration studies (Superose 12, Pharmacia, 1 X 30 
cm) carried out in high salt (0.1 rin Tris, pH 7.6, containing 
1.0 M KC1), the protein elutes in a position corresponding to 
an apparent molecular mass of 12,000 daltons (data not 
shown) which is considerably smaller than its actual size. The 
reason for this anomalous behavior is unknown but may be 
related to the compact structure imposed by the 10 disulfide 
linkages or to lectin-like properties, e.g. affinity for the aga-
rose gel matrix. 

The most striking feature of the molecule, as revealed by 
sequence analysis, is the repeated homologous segments. With 
the exception of 25 amino acids at the NH2 terminus, the rest 
of the molecule consists of 10 contiguous segments of about 
45 amino acids that share extensive homology. Within each 
repeat, there is a pair of cysteines that are equally spaced and 
11 amino acid residues that are absolutely conserved. The 
homology between each of the 10 domains and the consensus 
domain is shown in Fig. 4. In summary, six domains share 
over 90% homology, two exibit over 80% homology, and the 
remaining two over 70 and 50% homology, respectively. The 
alignment of repeated internally homologous segments is rem-
iniscent of the Ig superfamily of proteins including the N-cell 
adhesion molecule polypeptides (Cunningham et al., 1987) 
where five internally homologous segments are found to be 
aligned contiguously in the molecule. These proteins serve, 
among other functions, as mediators of cell-cell interaction. 
Another group of adhesion proteins, regulators of comple-
ments activation, are also known to contain a variable number 
(4-30) of internal repeats corresponding to the consensus 
sequence of complement regulatory proteins (Hourcade et al., 
1989). A granular membrane protein isolated from platelets 
and endothelial cells belongs to this family and contains nine 
homologous repeats and six functional domains (Johnston et 
al., 1989). 

A limited sequence homology was observed between the 
consensus sequence (Fig. 4) of limunectin and a region of 
vitronectin (residues 207-233, 52% identity, 80% homology, 
Fig. 5) (Suzuki et al., 1985). Such homology becomes more 
significant when one considers the fact that these sequences 
are repeated 10 times in the Limulus protein. This finding 
was the basis of our investigation into the possible functional 
similarities between the two proteins regarding their binding 
specificities to the cell surface, collagen and to heparin, which 
are common properties among several adhesion molecules. An 
R-G-D sequence present in a number of vertebrate and inver-
tebrate proteins has been shown, at least in some cases, to 
confer the ability to interact with specific receptors on the 
cell surface designated as integrins (Ruoslahti, 1988). Such a 
sequence was not found in limunectin. Even though limunec-
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substances  tested  (heparin, glucosamine, and lipopolysaccha- 
ride) were ineffective as inhibitors. 

Binding of '251-Limunectin to Immobilized Proteins and 
Heparin-Table I1 shows the maximal binding as well as 
specific binding of limunectin to several types of collagen 
(native  and  heat  denatured), gelatin, heparin, and fibronectin. 
Limunectin bound to all types of collagen tested; heat  dena- 
turation did not affect the binding significantly. The binding 
of 1251-limunectin to collagen, gelatin, fibronectin, and heparin 
was displaced by the addition of 100-fold excess unlabeled 
limunectin. The result indicates that  the binding activity of 
limunectin is not  restricted to gelatin and collagens, and  it 
also binds specifically to  other matrix adhesion proteins like 
fibronectin. 

DISCUSSION 

A 54-kDa protein has been purified from a soluble extract 
of Limulus amebocytes by phosphocholine affinity  chroma- 
tography. The protein is found mainly in  the secretory gran- 
ules of the amebocytes as revealed by immunocytochemistry 
(Fig. 7). 

Based on the amino acid sequence deduced from the gene 
sequence, the protein is probably synthesized in  a precursor 
form with a leader sequence of 15 amino acids that  are 
essentially hydrophobic in nature (Fig. 3). The deduced pro- 
tein sequence consists of 469 amino acid residues correspond- 
ing to a molecular mass of 54,146 Da which is 1,187 Da less 
than  that determined by ion spray mass spectroscopy. This 
small discrepancy could derive from an as yet unidentified 
post-translational modification. Even though there is one 
possible N-glycosylation site  in the amino acid sequence (res- 
idue 273), sugars were not detected in the carbohydrate  analy- 
sis. Due to  the sensitivity of our  carbohydrate  determination, 
the possibility for a small carbohydrate  chain  attached to 
limunectin cannot be  excluded. 

It is important to point  out that a genomic clone isolated 
from the genomic  DNA library contains the coding sequence 
for the entire limunectin (10 repeats)  without  any  intervening 
sequence. One of the cDNA clones initially isolated, 3A4, 
contains, however, only nine repeats. Five additional cDNA 

TABLE I1 
Binding of 'Z51-limunectin to  collagen, gelatin, heparin, and 

fibronectin 
The binding was  carried out with 100 p1 of the test compound (10 

pg/ml) and 10,000 cpm  of '251-limunectin in  the presence and in the 
absence of unlabeled limunectin. 

'251-limunectin bound 

Total Specific" 
Compound 

cpm 
Collagen 

Type I (native) 5506 1959 
Type I (denatured) 4120 2708 
Type I11 (native) 9310 5749 
Type 111 (denatured) 8160 3721 
Type IV (native) 7505 3506 
Type IV (denatured) 6855 3783 
Type V (native) 5719 2915 
Type V (denatured) 6736 3129 

Gelatin 4949 3652 
Heparin 3503 3367 
Fibronectin 4196 2289 
Controlb 1595 0 

"Specific binding was calculated by subtracting the nonspecific 
binding (with 100-fold molar excess of unlabeled limunectin) from 
the total binding. The values were the average of three determina- 
tions. 

As a control, the wells received only the binding buffer. 

clones subsequently isolated all  contain 10 repeats. The  extra 
repeat was located between segment 8 and  9 of clone 3A4 and 
contains coding sequence for 45 amino acids identical to 
segment 8 with only two silent base substitutions in the DNA 
sequence (Fig. 4). Due to  the homologous repeating segments 
in limunectin, distinguishing a  protein with nine  or 10 repeats 
is difficult based on either  total amino acid analysis or  partial 
sequence analysis. An accurate molecular weight determina- 
tion could, however, provide the distinction. A sample of 
purified limunectin was therefore, subjected to ion spray mass 
spectrometric analysis (Covey et al., 1988) and resulted in a 
molecular weight of 55,333 f 4. The result strongly favors the 
suggestion that limunectin consists of 10 rather  than nine 
repeats. The origin of clone 3A4 is not clear. It might have 
come from an unusual splicing mechanism or more  likely from 
an artifact in the polymerase chain reaction used to generate 
the cDNA  clones. 

In gel filtration  studies (Superose 12, Pharmacia, 1 X 30 
cm) carried out in high salt (0.1 M Tris,  pH 7.6, containing 
1.0 M KCl), the protein  elutes  in  a position corresponding to 
an  apparent molecular mass of 12,000 daltons  (data  not 
shown) which is considerably smaller than  its actual size. The 
reason for this anomalous behavior is unknown but may be 
related to  the compact structure imposed by the 10 disulfide 
linkages or to lectin-like properties, e.g. affinity for the aga- 
rose gel matrix. 

The most striking  feature of the molecule, as revealed by 
sequence analysis, is the repeated homologous segments. With 
the exception of 25 amino acids at  the  NH2 terminus, the rest 
of the molecule consists of 10 contiguous segments of about 
45 amino acids that  share extensive homology. Within each 
repeat,  there is a  pair of cysteines that  are equally spaced and 
11 amino acid residues that  are absolutely conserved. The 
homology between each of the 10 domains  and the consensus 
domain is shown in Fig. 4. In summary, six domains share 
over 90% homology, two exibit over 80% homology, and  the 
remaining two over 70 and 50% homology, respectively. The 
alignment of repeated internally homologous segments is rem- 
iniscent of the Ig superfamily of proteins including the N-cell 
adhesion molecule polypeptides (Cunningham et al., 1987) 
where five internally homologous segments are found to be 
aligned contiguously in the molecule. These  proteins serve, 
among other functions, as mediators of cell-cell interaction. 
Another group of adhesion proteins, regulators of comple- 
ments  activation,  are also known to contain  a variable number 
(4-30) of internal  repeats corresponding to  the consensus 
sequence of complement regulatory proteins (Hourcade et al., 
1989). A granular membrane protein isolated from platelets 
and endothelial cells belongs to  this family and contains  nine 
homologous repeats and six functional domains (Johnston et 
al., 1989). 

A limited sequence homology  was observed between the 
consensus sequence (Fig. 4) of limunectin and  a region of 
vitronectin (residues 207-233, 52% identity, 80% homology, 
Fig. 5) (Suzuki et al., 1985). Such homology  becomes  more 
significant when one considers the fact that these sequences 
are repeated 10 times  in the Limulus protein. This finding 
was the basis of our investigation into  the possible functional 
similarities between the two proteins regarding their binding 
specificities to  the cell surface, collagen and  to heparin, which 
are common properties among several adhesion molecules. An 
R-G-D sequence present  in  a number of vertebrate  and inver- 
tebrate  proteins  has been shown, at least  in some cases, to 
confer the ability to interact with specific receptors on the 
cell surface designated as  integrins  (Ruoslahti, 1988). Such a 
sequence was not  found  in limunectin. Even though limunec- 
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tin and vitronectin both bind to S. aureus, collagen, and 
heparin, the specific mechanisms may be different. In fact, 
the region of sequence similarity between both molecules 
comprises a segment in vitronectin that does not correspond 
to the reported binding sites for heparin (Suzuki et al., 1984) 
and collagen (Izumi et al., 1988). Furthermore, in competition 
studies of binding to both S. aureus and amebocytes, we found 
that neither heparin nor sugars inhibited the limunectin 
binding activity, while PC was effective but only at high 
concentrations (ID50 = 18 mm). 

Additional information from the sequence homology search 
in the protein sequence bank demonstrated that the consensus 
sequence of limunectin that is homologous with vitronectin 
also shares homology with gelatinase (residues 539-582) and 
with collagenase (residues 427-464) (Fig. 5). The natural 
substrate for collagenase is collagen and for gelatinase is 
gelatin (collagen IV). Vitronectin is also known to bind to 
collagen (Gebb et al., 1986). To date, no enzymatic activity 
has been attributed to vitronectin, but recent studies reveal 
that fibronectin contains a potential gelatinase activity (Plan-
chenault et al., 1990). The finding that limunectin shares a 
common sequence with vitronectin, gelatinase, and collagen-
ase suggests that this common sequence might be responsible 
for the binding of limunectin to gelatin and collagen. 

Limunectin binds to PC specifically with a Kd of 4 x 10-5
M which is similar to that of CRP and PC (Robey et al., 1983). 
This binding was the basis for its purification using PC 
affinity chromatography as described under "Materials and 
Methods." While CRP-PC binding requires Ca', limunectin 
binding is independent of Ca'. In this respect limunectin 
resembles the PC binding of mouse myeloma proteins (Segal 
et al., 1974). There is no sequence homology between limu-
nectin and CRP or the myeloma protein. However, binding 
of PC involves relatively few amino acids at the binding site. 
X-ray crystallographic analysis of myeloma PC-binding pro-
tein reveals that the binding of PC involves the side chains 
of Arg-52 and Tyr-33 for phosphate and Glu-35 for the choline 
group with additional van der Waals interactions between the 
choline and main chain atoms of residues 102-103 of H-chain 
residues and residues 91-94 of the L-chain (Segal et al., 1974). 
Limunectin binds two molecules of PC/molecule of protein 
suggesting that the binding loci for PC are most likely the 
result of the folding of the molecule rather than the conse-
quence of a linear arrangement of certain amino acid residues. 
Since PC is an integral component of a variety of polysaccha-
rides and phospholipids from cellular and organelle mem-
branes and from bacterial and fungal cell walls (Baldo, 1979), 
part of the biological function of limunectin could be related 
to its PC-binding property as was proposed for CRP (Narkates 
and Volanakis, 1982). 

In considering the possible biological function of limunec-
tin, one must keep in mind that it is an intracellular protein. 
However, at the time of cell lysis or exocytosis, induced for 
instance by endotoxin from Gram-negative bacteria, amebo-
cytes release limunectin together with other cellular compo-
nents including the proteins of the coagulation cascade sys-
tem. In this context, limunectin could conceivably function 
as an adhesion molecule to assist in both recognition and 
neutralization of the invading microorganisms. Since immu-
noglobulins are absent in horseshoe crabs, molecules such as 
agglutinins, lectins, and complement-like proteins could work 
in concert to serve as part of the defense mechanism. In this 
regard, our finding of a protein which belongs to the adhesion 
protein family in the amebocytes of horseshoe crabs lends 
some support to this hypothesis. To further substantiate this 
notion we have also demonstrated that limunectin can be 

detected as a component of extracellular fluid when amebo-
cytes are treated with an ionophore, 4-bromo-calcio-iono-
phore A23187 (Armstrong and Quigley, 1985) to promote the 
exocytosis (not shown). 

Most adhesion proteins contain transmembrane segments 
with the amino-terminal domains facing the extracellular 
space. However, soluble adhesion proteins have also been 
reported (Johnston, 1989). Data from the cDNA sequence 
and the immunocytochemistry indicate that limunectin is 
most likely a soluble protein located within the secretory 
granules. It is however possible that membrane-bound species 
also exist in the amebocyte as in the case of the platelet 
granular membrane protein (Johnston et al., 1989). 
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tin  and vitronectin  both  bind to S. aureus, collagen, and 
heparin, the specific mechanisms may  be different. In fact, 
the region of sequence similarity between both molecules 
comprises a segment in vitronectin that does not correspond 
to  the reported binding sites for heparin (Suzuki et al., 1984) 
and collagen (Izumi et al., 1988). Furthermore, in competition 
studies of binding to both S. aureus and amebocytes, we found 
that neither  heparin nor sugars inhibited the limunectin 
binding activity, while PC was effective but only at high 
concentrations (ID50 = 18 mM). 

Additional information from the sequence homology search 
in  the protein sequence bank  demonstrated that  the consensus 
sequence of limunectin that is homologous with vitronectin 
also shares homology with gelatinase (residues 539-582) and 
with collagenase (residues 427-464) (Fig. 5).  The  natural 
substrate for collagenase is collagen and for gelatinase is 
gelatin (collagen IV). Vitronectin is also known to bind to 
collagen (Gebb et al., 1986). To date, no enzymatic activity 
has been attributed to vitronectin, but recent  studies reveal 
that fibronectin contains  a  potential gelatinase activity (Plan- 
chenault et al., 1990). The finding that limunectin shares  a 
common sequence with vitronectin, gelatinase, and collagen- 
ase suggests that  this common sequence might be responsible 
for  the binding of limunectin to gelatin and collagen. 

M which is similar to  that of CRP  and PC (Robey et al., 1983). 
This binding was the basis for its purification using PC 
affinity chromatography as described under  “Materials and 
Methods.” While CRP-PC binding requires Ca2+, limunectin 
binding is independent of Ca2+. In  this respect limunectin 
resembles the  PC binding of mouse  myeloma proteins (Segal 
et al., 1974). There is no sequence homology between limu- 
nectin  and CRP or the myeloma protein. However, binding 
of PC involves relatively few amino acids at  the binding site. 
X-ray crystallographic analysis of myeloma PC-binding pro- 
tein reveals that  the binding of PC involves the side chains 
of Arg-52 and  Tyr-33 for phosphate  and Glu-35 for the choline 
group with additional van der Waals interactions between the 
choline and main chain  atoms of residues 102-103 of H-chain 
residues and residues 91-94  of the L-chain (Segal et al., 1974). 
Limunectin binds two  molecules of PC/molecule of protein 
suggesting that  the binding loci for PC  are most likely the 
result of the folding of the molecule rather  than  the conse- 
quence of a linear arrangement of certain  amino acid residues. 
Since PC  is an integral component of a  variety of polysaccha- 
rides and phospholipids from cellular and organelle mem- 
branes  and from bacterial and fungal cell walls (Baldo, 1979), 
part of the biological function of limunectin could be related 
to its PC-binding property  as was proposed for CRP  (Narkates 
and Volanakis, 1982). 

In considering the possible biological function of limunec- 
tin, one must keep in mind that  it is an intracellular  protein. 
However, at  the time of cell lysis or exocytosis, induced for 
instance by endotoxin from Gram-negative bacteria, amebo- 
cytes release limunectin together with other cellular compo- 
nents including the proteins of the coagulation cascade sys- 
tem.  In  this  context, limunectin could conceivably function 
as  an adhesion molecule to assist  in  both recognition and 
neutralization of the invading microorganisms. Since  immu- 
noglobulins are  absent  in horseshoe crabs, molecules such  as 
agglutinins, lectins, and complement-like proteins could work 
in concert to serve as  part of the defense mechanism. In  this 
regard, our finding of a  protein which  belongs to  the adhesion 
protein family in the amebocytes of horseshoe crabs lends 
some support to  this hypothesis. To further  substantiate  this 
notion we have also demonstrated that limunectin can be 

Limunectin binds to  PC specifically with a K d  of 4 X 

detected as  a component of extracellular fluid when amebo- 
cytes are  treated with an ionophore, 4-bromo-calcio-iono- 
phore A23187 (Armstrong  and Quigley, 1985) to promote the 
exocytosis (not shown). 

Most adhesion proteins  contain  transmembrane segments 
with the amino-terminal domains facing the extracellular 
space. However, soluble adhesion proteins have also been 
reported (Johnston, 1989). Data from the cDNA sequence 
and  the immunocytochemistry indicate that limunectin is 
most likely a soluble protein located within the secretory 
granules. It is however possible that membrane-bound species 
also exist in the amebocyte as  in  the case of the platelet 
granular membrane protein  (Johnston et al., 1989). 
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Purification of Cryptic peptides. A sample from Sephadex 0-50 column 

chromatography was rechromatographed on a C-18 reverse-phase column. (Bio-Red 

4.6 200sva); mobile phase: 0.1% TFA in Hp; B-0.1% TFA in CH,CN; flow 

rate-0.5m1/min; gradient-30% - 60% 8, 30 min. Peak I was submitted to automated 

F.dman degradation and the results are recorded in Table S-2 and Figure 3 (Text). 
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Puriftdation ofs 08Br fragment. Sample from Bephadee G-50 Column Chromatography 
vex re-ehromatographed on a C-18 reverse-phase column (Bio-Rad 4.6 A 200 mm); 
mobile phase: 0.14 TFA in H20. 8.0.14 TFA in CIICN; flow rate - 0.5 ml/min, 
gradient - 204 - 60% B. 1 hr. Peak 9 gave the results shown in Table S-1 end 
Figure 3 (Text), upon automated armee degradation. Peak 10 gave identical amino 
avid sequence as Peek 9 and is the lactons-form of the CN5r fragment. 
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Table S-1 

SEQUENCE OF NATIVE LIMUNECTIN 
n moles of native protein were 

AMINO ACID 

sequenced) 

TrELD rn mole) 
Glutamic acid 4.60 
Valine 3.3 
Serine 0.45 
Glutamine 2.8 
Threonine 0.8 
Aspartic acid 1.5 
Lysine 2.0 
Threonine 0.9 
Glutamic acid 1.4 
Leucine 2.4 
Hietidine 0.6 
Serine 0.2 
Threonine 0.7 
Glycine 0.7 
Methionine 1.1 
Glutamic acid 0.74 
Isoleucine 0.67 
Leucine 1.15 
Glutamine 0.61 
Serino 
Isoleucine 
Phenylalanine 0.66 
Proline 0.23 

- Detected but not quantitated 
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Table S-2 

$EOUENCE OF A TRYPTIC PEPTIDE DERIVED FROM LIMUNECTIN 

Table 5-3 

SEQUENCE OF A CYNOGEN BROMIDE FRAGMENT OF LIMUNECTIN 

CYCLE. NUMBER 

(2 n moles of peptide were 

AMINO ACID 

sequenced) 

YIELD (0 molel 

(7.0 

CYCLE NUMBER 

n moles of peptides were 

AMINO ACID 

sequenced) 

YIELD (0 molel 
1 Lysine 1.32 1 Lysine 6.22 

2 Isoleucine 1.69 2 Tyrosine 4.00 

3 Arginine 0.92 3 Glutamic acid 3.92 
4 Valine 1.31 4 Aspartic acid 1.60 
5 Valine 1.37 5 Lysine 2.72 
6 Aspartic acid 1.53 6 Proline 2.54 
7 Alaine 1.21 7 Glutamine 2.48 
8 Valine 0.87 8 Lysine 1.84 

9 Phenylalanine 1.02 9 Leucine 1.84 

10 Arginine 1.09 10 Serine 0.82 

11 Tryptophan 0.69 11 Glycine 1.71 

12 Serine 12 Glutamic acid 0.80 

13 Asparagine 0.50 13 Asparagine 0.52 

14 Glycine 0.64 14 Proline 0.92 

15 Isoleucine 0.52 15 Isoleucine 0.60 

16 Threonine 0.37 

17 Tyrosine 0.61 

18 Phenylalanine 0.83 

19 Phenylalanine 0.90 

20 Lysine 0.60 

21 Glycine 0.47 

22 Asparagine 0.33 

23 Cysteine 

24 Tyrosine 0.59 

25 Tyrosine 0.82 

26 Arginine 0.48 

27 Tyrosine 0.57 

28 Glutamic acid 0.27 

29 Aspartic acid 0.26 

30 Lysine 0.29 

31 Threonine 0.11 

32 Asparagine 0.34 

33 Lysine 0.27 

34 Leucine 0.17 

35 Serine 
36 Glutamine 0.11 

Not detected 
- Detected but not quantitated 
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Table S-2 

v 
3 
4 
5 
6 

8 
9 
10 
11 
12 
13 
I4 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

AMINO A!XE 
Lysine 
Isoleucine 
Arginine 
Valine 
Valine 
Aspartic acid 
Alaine 
valine 
Phenylalanine 
Arginine 
Tryptophan 
serine 
Asparagine 
Glycine 
ISOleYCine 
Threonine 
Tyrosine 
Phenylalanine 
Phenylalanine 

Glycine 
Lysine 

Asparagine 
Cysteine 
Tyrosine 
Tyrosine 
Arginine 
Tyrosine 
Glutamic acid 
Aspartic acid 
Lysine 
Threonine 
Asparagine 
Lysine 
Leucine 
Serine 
Glutamine 

v 
1.69 
0.92 
1.31 
1.37 
1.53 
1.21 
0.87 
1.02 
1.09 
0.69 

0.50 
0.64 
0.52 
0.37 
0.61 
0.83 
0.90 
0.60 
0.47 
0.33 

0.59 
0.82 
0.48 
0.57 
0.27 
0.26 
0.29 
0.11 
0.34 
0.27 
0.17 

0.11 

- 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

Tyrosine 
Glutamic acid 
Aspartic acid 

Glutamine 
Proline 

Leucine 

Lysine 

Lysine 

serine 
Glycine 
Glutamic acid 
Asparagine 
Proline 
IEOleYEine 

4.00 
3.92 

2.72 
1.60 

2.54 
2.48 
1.84 
1.84 
0.82 
1.71 
0.80 
0.52 
0.92 
0.60 

x Not detected - Detected but not quantitated 
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