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Abstract. The primary structure of the large human
basement membrane heparan sulfate proteoglycan
(HSPG) core protein was determined from cDNA
clones. The cDNA sequence codes for a 467-kD pro-
tein with a 21-residue signal peptide. Analysis of the
amino acid sequence showed that the protein consists
of five domains. The amino-terminal domain I con-
tains three putative heparan sulfate attachment sites;
domain IT has four LDL receptor-like repeats; do-
main III contains repeats similar to those in the short
arms of laminin; domain IV has Ig-like repeats resem-
bling those in neural cell adhesion molecules; and do-
main V contains sequences resembling repeats in the
G domain of the laminin A chain and repeats in the
EGF. The domain structure of the human basement
membrane HSPG core protein suggests that this mo-
saic protein has evolved through shuffling of at least
four different functional elements previously identified
in other proteins and through duplication of these ele-
ments to form the functional domains. Comparison of

the human amino acid sequence with a partial amino
acid sequence from the corresponding mouse protein
(Noonan, D. M., E. A. Horigan, S. R. Ledbetter, G.
Vogeli, M. Sasaki, Y. Yamada, and J. R. Hassell.
1988. J. Biol. Chem. 263:16379-16387) shows a major
difference between the species in domain IV, which
contains the Ig repeats: seven additional repeats are
found in the human protein inserted in the middle of
the second repeat in the mouse sequence. This sug-
gests either alternative splicing or a very recent dupli-
cation event in evolution. The multidomain structure
of the basement membrane HSPG implies a versatile
role for this protein. The heparan sulfate chains pre-
sumably participate in the selective permeability of
basement membranes and, additionally, the core pro-
tein may be involved in a number of biological func-
tions such as cell binding, LDL-metabolism, basement
membrane assembly, calcium binding, and growth-
and neurite-promoting activities.

ASEMENT membranes are thin sheetlike structures that
B form a highly specialized part of the extracellular
matrix located at the immediate proximity to the sur-

face of organ cells such as epithelial, endothelial, and mesen-
chymal cells where they meet with the underlying interstitial
connective tissue. The basement membranes serve a number
of functions in vivo, e.g., during embryogenesis, cell differ-
entiation, and cell-cell and cell-matrix interactions. They
are also considered important for the correct remodeling and
regeneration processes of tissues, and for the filtration of
macromolecules by the renal glomerular basement mem-
brane (for reviews see references 19, 64). The basement
membranes are composed of several distinct proteins, some
of which are specific for these structures such as type IV
collagen, laminin, heparan sulfate proteoglycan (HSPG),'

1. Abbreviations used in this paper: EHS, Engelbreth-Holm-Swarm; HS,
heparan sulfate; HSPG, heparan sulfate proteoglycan; LDL, low density li-
poprotein; N-CAM, neural cell adhesion molecule.
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and entactin/nidogen. Type IV collagen and laminin are
complex trimeric proteins which can be present in several
isoforms, each protein having at least five different kinds of
subunits encoded by distinct genes (6, 18, 27, 29, 42, 43, 45,
46, 52, 53, 58, 59, 64).

HSPGs are integral components of basement membranes.
An HSPG containing a core protein with an estimated size
between 350 and 500 kD has been isolated from several
sources including the basement membrane matrix forming
mouse EHS tumor (25), endothelial cells (56), epithelial
cells (41), human colon carcinoma cells (30), and fibroblasts
(26). Both polyclonal and monoclonal antibodies specific for
the large basement membrane HSPG core protein have been
shown to stain basement membranes in a variety of tissues
(11, 33). Basement membranes have also been reported to
contain HSPGs with smaller core proteins (25, 62). Their
identity and possible interrelationship is, however, still largely
unclear. Some of these small core proteins share antigenic
determinants with the large HSPG core protein and they
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have been suggested to be proteolytic fragments of the latter
(34, 36).

Based on rotary shadowing EM images and protein analy-
sis, the large HSPG has an ~60-80-nm-long elongated
structure with several globular domains and three heparan
sulfate (HS) side chains at one end (37, 41, 50). cDNA clones
encoding small parts of the HSPG core protein from mouse
tumor (47), human colon carcinoma, and HT1080 fibrosar-
coma cells (16, 31) have demonstrated that the core protein
contains regions with homology to the rodlike and globular
domains of the short arms of the laminin chains. Addition-
ally, the core protein was shown to contain internal repeats
similar to Ig repeats in the neural cell adhesion molecule
N-CAM (12). The human basement membrane HSPG core
protein has been shown to be encoded by a single gene,
HSPG2, located on chromosome 1p36.1 —> p35 (31). In addi-
tion to basement membrane HSPGs, distinct cell surface
HSPGs have been identified on mesenchymal, epithelial, and
neural cells. Among those are syndecan with a 33-kD core
protein (60) and fibroblast HSPGs with 48- and 64-kD core
proteins (13, 40). These cell surface HSPGs are all distinct
gene products and have not been shown to have structural ho-
mology to the large basement membrane HSPG.

Several functions including role in cell proliferation and
morphogenesis have been suggested for HSPG and, impor-
tantly, they may influence the permeability of macromole-
cules in capillaries and renal glomeruli by virtue of their
strong anionic charge (19, 32, 64). It has been postulated that

the loss of HS is responsible for increased permeability of
the glomerular basement membrane in proteinuria observed
in diabetes, and the nephrotic syndrome (49, 65). Previous
reports indicate that the HS side chains form a distinct an-
ionic layer, e.g., in the glomerular basement membrane
where they have been located to the lamina rara interna and
lamina rara externa (19, 32). Antibodies generated against
the core protein have localized it to all layers of the basement
membranes (26, 33, 56). These data suggest that this large
elongated component may be oriented in the basement mem-
brane in such a fashion that it penetrates all layers with the
end, where the HS side chains are attached on one side of
the basement membranes (26).

In the present study we describe the complete cDNA-
derived primary structure of the large basement membrane
HSPG core protein. This protein, which has a molecular
mass of 467 kD, has a complex multiple domain structure
with homology to the low density lipoprotein (LDL) recep-
tor, laminin, neural cell adhesion molecules, and EGF with
three putative attachment sites for HS at the amino-terminal
end. The primary structure indicates a variety of functions
for this basement membrane-specific component.

Materials and Methods

RNA Isolations and Northern Analysis
Poly(A) RNA was isolated from confluent cultures of human HT1080
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Figure 1. Scheme of 16 cDNA clones encoding the 467-kD human basement membrane HSPG core protein. cDNA clones with an arrow
tail represent clones made by primer extension. Location of the ATG translation initiation signal and the 3'-end TAG translation stop codon
are shown. Restriction enzyme sites for Accl (4), Clal (C), and EcoRI (E) are indicated. Scale in base pairs is shown at the bottom.
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fibrosarcoma cells as described previously (31). This RNA was used for
Northern analysis and for the construction of the cDNA libraries made in
this study. For Northern analysis, ~5 ug of poly(A) RNA was electropho-
resed on a 0.7% agarose gel in the presence of formaldehyde (39). The RNA
was then transferred to nitrocellulose filters, which were hybridized with
nick-translated HSPG core protein coding cDNA probes followed by auto-
radiography.

Construction and Screening of cDNA Libraries

Three separate cDNA libraries were made from the HT1080 poly(A) RNA.
Two libraries in the Agtl1 vector were made by Clontech Laboratories Inc.
(Palo Alto, CA); a specific primed library and an oligo(dT), and a random
primed library. The specific library was primed with two oligonucleotides
made based on short amino acid sequences from the HSPG core protein as
described previously (31). A third primer-specific library in the Agtl0 vec-
tor was made in our laboratory to obtain the 5-end clones using a primer
H57 (5' CAG GAC TGG CTC CTC ACA ATT GAG 3') complementary to
bases 734-757 (see Fig. 3). Additionally, a commercial oligo(dT)-primed
HTI080 cDNA library available from Clontech was screened to obtain
"-end clones.

The first clone for the human basement membrane HSPG core protein
HT2-], isolated from the specific library made by Clontech, has been
characterized previously (31). The HT2-1 insert was used to screen the
oligo(dT) and random-primed library and several clones were isolated.
Nick-translated fragments from the 5ends and 3"-ends of these clones were
used in further screening of the libraries.

Characterization of the Human Basement Membrane
HSPG cDNA Clones

All cDNA clones were subcloned into M13 and pUC vectors. The nucleo-
tide sequence was determined from both strands by the dideoxy chain termi-
nation method (57) using sequenase (United States Biochemical Corp.,
Cleveland, OH) and universal or sequence-specific oligonucleotide primers.
In some cases, the sequences were obtained from nested deletion of large
cDNA clones, made using an ExolII-S] nested deletion kit (Pharmacia Fine
Chemicals, Piscataway, NJ). Most of the sequences were checked later
using Taq polymerase (AmpliTAQ, Perkin-Elmer Cetus Instrs., Norwalk,
CT), and fluorescent primers or “dyedeoxy-nucleotides,” and an automatic
DNA sequencer (Applied Biosystems, Inc., Foster City, CA, or Pharmacia
Fine Chemicals).

Computer Analysis of Sequences

The nucleotide sequences were initially analyzed using the Microgenie pro-
gram package (Beckman Instruments, Inc., Berkeley CA). Multiple align-
ments were performed with a program MULTALIN (INRA, France) (39).
Databank searches were carried out using the program FASTA in the GCG
Package (Genetics Computer Group, Madison, WI) (14, 51).

Results

Isolation and Characterization of cDNA Clones

A total of 16 cDNA clones (Fig. 1) were isolated and charac-
terized to provide the entire primary structure of the large
HSPG core protein. First, screening of the random-primed
and oligo(dT)-primed HT1080 cDNA library with the pre-
viously described human HT2-1 HSPG c¢DNA clone (31)
yielded the 5-end and 3’-end overlapping clones HTI-10,
HT1-9, HT1-S, and HTI1-6 which were all sequenced. 5-end
and 3"-end fragments of the latter were then used to isolate
the 5"-end clone PS and the 3-end clone P10. Screening of
the same library with the 3’-end of P10 resulted in the isola-
tion of P42, P19, and P18. No further clones reaching up-
stream of P5 or downstream of P18 could be isolated from
this cDNA library. To obtain clones spanning the 5-end of
the mRNA, a primer-extended cDNA library was made from
HT1080 cell poly(A) RNA using a synthetic oligonucleotide
with sequence from the 5-end of the clone PS. Screening of
this library yielded the 5'-end clones Hpel, Hpe2, and Hpe6.

Kallunki and Tryggvason 467-kD Heparan Sulfate Proteoglycan Core Protein
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Figure 2. Northern blot analysis of poly(A)-enriched RNA. 5 ug
of poly(A)-enriched RNA from human HT1080 fibrosarcoma cells
was electrophoresed on 0.7% agarose gels and transferred to a
nitrocellulose filter as described in Materials and Methods. Hybrid-
ization was carried out using the *P-labeled human HSPG cDNA
HT2-1 (Fig. 1) as probe. The size of the mRNA was estimated by
using the sizes of mRNAs for the human laminin A (9 kb), Bl (6
kb), and B2 chains (5.5 and 7.5 kb), and ribosomal 28S and 18S
as references.

The 3’-end cDNA clones P58, P60, and P66 could be isolated
from an oligo(dT)-primed HT1080 cell cDNA library pur-
chased from Clontech (catalog No. HL.10486). The 16 over-
lapping clones span a total of ~14 kb (Fig. 1) and they were
also shown to hybridize to an mRNA with the same size (Fig.
2). Partial restriction map based on the nucleotide sequence
(Fig. 3) is shown in Fig. 1.

Nucleotide and Amino Acid Sequences

The complete nucleotide sequence together with the predicted
amino acid sequence is shown in Fig. 3. The entire sequence
contained in the 16 overlapping clones is 13,793 nucleo-
tides with 40 nucleotides of a putative 5'-end untranslated se-
quence, 13,179 nucleotides of an open reading frame, and
574 nucleotides of a 3-end untranslated sequence. The open
reading frame encodes 4,393 amino acid residues starting
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GCCCGGAGCGAGCGAGCGAGAGAGCGGCGCGGGCCEGGECC

ATGGGGTGGCGGGCGCOGEGCGCECTGCTGCTGGCCCTGCTGCTGCACGEGCGGCTGCTGGCGETGACCCATGGGCTGAGGGCATACGATGGCTTG TCTCTGCCTGAGGACATAGAGACCGTCACAGCAAGCCAAATGCGCTGGACACAT
M G WRAUPGAL LALLLHGRLLAQVTHGLRAYDGLSLPEDIETVTASQMRWTH

DOMAIN 1
TCGTACCTTTCTGATGATGAGGACATGCTGGCTGACAGCATCTCAGGAGACGACCTGGCAGTECECACCTGCGCAGCGGGCACT TCCAGATGG T TATTTCCGAGCCCTCG TG AA T ICACTC GCTCCATCGAGTACAGCCCTCAGCTG
S YLSDDETDMTLADS STISGDDTLGSGDLGSGDFPFOQEMVYVYTFRALUVINF TJRSI1IETYSZPOQL

GAGGATGCAGGCTCCAGAGAGTTTCGAGAGG TGTCCGAGGCTG TG TAGACACGCTGGAGTCGGAGTACTTGAAAATTCCCGGAGACCAGG TTGTCAGTGTGG TG TTCATCAAGGAGCTGGATGEC TGGG TTTT TG TGGAGC TGGATG TG
EDAGSREFREVYVSEAVVDTLESET YTZLTZEKTIZ®PGDQQVVSVVFTIZ KETLTUDGWVZPFVETLTDUV

GGCTCGGAAGGGAATGCGGATGGGGCTCAGATTCAGGAGATGCTGCTCAGGGTCATC TCCAGH GG TCTG TGGCCTCCTACG TCACCTCTCCCCAGGGATTCCAG TTCCGACGCCTGGGCACAGTGCCCCAGTTOCCAAGAGCCTGCACE
G SEGNADG® ACOQTIQEMLTLTERVYVTISSGSVYASYVTSPQGPFO QTFT RTERTLTGTVP|IQFPRA T
DOMAIN I
GAGGCCGAGTTTOX! CAGCTACAATGAGTGTCTGGCCCTCRAGTATCECTGTGACCGECGGCOCGACTGCAGGGACATETCTGATGAGCTCAA GGAGCCAGTCCTGGGTATCAGCOCCACATTCTCTCTCCTCGTCE
EAETFA HS Y NE VALEYRE@DERERPD RDMSTDETLN EEPVLGTIS®PTFSTLTLVE

ACGACATCTTTACCGCCCCGGCCAGAGACAACCATCATGCGACAGCCACCAGTCACCCACGCTCCTCAGCCCCTGCTTCCCGGTTCCGTCAGGCCCCTGCC! GGCCCCAGGAGGCCGCATGCCGCAATGGGCACTGCATCCCCAGA
T TSLPPRUPETTTIMROQP®PV THAPO QZPLTLUZPGSVRZPTLTP G P Q E A A R N G H 1 P R
GACTA(‘C CGACGGACAGGAGGA CGAGGACGGCAGCGATGAGCTAGACTGTGCCCCCCCGCCACCCTGTGAGCCCAACGAG TTCCCC TGOGGGAATGGACATTG TGCCCTCAAGCTGTGGCECTGCGATGG TGACTTTGA

D E DG S DETVLTD G P P P P E P N E F P G N G H A L KL WR D GDFD

GAGGACCGAACTGA'IGAAGCO\A CCCCACCMGCG‘TYZCTI’GAuGAAGTG CGGGCCCACACAG'I'I\‘CGA CG’I‘C’I‘CI‘ACCAACATG CA‘I‘CCCAGCCAGC’I'I‘CCA TGACGAGGAGAGCGACTGTCCTGACCGGAGCGACGAG
EDRTUDEA K E v G P Q F R vV s T N P A S F B D EE S D P DR S DE

CATGCCCCCCCAGGTGGTGACACCTCCCCGGGAG! TC(‘J\TCCAGGC'I'I‘CCCGGGCCCAGACA(‘ TGACCTTCACC C(‘T(xGCCA’I'I‘GGCGTCCCCGCCCCCI‘I'I‘CPCA’I(MT’FGGAGGCI‘CAACTGGGGCCACA’ICCCCIC‘I‘
MPPQVVTPPRESIQ G QT V TFT P F L T W R L NWGH I
Ig1-repeat
CAGCCCAGGGTGACACTCACCAGCGAGGG'IGGCCGTWCAO\CI‘GA’ICATCCGTGATGTGAAGGAGTCAGACCAGGGTGCCTACAC(_ TGAGGCCATGAACGCCCGGGGCATGGTGTTTGGCATTCCTGACGG TG TCCTTGAGCTCGTC
Q RV TVTSEGGRGTULTI1IIRUDVE KESDIQGHAYT EAMNARGMVPFPFGIPDGUVILETLYV

CCACAACGAGCAGGCC

CCCTGACGGCCACTTCTACCTGGAGCACAGCACCECCTGCC TROCCTGC TTCTGC T TGGCATCACCAGCE TG TGOCAGAGCACCCOCCGCTICCGGEACCAGATCAGGCTGCGCT TTGACCAACCCGAT
P QRAGP ecj é

PDGHTFYULETHSAA FG1TsV Q S TRRPFURDO QTIRLRTFEFTDG QTPTD
DOMAIN i CR1 DOMAIN Il Gt

GACTTCAAGGGS [GTS TGOCTGCGCAGCCCGGCACGCCACCCCTC TCCTCCACGCAGC TGCAGATCGACCCATCCC TGCACGAGTTCCAGCTAG TCGACC TG TCCCGCCGOTTCCTCGTCCACGACTCCTTCTEGECTCTG
D F ke v v TmMmPaoeepeseTPPLSSTQLQIDZPSLHETFOLUVDLSRERTFTLVYVHTDSTFWAL

CCTGAACAGTTCCTGGGCAACAAGGTCGACTCCTATGGCGGCTCCCTGCGTTACAACCTGCGCTACGAGTTGGCCCGTGGCATGC TGGAGCCAGTCCAGCGGCCGGACC TG TCCTCETGGCTGCCCCE TACCGCCTCCTCTCCCGAGGT
P EQFLGNIEKVYVYDSY GGG SLRYNVRYELARGMELETEPVQRPDVVYVLVGAGYRTLTULSRG

CACACACCCACCCAACCTGGTGCTCTGAACCAGCGCCAGGTCCAGTTCTCTGAGGAGCACTGGGTCCATGAGTC TGGCCGGCCGETGCAGCGCGCGGAGCTGCTGCAGG TGCTGCAGAGCCTGGAGGCCGTGCTCATCCAGACCGTGTAC
HTPTOQPGALNQ QRO QVQF SEEUHWVHESGCR?PVOQRAETLTULOQVLOQOSLEAVILTIZQTUWVY

AACACCAAGATGGCTAGCGTGGGACTTAGCGACATCGCCATGGATACCACCGTCACCCATSCCACCAGCCATCGCCGTGOCCACAGTCTGGAGCAGTGCACATGCCCCATTGGCTATTCTGGCTTG TCCTGCGAGAGCTETGATGCCCAC
N TKMASV GGLSDTIAMTDPTTVTHATS SHGRAHSVETE R P I G Y S G L 8 E § D A H

DOMAIN Il CR2
TTCACTCGGGTGCCTGCTGGGCCCTACCTCGGCAC C'I‘CI‘GG'I'I‘GCAG CAATGGCCATGCCAGCTCCTGTGACCCTGTGTATGGCCACTGCCTGAA! 'CAGCACAACACGGAGGGGCCACAGTGCAAGAAGTGCAAGGCTGGC
F TRV PGOGPYTLGT N G H A S s D PV Y G H L N Q HNTEGPCQ KK@KAG

'I'I‘C'I‘I'ICGGGACGCCA’ICMGGCCACGGC‘CAC'I'I\, CCGGCCCTQO CCCATACA’ICGATGCCI‘CCCGCAGA’I'ICTCAGACACTI‘ 'I'I‘CCI‘GGACACGGA’IGGCCAAGCCACA TGACGC CCCCAGGCTACACTGGC
F F G D AWM R P P A S RRF L DTDG D A A PG Y TG

TGAGAG CCCCCGGATACGAGGGCAAQCCCATCCAGCCCGGCGGGAAGTGCAGGCCCETCAACCAGGAGATIG TGOS ACGAGCGTGGCAGCATGGGGACCTCCGGGGAGGC CGCTGTARGAACAATGTG
RR E S AP GYEGNUPTIGQPGGK R PV NQETIVR DERGSMGT S G E A R K N NV

GTGGGGCGCTTG CAATGAA  PTGCTGACCGCTCTTTCCACCTGAGTACCCGAAACCCCGATCG CTCAAG CTTCTGCATGGGTGTCAGTCGCCAL ACCAGCTCTTCATGGAGCCGTGCCCAGTTGCATGGGGCCTCTGAG
vV G R L A DR S F HLSTHRNPDG %%MGVSRHL—% S 5 S WS RAQLHGASE
DOMAIN 1l G2
GAGCCTGGTCACTTCAGCCTGACCARCGOCGCAAGCACCCACACCACCAACGAGGGCATCTTCTCCCOCACGCCCGGGGAACTGGGATTCTCC TCCTTCCACAGACTCTTATC TGGACCCTACTTC TGGAGCCTCCCTTCACGCTTCCTG
EPGHF SLTNAASTU HTTNETGTIVFSPT?PGELUGTFSSFHRLTLSGPYTFWSLPSRTFL

GGGGACAAGGTGACCTCCTATGGAGGACAGCTGCGCTTCACAGTCACCCAGAGG TCCCAGCCGGGCTCCACACCCCTGCACGGGCAGCCG TTGC TGCTGCTGCAAGG TAACAACATCATCCTAGAGCACCATG TGGCCCAGGAGCCCAGT
G D XVTSYGCGELRFTVTQRSOQPGSTEPLHGQPLVVLQEGNNTITITLEHIBVAQEPS

CCCGGCCAGCCCAGCACCTTCATTGTGCCTTTCCGGGAGCAAGCATGGCAGCCCCCCGATGGGCAGCCAGCCACACGGGAGCACCTGCTGATGGCACTGCCAGGCATCGACACCCTCCTGATCCGAGCATCCTACGCCCAGCAGCCCGET

F GQPSTFI1IVPFREOQAWOQRUPDGOQPATREHLTLMALAGTITDTULTZLTIZRASYAGQQOQTPA

GAGAGCAGGGTCTCTGGCATCAGCATGGACGTGGCTGTGCCCGAGGAAACCGGCCAGGACCCCGCGCTGGAAGTGGAACAG CCCACCCGGGTACCGI‘GGGCCG’IC CCAGGACI‘ ’ICA(.ACAGGCI‘ACACACGCACGCCC

E SRV S I s MDVAVPEETG GO QDTPALTEVEDQ Y R G G YTRTP
DOI‘AIN II CR

AGTGGCCTCTACCTGGGTA  TGAACGCTGCAGCTGCCATGGOCACTCAGAGS CGAGCCAGAAACAGGTGCCTGCCAGGGCTGCCAGCATCACACGGAGGGCCCTCGG ‘ICAGCAG CCAGCCAGGA’I’ACTACGGGGACGLC

S G L YLGT E R S H G H S E a EPETGATCGQG Q HHTETGTPR Y G

CAGCGGGGGACACCACAGGA CCAGC'IC'ICCCC CTACGGAGACCCTGCTGCCGGCCAGGCTGCCCACKAL TTTTCTCGACACAGACGGCCACCCCAL 'ICATGCG CTCCCCAGGCCACAGTGGGCGTCAL AGAGG
Q RGTPOQTD Y GDPAAGOQARAHT F LDTDGHZ®PT S P G H S G R H E R

CGCCCCTGGCTACTATCGCAACCCCAGCCAGGGCCAGCCA' CCAGAGAGACAGCCAGGTGCCAGGGC(‘CATAGG TGACCCCCAAGGCAGCGTCAGCAGCCAGTE TGATGCTGCTCGTCAGTGCCAGTGCARGGCCCAG
A P GY YGNUPSOQG QP Q RD S QV P G P D P QG S V S s Q D AAGQ Q K A Q

VEGLT S H R P HHPFHLSASNZPTDG L P M G I TU¢QQ S §$ A Y TRUHLTISTHF
DOMAIN Ht G3

GCCCCI‘GGGGAC’I'I‘CCMGGCPITGCCCTGGTWCCCACABCGAMCAGCCGCCIGACAGGAGAAWACICTCGMCCCGTCCCCGAGCGTGCCCAGCDCTCI'I‘I'ICGCMCPPI‘(‘CCCAA("I‘C GGCCATGAATCCTTCTACTGGCAG

A PGDFQGFALVNPOQRNSRTLTSGETFTVET?PVTP QL SFGNTFAQLOGHETSTFYWOQ

G’I‘GGAAGGCCPCAL’I%AG(X}A CCCGCCCCACCACTTCCACCTGAGTGCCAGCAACCCAGACG CC'IC(XJC’%'H’C%I’ATGGGCA’ICACCCAGCAG CGCCAGCTCTGCCI‘ACACALGLf‘ACC’I‘GATC'ICCACCCACI'I'I‘
F

CICCCGGAGACATACCAGGGAGACMGG’ICGCGGCC'I‘ACGGI‘GGGAAGI'ICCGATACACCCTC‘ICCTACACAGCAGGCCCACAGGGCAGCCCAC’I‘CKZ'I‘GACCCCGA‘IG’ICCAGA’XCACGGGLAACAACATCATGCTAG’I‘GGCC'I‘CCCAG
L PETYQ K G K L R S YTAGPOQGSPLSDUPDV QI TGNNTIMMLVUVASCQ

CCAGCGCTGCAGGGCCCTGAGAGGAGGAGC TACGAGATC ATCTTCCGAGAGGAATTCTGGCGCCGGCCCGATGGGCAGCCGGCCACACGCCAGCACCTCCTGATGGCACTGGCCGACCTCCATGAGCTCCTGATCCGGGCCACGTTCTCC

P ALQGPERT RS SYE ETIMPRETETFWRRZPUDGOPATREHU HLTLMALAWADTLTDTETLTLTIRATTFS

’ICCG’ICCCGCI‘GGI‘GGCCAGCA’ICAGCGCAGMGCCI‘GGAGG’IY.'GCCCAGCCGGGGCCCI‘CAMCAGA(‘CCCGCGCCC’ICGAGG'IEGAGGA&J C(.G CCCGCCAGGC’PACANGGT‘CI‘G’I‘(. CCAGGA TGCCCCCGGCTAC

$ VPLVASISAVSLEVAZQPGPSNRUPRALEYVY AP G Y
DO"AIN l|| CR

ACGCGCACCCGGAGTCGGCTCTACCTCGCCCACTGCGAGCTA' 'IGAA CAA‘ICGCCACI‘CAGACC‘IC (‘CCAGAGAC’ICCGGCC GCAA CCAGCACAACGCCGCAGGGGA CGAGC . TGCCCCTGGCTAC
T R TG S G L Y L G H E L N G H T s Q HNAAGEF E L A P G Y

TACGGAGATGCCACAGCCGGGACGCCTGAGGACTGCCAG TG CCACTGACCAACCCAGAGAACATG TTTTCCCGCACCTGTGAGAGCCTGGGAGCCCGOGGGTACCGL! CACGGC CGAACCCGGCTACACTGGCCAG
Yy G DATAGTU®PED PLTNZPENMTFSRT E SL GAGGCYR E PG Y TG Q

TA TGGCCCAGGTTACGTGGGTAACCCCAGTGTCCAAGGGGGCCAGTGCCTGCCAGAGACAAACCAAGCCCCACTGGTGGTCGAGGTCCATCCTGCTCGAAGCATAGTGCCCCAAGGTGGCTCCCACTCCCTGCG
G FGYVGNPSVQGGQ LPETNGQAPILVVEVHPAMRSETIVEPQQGGSHSTILR
DOMAIN |V
CAGGTCAGTGGGAGGGGACCCCACTACTTCTATTGGTCCCGTGAGGATGGGOGGCCTGTGCCCAGCGGCACCCAGCAGCGACATCAAGGCTCCGAGCTCCACTTCCCCAGCGTCCAGCCCTCGGATCC TGGGG TCTACA C
Q VS GRGPHYTFYWSUREDGRZPVPSGTOQQRHOQGSELHTFZPSVQPSDAGVYT!
R

CGTAATCTCCACCGA A CGGGCAGAGCTGCTGGTCACTGAGGCTCCAAGCAAGCCCATCACAGTGACTG TGGAGGAGCAGCGGAGCCAGAGCGTGCGOCCCGGAGC TGACGTCACC TTCATC TGCACAGCCARAAGCAAG
R NLHRTGS[NTSRAELLVYVTEH-AZPSE KTPITVTVEEZ QRS SOQSVRZPGADVTTFTI T A K S K

’ICCCCAGCCI‘ATACCC’mG'I‘G"[‘GGACCCGC(‘TGCACAACGGGMAC'KX,‘CCACCCGAGCCA’ICGA'I'I'TCAA’IGGCA’IC(.‘ICACLA’I'ICGCAACG'ICCAGCICAG’IGA’ICCAGGCACCTACGTG CACCGGCTCCAACATGTTTGCCATG
S PAYTULVWTRILUHNGI KLPTRAMDTPFNGTIILTTIEIRNVYVQOQLSTD T G S N M F A M

GACCAGGGCACAGCCACTCTACATGTGCAGGCCTCGGGCACCTTETCOGCCCCCGTGGTCTCCATCCATCCGCCACAGCTCACAGTGCAGCCCGGGCAACTGGOGGAGTTCCECTRCAGCGCCACAGGGAGCCCCACGCCCACCCTCGAG
D QGTATLHVY QA SGTLSAPVYSIHZPZPQLTVQPGQLAETFR S ATG S PTUPTULE

TGCACAGGGGECOCCGGCGGOCAGCTOCCTGCGAAGGCACAAATOCACGGCGGCATCCTGCGCCTGCCAGCTGTCGAGCCCACGGATCAGGCCCAGTACTTG CGAGCCCACAGCAGCGC’ICGL.CAGCAGGTGGCCAGGGCI‘GTGCTC
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Figure 3. Nucleotide sequence of the human 467-kD basement membrane HSPG core protein cDNA clones and the inferred amino acid
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sequence. (First line) Nucleotide sequence of cDNA clones. (Second line) Nucleotide-derived amino acid sequence. The putative signal
peptidase cleavage site is indicated by an open arrow. Borders of structural domains are indicated by bent arrows. Ser-Gly doublets (SG)
which are potential attachment sites for glycosaminoglycan side chains are underlined. The three amino-terminal end Ser-Gly sequences
which are the most likely attachment sites for the large HS chains (see text) are highlighted by double underlines. Ser-Gly-X-Gly sequences
are marked by a bold underline. Cysteine residues are circled. Potential attachment sites (Asn-X-Ser or Asn-X-Thr) for oligosaccharides
are shown by rectangles. Two Leu-Arg-Glu sequences that may mediate motor neuron attachment are shown by shaded rectangles. The

sequence of the oligonucleotide used for preparation of primer extended cDNA clones is indicated by a dotted line. These sequence data
are available from EMBL/GenBank/DDBJ under accession number X62515.

with

ing at the translation stop codon TAG at nucleotide 13,219,
The predicted translation initiation site obeys the vertebrate
50/75 Consensus Rule with C at —1 and —2 and G at —3
and +4 (8). Although the first 40 nucleotides encode a se-
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the ATG codon for methionine at nucleotide 41, and end-  quence in-frame with the presumed methionine initiator, it

is likely that the consensus sequences described above deter-
mine the initiation site for translation. This assumption is
supported by the fact that numerous 5'-end cDNA clones
generated by primer extension did not reach further upstream.
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Figure 4. Schematic illustration of the multidomain structure of the human basement membrane HSPG based on EM, analysis of the amino
acid sequence, and comparison with structurally related proteins. Five relatively well-defined domains can be observed: domain I, a globu-
lar amino-terminal domain containing three SG-linked HS side chains that have been visualized by electron microscopy (41, 50); domain
11, containing four copies of internal repeats similar to the ligand-binding domain of the LDL receptor; a short region between domains
11 and ITT with one copy of a globular structure similar to the disulfide-linked internal repeats of immunoglobulin; domain II, with homology
to the short arm of laminin chains, including four presumably rodlike cysteine-rich subdomains (CR-1 to CR-4), and three globular subdo-
mains (G1, G2, and G3); domain IV with 21 copies of internal Ig-like repeats; and domain V with considerable similarity to the carboxyl-
terminal end globular domain of the laminin A chain. This domain has three distinct internal globular repeats (GR-1, GR-2, and GR-3)
separated by two doublets of internal repeats similar to parts of EGF. The molecular model is not drawn to scale.
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Figure 5. Alignment of amino acid sequences. of the four cysteine-rich repeats similar to the ligand-binding domain of the LDL receptor.
Residues present in >50% of the repeats are highlighted by shade. All cysteines shown in closed shaded boxes are conserved as in the
LDL receptor (63). As found for the LDL receptor each repeat sequence has a net anionic charge of the residues of the carboxyl-termi-

nal end.

Also, the amino acid sequence starts with a 21-residue signal
peptide-like segment containing a typical hydrophobic leu-
cine-rich core. The signal peptidase cleavage site was pre-
dicted using the computer program SIGSEQ (The Rocke-
feller University, New York) based on the method of von
Hejne (66). The highest probability for the cleavage site
was obtained between residues Alanine21 and Valine22. The
core protein proper contains 4,372 residues with a calcu-
lated molecular weight of 466,876.

The entire sequence contains a total of 52 Ser-Gly amino
acid doublets which are putative glycosaminoglycan attach-
ment sites. These sequences are scattered throughout the
polypeptide chain (Fig. 3). Three of those located at the
amino terminus conform at least partly with the consensus
sequence previously identified in proteoglycans such as ver-
sican, syndecan, and glypican (13, 60, 69). Three others are
similar to the second consensus sequence identified in many
proteoglycans (5). Potential attachment sites for Asn-X-
Ser/Thr-linked oligosaccharides are present at 10 locations,
also distributed in a random manner (Fig. 3). No Arg-Gly-
Asp triplets which can confer cell binding (55) were found
in the HSPG core protein. The Leu-Arg-Glu sequence which
has been reported to mediate motor neuron attachment (28)
was found at two locations in the carboxyl-terminal globular
domain.

Multidomain Structure

Homology searches of the data banks together with a sys-
temic search for internal repeats demonstrated that the pro-
tein has five distinct domains: domain I, a globular amino-
terminal domain with putative HS attachment sites; domain
I1, with four copies of sequences similar to the LDL receptor
ligand binding repeats; a central domain III, resembling the
short arm of laminin chains with three globules and four
regions of cysteine-rich repeats; domain IV, containing Ig
repeats; and domain V, a large globular carboxyl-terminal
domain resembling a part of the G domain of the laminin A
chain (Fig. 4). Domains II and III were separated by one
copy of an Ig repeat-like sequence. This domain structure
is in accordance with EM and protein analyses, which indi-
cate that the core protein folds into ~~60-80-nm-long linear
array of globular domains with extensive secondary struc-
ture (37, 50).

Domain I: Putative HS Attachment Domain
(Residues 22-193)

At the amino-terminal end of the core protein proper there
is a 172-residue sequence which has no homologous coun-
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terparts in the data banks. The amino acid sequence contains
three Ser-Gly-Asp sequences which are potential attachment
sites for HS side chains. This sequence is similar to the puta-
tive HS attachment sequences in the cell surface HSPGs syn-
decan (60), and glypican (13), and in chondroitin sulfate pro-
teoglycan versican (69).

Domain 11: LDL Receptor-like Domain
(Residues 194-403)

A second distinct domain of 210 residues contains 4 copies
of ~v40-residue-long repeats that have high sequence identity
with the repeats in the ligand-binding domains of the LDL
receptor {63). As seen in Fig. 5, these repeats are very
hydrophilic. The first repeat is separated from the other three
by ~40 residues of a unique sequence. In addition to the
LDL receptor, these repeats are found in the LDL recep-
tor-related protein and in the terminal complement compo-
nents such as C9 (15). Each repeat contains a consensus
sequence (Fig. 5) which has six conserved cysteines and
negatively charged acidic residues in the hydrophilic part
characteristic for the ligand-binding regions of the LDL
receptor (63).

Ig-like Repeat 1 (Ig-1) (Residues 404-506)

After the LDL receptor-like domain, there is one 103-
residue-long segment which is homologous to the Ig-like
repeats in the neural cell adhesion molecules. This repeat
contains two conserved cysteines and it has, in general, con-
siderable sequence similarity with the 21 individual Ig re-
peats in domain I'V of the HSPG core protein (see below, and
Figs. 4 and 7). The cysteines are predicted to form an intra-
chain disulfide bond and this region probably folds into a
globular structure similar to Ig domains of the C-2 type (67).

Domain 111: Laminin Short Arm-like Domain
(Residues 507-1,678)

This 1,172-residue-long domain resembles the short arm of
laminin chains (Fig. 4). It contains four subdomains (CR-1-
CR-4) which consist of internal cysteine-rich repeats similar
to those typically found in domains III and V of the short
arms of the laminin A and B chains (18, 29, 42, 43, 46, 52,
53, 58, 59). These subdomains are separated by globular
domains—Gl, G2, and G3—which are homologous to do-
main IV in the short arms of the laminin chains. As in lami-
nin A chain and laminin B2 chain, where the globular do-
main IV is apparently inserted in the middle of a cysteine
repeat between the third and fourth cysteines, the G subdo-
mains are in the middle of a cysteine repeat. The sequences
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Figure 8. Comparison of conserved sequences of globular subdomains GR-1, GR-2, and GR-3 from domain V with those from globular
subdomains of the human laminin A chain and merosin. The sequences were first aligned using the MULTALIN program and regions
with substantial sequence identity shown. Residues conserved in 250% of locations are highlighted by a shaded pattern.

at the turning points of the small loops that presumably make
up each rigid rodlike CR subdomain as described for lami-
nin. The three globular domains G1 (residues 533-732), G2
(936-1,127), and G3 (1,337-1,531) between the cysteine-rich
regions share between 30 and 40% sequence similarity and
they bear a closest resemblance with the laminin A and B2
chain domain IV. This sequence similarity is ~25-31% and
the domains are also almost identical in size. Based on the
similarity to laminin these domains can be predicted to adopt
a globular conformation similar to that found in the laminin
chains. These domains probably form part of the necklace-
like structure at basement membrane HSPG core protein
identified in electron micrographs, characterized by globules
that are connected by short rodlike segments (50). The over-
all structure of this domain in the HSPG core protein is most
similar to the short arm of the A chain. The size of globular
domain IV in laminin has been estimated to be ~4-5 nm in
diameter and the cysteine repeats have been estimated to
form ~2-nm-long elements (3). The size of the lamininlike
domain in HSPG core protein can thus be calculated to be
~40 nm. This is comparable to the size of the short arm in
laminin A chain, which is estimated to be ~45-50 nm.

Domain 1V: Ig-like Domain (Residues 1,679-3,688)

Next to the laminin-like CR-4 subdomain towards the car-
boxyl terminus there is a well-defined domain of 2,010
residues that contains 21 consecutive copies of homologous
repeats which are similar to the Ig repeats in N-CAM (12).
As does the single Ig repeat located at the amino-terminal
end of the core protein (above), all the 21 repeats are ~100
residues in length (Fig. 7). The repeats have a conserved se-
quence which includes two cysteine residues and the se-

EGF RESIDUE

REPEAT NUMBERS
1 3850-3889 [C]rR - DR E[CloNG G Q:H D -
2 3890-3930 |{C|H - P EA|C|G P DA T{C|]VNR
3 4110-4148 CE—RQPCQHGATMP
4 4149-4184 {C|o L R E P|C|L H @ G T|C|Q - -

consensus (ref 1) CP CLNGGTZC

quence around the second cysteine has the highest degree of
conservation. As the single Ig repeat, these repeats are likely
to fold into an Ig domain of C-2 type. The structure of this
Ig-like domain is an ellipsoid with dimensions of ~4 x 2.5
X 2.5 nm and in N-CAM five such repeats form a linear, rod-
like structure of ~17-18 nm (4). Therefore, the domain IV
alone would be at least 60-80 nm in length if the repeats
form a rodlike tertiary structure. The amino acid sequences
of all the Ig-like repeats of the human HSPG core protein are
aligned in Fig. 7 where residues with 250% conservation are
shown in boxes. It can be noted that glycine residues are fre-
quently conserved. In the middle of this domain there are
repeats which have an extremely high sequence identity. A
search was made in the sequence data banks for the con-
served sequences of these repeats. However, this search did
not reveal any protein sequences with substantial sequence
identity. Only homology to proteins of the Ig superfamily
was observed. Detailed comparison of the Ig repeats in
HSPG with neural cell adhesion molecules shows that the
highest degree of identity is ~25% over 428 amino acids to
the TAG-1 (20), but the identity to contactin (54)—23 % over
499 amino acids and L1 (44); 23% over 543 amino acids—is
not much lower, with N-CAM (2) having ~19.5% identity
over 437 amino acids. For the comparison, the PDGF recep-
tor (68) has a 21% identity over 405 amino acids.

Domain V: Laminin A Chain-like Domain
(Residues 3,689-4,393)

At the carboxyl-terminal end of the HSPG core protein there
is a 705-residue-long domain that resembles the large car-
boxyl-terminal end globular G domain of the A chains of
laminin (18, 46, 59). In the HSPG core protein this domain

G

Figure 9. EGF motifs in human basement membrane HSPG core protein. Residues conserved >50% of locations are highlighted by shade.
Cysteine residues are boxed. The consensus sequence derived from the EGF repeats (1) is shown below.
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has three homologous, presumably globular, regions termed
here GR-1, GR-2, and GR-3 (Fig. 4), which are similar to
the five repeats in the laminin A chain G domain. Compari-
son of the amino acid sequence of GR-1, GR-2, and GR-3 re-
vealed that their sequence identity is ~33%. The best align-
ment of these repeats with similar repeats in laminin and
merosin gives an identity of ~30%. Each GR subdomain
has two cysteines and several other amino acids conserved
in the corresponding repeats of the laminin A chain and
merosin as shown in Fig. 8. The sequences in the subdo-
mains also share some homology with sex hormone binding
globulin (21). These subdomains in the HSPG core protein
most likely fold into globular structures similar to those in
the G domain of laminin. The two conserved cysteines in the
fifth subdomain of laminin have been shown to be linked (3)
and this may be the situation also in the other subdomains.
In laminin these globules are estimated to be ~3.5 nm in di-
ameter (3).

The GR repeats in the HSPG core protein are each sepa-
rated by two copies of sequences similar to internal repeats
of EGF (1, 23). The sequences that are similar to repeats in
the EGF contain each ~40 residues and have 6 conserved
cysteines that form disulfide bonds (Fig. 9). Additionally,
three glycine residues presumably located at turning points
in the secondary structure are also conserved. The EGF-like
regions are proposed to fold into a typical structure with
three disulfide-linked loops (1).

Comparison of The Human Core Protein Sequence to
Partial Sequences From Mouse

Two regions of the large mouse HSPG core protein amino
acid sequence have already been determined from cDNA
clones (47). One of the mouse sequences which corresponds
to human residues 942-1,603 from domain IT showed an over-
all sequence identity of 87% (data not shown). The other
continuous 731-residue mouse sequence has the highest se-
quence identity with two separate regions of the Ig-like
repeats of domain IV of the human protein, residues 1,873-
1,999 and 2,674-3,280 which correspond to internal repeats
Ig4-5 and Igl2-18, respectively. As discussed below, this
difference could be due to alternative splicing of the primary
transcripts or actual different sizes of the mouse and human
proteins.

Discussion

The present study provides the first complete amino acid se-
quence of the large basement membrane HSPG core protein.
The primary structure of the human protein elucidated here
shows that this 467-kD core protein has a complex and in-
teresting multidomain composition with domains and subdo-
mains partially resembling elements of unrelated proteins in-
cluding the LDL receptor, laminin, neural cell adhesion
molecules, and EGF. These data suggest that the HSPG core
protein has versatile properties and biological functions. The
molecular weight of the actual core protein was calculated
to be 466,876, which is consistent with previous molecular
size estimates made by SDS-PAGE. These studies have re-
vealed sizes of 400-500-kD for the core proteins from
mouse, bovine, and man (25, 26, 50, 56). Allowing some in-
crease in the apparent molecular weight due to Asn-linked
glycosylation, the molecular mass of 500 kD would seem to
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be a close estimate. The length of the entire molecule can
be estimated from the domain structure to be least 100-150
nm. This is significantly longer than the length of 60-80-nm
estimated from electron micrographs. In these electron
micrographs there appears to be, however, some flexibility
in the core protein, especially in the second half which does
not contain the side chains, apparently corresponding to the
domain IV in the core protein. This could allow some folding
which would lead to an underestimation of the length of the
elongated molecule.

In addition to the large HSPG, basement membranes have
been reported to contain several smaller size HSPGs with
core proteins ranging from 21 to 350 kD (41, 62). Some of
these proteins seem to be immunologically related with the
467-kD core protein and they might even be proteolytic prod-
ucts. For example, it has been reported (34, 41) that the glo-
merular basement membrane and calf lens capsule contain
related 200-250 and 340-kD HSPG core proteins as the pre-
dominant species. Additionally, the glomerular basement
membrane was shown to contain an immunologically related
400-kD component. These different sizes of immunologi-
cally related protein species may be cell- or tissue-specific
variants of the same gene products or proteolytic fragments.
As described below, however, there may be evidence indicat-
ing alternative splicing of the primary transcription product
that can give rise to different size core proteins. There is also
evidence that basement membranes contain low molecular
mass HSPGs genetically distinct from the 467-kD HSPG.
Soroka and Farquhar (62) have described a basement mem-
brane HSPG with a core protein of ~40 kD. This protein was
shown to be immunologically unrelated to the 467-kD base-
ment membrane HSPG core protein. The actual genetic
diversity as well as potential size variety produced through
alternative splicing remains to be shown.

Location of HS Attachment Sites

The amino acid sequence of the human 467-kD HSPG core
protein was shown to contain a total of 52 Ser-Gly sequences
which have been suggested to serve as attachment sites for
glycosaminoglycans. These sequences are located quite ran-
domly throughout the polypeptide chain (see Fig. 3). Com-
parison of the Ser-Gly sequences and their adjacent amino
acids revealed three short sequences in the amino-terminal
end domain I, whose sequences are similar to the predicted
HS attachment sites in the HSPGs syndecan (60) and glypi-
can (13). All the sequences contain a Ser-Gly doublet fol-
lowed by an acidic residue aspartate or glutamate and are
preceded by a neutral residue, glycine, isoleucines, or threo-
nine. A similar consensus sequence is also found in the chon-
droitin sulfate proteoglycan versican (69). This consensus
sequence might be used by the same xylosyl transferase since
the polysaccharide linkage region is identical in chondroitin
sulfate proteoglycans and HSPGs (for review see 38). The
location of these three potential HS attachment sites in do-
main I would also be in agreement with previous protein and
EM data locating three side chains to the end of the core
protein.

In addition to the three consensus sequences in domain I,
there are three sites which are similar to the second con-
sensus, sequence Ser-Gly-X-Gly for glycosaminoglycan at-
tachment found in many proteoglycans. One of those is lo-
cated in the second immunoglobulin repeat of domain IV and
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the other two are present in domain V at similar locations
at the initiation of subdomains GR-2 and GR-3 (see Fig. 3).
Although these subdomains are homologous to correspond-
ing subdomains in the large carboxyl-terminal end G domain
of the laminin A and merosin chains this consensus sequence
is not present in laminin. These consensus sequences do not,
however, contain the typical acidic residues preceding Ser-
Gly (5) which makes them weaker candidates for being
glycosaminoglycan attachment sites than the potential sites
in domain I.

LDL Receptor Ligand Binding Motifs in the
Basement Membrane HSPG

At present, it is not known whether the large basement mem-
brane HSPG binds LDL and if so what physiological
significance it has. However, it has been suggested that the
anionic HS side chains of proteoglycans can, as such, bind
both LDL and lipoprotein(a), possibly binding to the same
regions that participate in binding apo B to its receptor (7).
As shown in this study, the core protein contains LDL recep-
tor ligand binding-like regions close to the HS side chains
containing domain. Consequently, the HS side chains and
the LDL receptor-like domains of the basement membrane
HSPG may, together, bind lipoproteins and, thus, contribute
to their binding to the immediate subendothelial matrix.

Laminin-like Domain 111

Domain III was shown to have a structure resembling the
globular and cysteine-rich domains in the short arms of lami-
nin. Unlike the cysteine-rich subdomains in the laminin
chains, the CR-1 subdomain of HSPG begins with a half re-
peat. The cysteine-rich sequences and the surrounding
globular structures are closely homologous, which indicates
that they may have duplicated as units. It has been suggested
that the 9-amino acid insertion in the CR-3 subdomain is the
site where duplication occurred (47). This would indicate
that the original duplicated unit would contain one cysteine
repeat, the cysteine repeat with the globular domain inserted
in the middle of it and two full cysteine repeats. Interestingly,
there is a deletion of at least three amino acids including two
conserved cysteines in the CR-2 subdomain exactly at the
boundary of the postulated duplicating unit. The CR-1 sub-
domain has only a half left of the first repeat.

Several biological functions have been assigned to the
short arms of laminin. Proteolytic fragments containing the
short arms of laminin have been found to mediate cell attach-
ment, and several peptides comprising regions of laminin
chains have been reported to have cell binding activity. The
laminin-like domain I1I in HSPG does not, however, contain
any sequences, such as RGD or YIGSR found in the laminin
chains and reported to promote cell adhesion (22, 55). The
cysteine repeats in the laminin rodlike regions have limited
homology to EGF and they have been indicated to have
growth-factor activity (48). The laminin-like cysteine re-
peats in the HSPG core protein could also serve the same
function. It is also possible that the laminin-like region in
HSPG core protein is involved in the interactions of the pro-
tein core with other basement membrane components.

N-CAM-like Domain IV
Domain IV was shown to consist of 21 repeats similar to
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those in the Ig superfamily. Closest homology was found to
the family of neural cell adhesion molecules. These repeats
have a high sequence identity (see Fig. 7). Most notably
repeats 6-15 share a particularly high degree of sequence
identity not typical for other repeats of the HSPG core pro-
tein. This indicates that the original repeats have diverged
early from the other cell adhesion molecules and the similar-
ity between the repeats suggests that they have later dupli-
cated several times. Comparison with the similar domain in
the mouse cDNA clone BPG7 reported earlier (47) reveals
that there are several sequences which are conserved in
mouse and human. However, there is a significant difference
between the human and mouse sequences in this region of
the protein, since it appears that the human protein contains
seven repeats inserted into the middle of the second Ig-like
repeat in the mouse amino acid sequence. This suggests ei-
ther a very recent duplication event in the evolution or alter-
native splicing. According to these data the molecular mass
of the mouse protein would be considerably smaller than that
of the human protein, 396 instead of 467 kD. However, no
alternative mRNAs, which would account for such large re-
gions ~2 kb, have been observed so far in either human (see
Fig. 2.) or mouse mRNAs. The borders where the possible
duplication occurred are in the middle of Ig repeats suggest-
ing that this could be the exon-intron boundary. This would
be similar to the Ig repeat in coding exons in the N-CAM
gene (12), but different in Ig exons in antibodies, which code
for a full repeat. The exon-intron structure has been consid-
ered as evidence for the early divergence between the neural
cell adhesion and immunoglobulins. In this sense the Ig-like
repeats in HSPG core protein would also appear to belong
to the family of neural cell adhesion molecules.

Members of the Ig superfamily of proteins have been im-
plicated in many functions. Neural cell adhesion molecules
especially have been demonstrated to mediate cell-cell ad-
hesion (for review see 17). The Ig domains participate in
homophilic binding between cell adhesion molecules. In ad-
dition, they may contain sequences important in binding
heparin and heparan sulfate such as in N-CAM (30). The
function of Ig domains in the HSPG core protein has not
been demonstrated, but they could participate in either ho-
mophilic binding between two HSPG core proteins, or in
heterophilic binding to other proteins, such as cell adhesion
molecules. It has been observed previously that the purified
core protein has a strong tendency to aggregate in dimers and
even stellate structures (25).

Domain V: Elements from the G Domain of Laminin A
Chains Separated by EGF-like Repeats

The large HSPG core protein was shown to contain a large
presumably globular carboxyl-terminal end domain with ho-
mology to the large G domain of the laminin A and merosin
chains (18, 46, 59). In laminin, the G domain, which is also
located at the carboxyl-terminal end, has been suggested to
have a role in the supramolecular assembly of the basement
membrane network. It may contain binding sites for type IV
collagen and the basement membrane HSPG. Furthermore,
the globular domain and fragments of it have been shown to
have cell binding activity (61). It is possible that the HSPG
domain V shares some of the functions of the laminin G do-
main. For example, it has been shown by in vitro studies that
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the HSPG core proteins aggregate at the ends opposite the
HS chains. It is also possible that the two Leu-Arg-Glu se-
quences (28) have motor neuron attachment activities.

Despite their similarities, the HSPG domain VI has sev-
eral features that distinguish it substantially from laminin.
One feature is that HSPG has only three globular subdo-
mains—GR-1, GR-2, and GR-3—as opposed to five in the
laminin G domain. There are two doublets of ~40-residue
EGF motifs located between the GR subdomains in the HSPG
core, whereas no such repeats are present in the G domain
of laminin. Sequences with homology to the EGF motif have
been found in several proteins in single or multiple copies.
Characteristically these motifs have six conserved cysteines
which form disulfide bonds producing a predicted rigid loop
structure (1). The constant rigid structure ensures the ex-
posure of biologically active residues such as in the actual
EGF where short segments have been shown to provide min-
imal ligand causing plerotropic proliferative and develop-
mental effects (35). EGF motifs have been found in the LDL
receptor; plasminogen activators; laminin; coagulation fac-
tors VII, IX, X, and XII; and some other proteins (1). Co-
agulation factor IX contains two EGF motifs which have
been proposed to participate in binding to a cell surface
receptor. However, recent studies show that the first EGF do-
main is not likely to have receptor binding activity (9) and
the only remaining function appears to be calcium binding
(24). In the absence of protein and protein-cell interaction
data the role of the EGF motifs in the HSPG core protein
can only be speculated.

The present work provides the possibilities for generating
synthetic peptides and recombinant proteins from different
regions of the large core protein and specific antibodies to
these regions. This will enable us to do actual protein and
cell biological experiments to study the different functions
of this multidomain protein.
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