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The interphotoreceptor matrix is a unique extracellu-
lar complex occupying the interface between photore-
ceptors and the retinal pigment epithelium in the fun-
dus of the eye. Because of the putative supportive role in
photoreceptor maintenance, it is likely that constituent
molecules play key roles in photoreceptor function and
may be targets for inherited retinal disease. In this
study we identify and characterize SPACRCAN, a novel
chondroitin proteoglycan in this matrix. SPACRCAN
was cloned from a human retinal cDNA library and
the gene localized to chromosome 3q11.2. Analysis
of SPACRCAN mRNA and protein revealed that
SPACRCAN is expressed exclusively by photoreceptors
and pinealocytes. SPACRCAN synthesized by photore-
ceptors is localized to the interphotoreceptor matrix
where it surrounds both rods and cones. The functional
protein contains 1160 amino acids with a large central
mucin domain, three consensus sites for glycosamino-
glycan attachment, two epidermal growth factor-like
repeats, a putative hyaluronan-binding motif, and a po-
tential transmembrane domain near the C-terminal.
Lectin and Western blotting indicate an Mr around
400,000 before and 230,000 after chondroitinase ABC di-
gestion. Removal of N- and O-linked oligosaccharides
reduces the Mr to approximately 160,000, suggesting
that approximately 60% of the mass of SPACRCAN is
carbohydrate. Finally, we demonstrate that SPACRCAN
binds hyaluronan and propose that associations be-
tween SPACRCAN and hyaluronan may be involved in
organization of the insoluble interphotoreceptor ma-
trix, particularly as SPACRCAN is the major proteogly-
can present in this matrix.

The light-sensitive photoreceptor inner and outer segments
project from the outer retinal surface into a carbohydrate-rich
IPM1 (1). Several structure-function activities of fundamental

importance to vision are thought to be mediated by the IPM,
including visual pigment chromophore exchange, metabolite
trafficking, retinal adhesion, photoreceptor alignment, and
photoreceptor membrane turnover (2–12). Because this matrix
resides in such a key location and is putatively crucial in
supporting photoreceptor function, additional information is
required as to the identity, role, and involvement of specific
IPM molecules in mediating these activities.

Early attempts to remove IPM components for subsequent
characterization used saline rinses of the outer retinal surface,
which succeeded in isolating some soluble molecules. For ex-
ample, the interphotoreceptor matrix retinoid-binding protein
was first isolated from the IPM by rinsing, which also removed
a variety of enzymes, some mucins, and immunoglobulins (13–
17). The retention of other less soluble molecules following
aqueous rinses was not initially appreciated but was clearly
documented in the studies of the IPM in Xenopus (18) and rat
(19).

Recently, an abundant sialoglycoprotein that is retained in
the human IPM following rinsing was characterized and
named SPACR (20). A polyclonal antibody prepared against
SPACR intensely labels the rod-associated matrix with weaker
labeling of the cone matrix (20). Sequence analysis of peptides
from purified SPACR revealed 100% identity to the deduced
sequence of interphotoreceptor matrix proteoglycan 1 (Gen-
BankTM accession number AF047492) cDNA (also called
IPM150) (21). The gene product of interphotoreceptor matrix
proteoglycan 1 is listed in GenBankTM as a chondroitin sulfate
proteoglycan core protein, but our analysis indicates that it is a
glycoprotein and not a proteoglycan (21).

Earlier reports document the presence of another prominent
protein in the insoluble IPM. This molecule, initially referred to
as IPM200 (8), is clearly a proteoglycan core protein because it
will only enter a 7.5% polyacrylamide gel after digestion with
chondroitinase ABC (23). Furthermore, it shows intense immu-
noreactivity in Western blots to a chondroitin DDi6S mono-
clonal antibody (23). Until now the identity of this proteoglycan
has remained unknown. In this study we describe the cloning
and characterization of the human cDNA encoding this novel
proteoglycan in addition to the chromosomal localization of the
gene counterpart. The identification of the proteoglycan came
about during cloning attempts of the human homolog of
PG10.2, a gene that is expressed specifically in rat pineal gland
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and retina (24). The N-terminal sequence of the proteoglycan
core protein isolated from the human IPM matched the de-
duced amino acid sequence of the human PG10.2 homolog. We
named this gene and its product “SPACRCAN,” because it is a
novel proteoglycan located in the subretinal space, the term
used by ophthalmologists for the IPM. We document the ex-
pression of the SPACRCAN gene in photoreceptors and pine-
alocytes and localize SPACRCAN in the IPM where it sur-
rounds both rods and cones. SPACRCAN is retained in the
insoluble IPM through its binding to hyaluronan, suggesting
that one function of SPACRCAN is to participate with the
glycoprotein SPACR in binding and organizing hyaluronan into
the primary scaffold of the insoluble IPM (25). Finally, there
are homologous regions between the deduced amino acid se-
quences of human SPACRCAN and the glycoprotein SPACR,
which suggests a novel family of IPM-specific molecules.

EXPERIMENTAL PROCEDURES

Reagents—Avidin-conjugated lectins wheat germ agglutinin and
PNA, biotinylated horseradish peroxidase, streptavidin, and goat anti-
rabbit IgG were obtained from Vector Laboratories (Burlingame, CA).
Nitro blue tetrazolium, 5-bromo-4-chloro-3-indolyl phosphate tablets,
iodoacetic acid, and dithiothreitol were purchased from Sigma. Protease
inhibitors were from Roche Molecular Biochemicals, (Indianapolis, IN).
3,39-Diaminobenzidine tablets were from Amresco (Solon, OH). The
biotinylated monoclonal antibody prepared against chondroitinase
ABC-digested proteoglycan and chondroitin DDi6S (from clone 3-B-3)
were from Seikagaku Corporation (Ijamsville, MD). Chondroitinase
ABC (protease free) and Streptomyces hyaluronidase were also from
Seikagaku Corporation (Ijamsville, MD). N- and O-glycosidases were
from Oxford GlycoSciences, (Wakefield, MA). Cetylpyridinium chloride
was obtained from ICN Biomedicals, (Aurora, OH). Immobilon-P mem-
branes were purchased from Millipore, (Bedford, MA). Healon, Amer-
sham Pharmacia Biotech, was the source of HA. Gel Code stain was
obtained from Pierce. The 22-mer HA oligosaccharides were a gift from
Markku Tammi and have been described in previous work (see Ref. 26).

Tissue Sources—The 42 human eyes used in this analysis were
obtained from the Cleveland Eye Bank, Cleveland, OH. Donor ages
ranged from 14 to 77 years, with postmortem times between 2 and 12 h.
Seven human pineal glands with donor ages from 20 to 78 years were
also used; five were obtained through the Cooperative Human Tissue
Network at The Cleveland Clinic Foundation, Department of Anatomic
Pathology, and two were from the section of Neuropathology, Clinical
Brain Disorders Branch, NIMH, Bethesda, MD.

cDNA Library Screen—Approximately 1 3 106 bacteriophage clones
from a lgt10 human retinal cDNA library (kindly provided by Dr.
Jeremy Nathans, Johns Hopkins University School of Medicine, Balti-
more, MD) were screened (27) using a rat PG10.2 cDNA probe. The
cDNA probe was derived by PCR using rat PG10.2 sequence-specific
forward (59-TGGTTTTGGCCCAAATGATTATGTTTCTCC) and reverse
(59-CCCAGGGTGGCATTTGCACTTTGC) primers and the rat PG10.2
cDNA as the DNA template (24). The PCR product was purified using
QIAquick gel extraction kit (QIAGEN, Valencia, CA) and random
primer labeled with [a-32P]dCTP (3000 Ci/mmol, ICN Biomedicals,
Aurora, OH) and the Prime-It II kit (Stratagene, La Jolla, CA) accord-
ing to the manufacturer’s instructions. The nitrocellulose membrane
filters (Schleicher & Schuell) were prehybridized for 3 h in 53 Den-
hardt’s solution (0.1% Ficoll, type 400, 0.1% polyvinylpyrrolidone, 0.1%
bovine serum albumin, fraction V) and 33 SSPE (13 5 0.15 M NaCl/
0.01 M NaH2PO4. H2O, pH 7.4) at 60 °C. Hybridization was performed
overnight in 13 Denhardt’s, 33 SSPE, and 106 cpm/ml of the rat
PG10.2 PCR probe at 60 °C. Filters were washed for 15 min, five times,
in 0.23 SSPE and 0.2% SDS at 60 °C and exposed to Kodak XAR film
for 1–2 days at 280 °C.

Reverse Transcriptase PCR and PCR Amplification—One microgram
of DNase I-treated total RNA extracted from human retinal tissue was
used as the template for each first strand cDNA synthesis. To generate
the central cDNA region of human SPACRCAN, the reverse primer,
59-CCTCTAGCAGGGTGGAGATTGTGG, designed from the cDNA se-
quence of the phage clone, hPG10.2.3, was used to synthesize the first
strand cDNA. Amplification of the cDNA was performed with forward
(59-CTCTGGTCAGAAAGTCCTTTG) and reverse (59-CAGTAGAGGCA-
GAGATTGCTACAG) primers designed from human SPACRCAN

genomic sequence data2 and from the hPG10.2.3 cDNA sequence, re-
spectively. The 59-cDNA region of SPACRCAN was generated using the
reverse primer (59-CAGTAGAGGCAGAGATTGCTACAG) for first
strand cDNA synthesis. The cDNA amplification was performed using
low stringency PCR conditions with the forward (59-TGGTTTTGGCC-
CAAATGATTATGTTTCTCC) and reverse (59-GTCCTTTCCTCAGAA-
GCCACAG) primers that were derived from rat PG10.2 cDNA sequence
and from human SPACRCAN cDNA sequence, respectively. Low strin-
gency PCR was performed at the following temperatures after an initial
incubation of 94 °C for 3 min, 94 °C for 30 s, 45 °C for 30 s, and 68 °C for
2 min for two preliminary cycles. For the next 30 cycles, the conditions
were as follows: 94 °C for 30 s, 50 °C for 30 s, and 72 °C for 2 min with
a final 10-min extension step at 72 °C. All other PCR procedures were
performed as follows: 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 3.5 min
for 30 cycles after an initial incubation at 94 °C for 3 min and with a
final 10-min extension step at 72 °C. The first strand cDNA syntheses
and PCR steps were performed using Superscript II RNase H-reverse
transcriptase and Platinum Taq DNA polymerase (Life Technologies,
Inc.), respectively, as recommended by the manufacturer.

DNA Sequencing and Analysis—Sequencing was performed by the
dideoxynucleotide chain termination DNA-sequencing method using
the T7 Sequenase version 2.0 DNA sequencing kit (Amersham Phar-
macia Biotech). Sequence was analyzed using DNA Strider 1.2 (Chris-
tian Marck, Center d’Etudes de Saclay, Cedex, France) and GeneWorks
(Intelligenetics, Mountain View, CA) software.

Chromosomal Localization—The forward (59-CTCACATGACAGT-
TAGATGG) and reverse (59-CAGAGTCTCTGTGACCTACAG) PCR
primers used for chromosomal localization of the SPACRCAN gene
were designed from the 39-untranslated region of SPACRCAN, identi-
fied in image clone AA815118 from a BLAST search using the rat
PG10.2 sequence. Localization was performed by Research Genetics,
Inc., using DNA from each of 93 radiation hybrid panel cell lines as PCR
templates. The localization was confirmed by fluorescent in situ hybrid-
ization analysis (Genome Systems, Inc, St. Louis, MO).

Northern Analysis—Total RNA from human tissues was either pur-
chased from CLONTECH (Palo Alto, CA) or isolated from the human
tissues using RNAeasy kit (QIAGEN Inc., Valencia, CA). Macula and
peripheral retina RNA were isolated from 5-mm punches from fresh
monkey retina as described previously (28). The RNA was separated by
electrophoresis in a 1.2% agarose formaldehyde gel at 56 V for 3.5 h.
The gel was stained with SYB green II (Molecular Probes, Eugene, OR)
then scanned using a STORM 860 apparatus (Molecular Dynamics,
Inc., Sunnyvale, CA). The gel was blotted and probed with a 462-base
pair SPACRCAN probe generated by PCR using the forward (59-CCG-
TGTATGAAAGTCACAGG) and reverse (59-CACAGCATTCAGTCTT-
TATAG) primers. The quantification was performed using Molecular
Dynamic’s ImageQuant 5.0 software and Microsoft (Seattle, WA) Excel
software using a similar method (29).

In Situ Hybridization—The cDNA insert of the phage clone,
hPG10.2.3, was subcloned into the EcoRI site of the pGEM-4Z vector
(Promega, Madison, WI). Sense and antisense riboprobes, labeled with
35S-labeled UTP (1250 Ci/mmol, NEN Life Science Products), were
generated using SP6 and T7 RNA polymerases, respectively. In situ
hybridization histochemistry was performed on fresh frozen human
retinal and pineal gland sections cut at 12 mm. These sections were
processed as described previously (30) and were dipped in emulsion and
developed after exposure for 2 months. Sections were examined with
bright and darkfield illumination using a Leitz photomicroscope. Im-
ages were digitized using a SenSys-KF1401E CCD camera (Photomet-
rics, Tuscon, AZ) and manipulated with IPLab (Scanalytics, Fairfax,
VA), Adobe 5.0 (Adobe Systems, San Jose, CA), and Canvas 6 (Deneba,
Miami, FL) software on a PowerPC Macintosh computer.

IPM Isolation—After bisecting the eye, retinas were removed from
the posterior pole and washed extensively with PBS containing prote-
ase inhibitors to remove soluble molecules followed by detachment of
the insoluble IPM with distilled water (21, 31). The insoluble IPM was
collected (20) after centrifugation, and the pellet was solubilized in 0.1
M Tris-buffered saline, pH 8.0, containing 5 mM dithiothreitol.

Enzyme Digestions—Chondroitinase ABC: 50 ml of 1 mg/ml IPM
extract was resuspended in 0.1 M Tris acetate buffer, pH 7.3, and 3
milliunits of the enzyme, containing protease inhibitors, was added to
the tube. The reaction was allowed to proceed at 37 °C for 3 h. Strep-
tomyces hyaluronidase: IPM extract (100 mg of total protein) was incu-
bated in 50 mM sodium acetate buffer, pH 6.0, for 2 h at 37 °C with
Streptomyces hyaluronidase (2–5 TRU). N-Glycosidase: Samples (50 mg)

2 V. C. Foletta, unpublished data.
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were denatured in 0.05 M phosphate buffer containing 0.2% SDS and 50
mM dithiothreitol at 100 °C for 5 min. Nonidet P-40 was added to a final
concentration of 0.7% in 100 ml of sample volume to which was added
0.3 milliunits in 1 ml of recombinant peptide N-glycosidase F. The
digestion was continued overnight at 37 °C. Neuraminidase: 50 mg of
total protein was dissolved in 100 ml of 0.1 M sodium phosphate buffer,
pH 6.5. 50 milliunits/ml neuraminidase were added followed by incuba-
tion for 1 h at 37 °C. O-Glycosidase: IPM sample (50 mg), predigested
with neuraminidase as described above, was denatured by boiling in
0.1% SDS, 10 mM sodium cacodylate buffer, pH 6.0. Nonidet P-40 was
added in 10-fold excess of SDS by weight followed by 50 milliunits of
O-glycosidase and overnight incubation at 37 °C.

Antibody Production—The insoluble IPM removed with distilled wa-
ter was isolated as described previously (31). The IPM pellet was
obtained by centrifugation at 400 3 g for 15 min on a table top centri-
fuge. The pellet was resuspended in cold 0.1 M Tris-buffered saline (pH
8.0 containing 5 mM dithiothreitol). The supernatant was collected after
centrifugation (12,000 rpm) in a refrigerated microfuge. The superna-
tant was diluted 23 with 0.1 M NaOAc, pH 6.0, and digested with
chondroitinase ABC (300 milliunits/ml) for 3 h at 37 °C. At the end of
the incubation, an equal volume of SDS sample buffer was added to the
IPM extract, the sample was denatured by boiling for 5 min in the
presence of 5% 2-mercaptoethanol, and the proteins were separated on
7.5% SDS-PAGE (30 mg of total protein/lane). After electrophoresis the
gel was rinsed with water three times before staining with Gel Code
Blue. The gels were destained with water, and the 230-kDa bands were
removed, minced, and sent to Biodesign Inc., Kennebunk, Maine for
immunization in rabbits. Approximately 200 mg of SPACRCAN was
injected/boost. Antibodies to SPACRCAN reached a suitable titer for
use in Western blotting and immunocytochemical studies following the
third boost.

Western Blotting—Sample extracts were subjected to SDS-PAGE and
electroblotted onto Immobilon-P membranes followed by incubation in
PBS containing 2% BSA at pH 7.5 for 30 min. BSA was replaced by the
biotinylated lectin (20 mg/ml) in 1% BSA-PBS for lectin blots and incu-
bated for 3 h at room temperature. For Western blots, the membranes
were incubated with anti-SPACRCAN (1:1000) or anti-DDi6S (1:100) in
PBS-BSA overnight at 4 °C after BSA blocking. The membranes were
washed with PBS-Tween (3 times) and incubated with biotinylated
horseradish peroxidase-Avidin complex or alkaline phosphatase-conju-
gated secondary antibody (1:5000) for 1 h at room temperature. The
membranes were washed and the color reaction developed using the
substrates 5-bromo-4-chloro-3-indolyl phosphate-nitro blue tetrazolium
or 3,39-diaminobenzidine.

PNA-Agarose Affinity Chromatography—IPM extract as prepared
above was digested with chondroitinase ABC (3 milliunits/50 mg of
protein) in 50 mM Tris acetate buffer, pH 7.3, at 37 °C for 2 h. This was
loaded on a PNA-agarose affinity resin (Vector labs) prequilibrated with
PBS. The column was washed with PBS and eluted with 0.2 M lactose.
Fractions were dialyzed and then analyzed by SDS-PAGE followed by
Gel Code Blue staining for the presence of SPACRCAN.

Protein/Peptide Sequencing—IPM extracts in Tris-HCl were further
separated on a 7.5% SDS-PAGE gel. The gel was stained with Gel Code
Blue, and the band excised, destained, and sent to the Howard Hughes
Medical Institute Biopolymer Laboratory and WM Keck Foundation
Biotechnology Resource Foundation at Yale University, New Haven, CT
for digestion with trypsin and separation by liquid chromatography-
mass spectrometry. Three of the resultant peptides were sequenced by
Edman degradation. Affinity purified SPACRCAN was separated by
SDS-PAGE and transferred to Immobilon-P membranes, stained with
Coomassie Blue. SPACRCAN bands were excised and sequenced on an
Applied Biosystems Gas phase sequencer at the Case Western Biotech-
nology Core Laboratory, Cleveland, Ohio.

CPC Precipitation—To demonstrate HA binding to SPACRCAN we
used a protocol similar to that described (21). Briefly, PNA-agarose-
purified SPACRCAN core protein samples (1 mg) in 50 mM Tris acetate
buffer (pH 7.3) containing 0.5 M NaCl were incubated for 1 h at room
temperature with and without Healon (50 mg). Control samples were
digested with Streptomyces hyaluronidase (1 TRU) for 1 h at 37 °C prior
to CPC precipitation. Inhibition of endogenous HA binding was per-
formed in the presence of HA oligosaccharides (100 mg/ml). BSA (2 mg)
incubated with Healon was used as a negative control. CPC (1.25% final
concentration) was added to the samples and further incubated for 1 h.
The CPC pellet and supernatant were obtained by centrifugation
(12,000 rpm) of the sample for 15 min at room temperature. The pellets
were rinsed twice with 1% CPC in Tris acetate buffer. Pellets were
resuspended in 20 ml of water and boiled in SDS-PAGE sample buffer
(32) before the proteins in the pellet and supernatant were separated by

PAGE. After electrophoresis the proteins were transferred to polyvi-
nylidene difluoride membranes using the Bio-Rad semi-dry blotting
system. The membranes were blocked using 2% BSA in PBS before
incubating with 1:100 dilution of biotinylated DDi6S antibody overnight
at 4 °C. After incubation with avidin-conjugated horseradish peroxidase
(1:5000 in PBS), the protein bands were visualized with the peroxidase
color reaction as described previously. BSA was included in the CPC
precipitation studies as a negative control (21).

Immunocytochemistry—Eyes arrived at the laboratory in eye bank
jars on ice. They were gently opened with a razor blade, cutting poste-
rior to the limbus prior to immersion fixation. Freshly isolated eyes and
pineal glands used for anti-SPACRCAN immunocytochemistry were
preserved in a fixative containing 4% formaldehyde (freshly prepared
from paraformaldehyde), in 0.1 M phosphate buffer (pH 7.2). After
removal from the fixative, tissues were rinsed in 3 3 10 min changes of
0.1 M phosphate buffer and processed for paraffin microscopy using
standard dehydration and infiltration procedures. Tissue sections cut at
7 mm were placed on Superfrost slides, deparaffinized with xylene, and
hydrated through graded ethanols prior to enzyme digestion or anti-
body application.

Chondroitinase ABC digestions were performed on deparaffinized
tissue sections mounted on microscope slides (Seikagaku Corp., 460
milliunits/ml in 0.1 M Tris acetate, pH 7.3, 37 °C, 1 h). Tissue sections
were incubated with 6% BSA in phosphate buffer (0.1 M, pH 7.2) for 30
min to block nonspecific antibody binding. Sections were incubated with
the primary SPACRCAN antibody (diluted 1:2000) in 6% BSA, 0.1 M

phosphate buffer overnight at 4 °C. After rinsing extensively with 0.1 M

phosphate buffer, sections were treated with ABC (Vector Labs., 1:200
dilution) for 1 h at room temperature. Sections were washed with 0.1 M

phosphate buffer and incubated in 0.05% 3,39-diaminobenzidine (Sig-
ma) and 0.03% hydrogen peroxide in the phosphate buffer at room
temperature. Sections were examined unstained with transmitted light
or Nomarski optics using a Zeiss Axiophot photomicroscope. Images
were digitized using a Hamamatsu CCD camera and manipulated with
Photoshop 4.0 software on a Power Macintosh computer.

RESULTS

Cloning of Human SPACRCAN cDNA—To clone the human
SPACRCAN cDNA, phage clones of a human retina cDNA
library were screened using a partial cDNA of the rat homolog,
PG10.2 (24), as a probe. Six positive clones were isolated and
the nucleotide sequence of the largest clone (hPG10.2.3, 1.95
kilobases) was determined. Comparison with the rat PG10.2
cDNA revealed that hPG10.2.3 contained the 39-half of
SPACRCAN9s open reading frame. The remaining SPACRCAN
cDNA was obtained by employing reverse transcriptase-PCR
using RNA extracted from human retina and by subsequent
PCR amplification. The combined nucleotide sequence from the
three partially overlapping cDNA clones contains 3989 base
pairs (Fig. 1).

Two in-frame methionine codons (ATG) are present at nucle-
otides 15 and 21, and a stop codon (TAA) is evident at nucleo-
tide 3738. At present it is unclear which AUG codon in
SPACRCAN mRNA would be preferred for translation initia-
tion of SPACRCAN mRNA. Usually initiation occurs from the
first AUG according to the Kozak scanning model (33). How-
ever, the second AUG has an A, a purine, in position 23, which
is normally critical for function (33). It is also possible that both
codons are used.

Downstream to the stop codon at nucleotide 3962 is a con-
sensus polyadenylation motif (AATAAA). If this is the true end
of the 39-untranslated region of SPACRCAN, then a large 59-
untranslated region is likely to exist as the SPACRCAN tran-
script is approximately 9.0 kilobases (Fig. 2). Finally,
SPACRCAN has a 79% nucleotide sequence identity with rat
PG10.2 (24), which strongly suggests that they are indeed
orthologs.

Chromosomal Localization of SPACRCAN—The SPACRCAN
gene was localized to chromosome 3q11.2 using radiation
hybrid panel screening and confirmed by fluorescent in situ
hybridization analysis. When the data were submitted to the

SPACRCAN: a Novel Hyaluronan-binding Proteoglycan 6947



Whitehead/MIT server and tested against the current frame-
work markers, SPACRCAN was localized between markers
WI-11447 and WI-16656 (34).

Tissue Distribution of SPACRCAN Expression—Northern
blot analysis on a variety of human tissues was performed to
determine the tissue specificity and the relative levels of ex-
pression of SPACRCAN mRNA (Fig. 2). Approximately 5 mg of
total RNA was used for each tissue. The blot was probed with
a 39-end SPACRCAN-specific cDNA probe. The relative levels
of expression were determined by normalizing the SYB green
II-stained 28 S ribosomal RNA band to the signal generated by
the probe using a STORM 860 phosphoimager (29). The
SPACRCAN hybridization signal was observed exclusively in
the retina and pineal gland mRNA samples, indicating that the
SPACRCAN gene is expressed only in these tissues. The pre-
dominant SPACRCAN mRNA appears to be approximately 9
kilobases in length although a smaller and more diffuse signal
is also evident at approximately 4.4 kilobases (Fig. 2).

Cellular Localization of SPACRCAN Expression—In situ
hybridization was performed on fresh frozen sections of the
human retina and pineal gland. The 35S-labeled antisense
riboprobe signal was localized to the outer retina with a high
density of silver grains over the photoreceptor inner seg-
ments and a weaker density over the photoreceptor nuclei
(Fig. 3, A and B). Both rod and cone photoreceptors were
labeled. Retinal sections incubated with the 35S-labeled sense
riboprobe were virtually free of silver grains (Fig. 3, C and D).

In the pineal gland, SPACRCAN 35S-labeled antisense hy-
bridization was evident throughout most regions with the
exception of the connective tissue septa. These septal areas
also contain blood vessels, and gliotic or fibrotic-like inclu-
sions (Fig. 3, E, G, and H). Pineal sections incubated with the
35S-labeled sense riboprobe were virtually free of silver
grains (Fig. 3F).

Features of the Putative Polypeptide—The nucleotide se-
quence of the SPACRCAN cDNA presented in Fig. 1 contains
an open reading frame that encodes 1241 amino acids. The
deduced amino acid of the SPACRCAN polypeptide is pre-
sented in Fig. 4. Several potentially important features are
evident. (a) A large mucin-like domain, containing numerous
potential O-linked glycosylation sites (76 serine and 35 threo-
nine residues), is located in the central part of the sequence
(Thr393-Thr835). (b). Six consensus sites for N-linked glycosyla-
tion are present in two clusters, four on the N-terminal side
and two on the C-terminal side of the mucin domain (at resi-
dues Asn154, Asn301, Asn320, Asn370, Asn942, and Asn956). (c)
Four consensus sites for GAG attachment are present. The first
is at residue Ser603, near the center of the mucin domain, which
conforms to the consensus sequence SGXG (35). The other
three are on the C-terminal side of the mucin domain (at
residues Ser1007, Ser1031, and Ser1187) and conform to the con-
sensus sequence SG (acidic) (36). Ser1031 is located between two
cysteine residues (Cys1025 and Cys1036) and may not be func-
tional. (d) A linear HA-binding motif is present in the deduced

FIG. 1. Nucleotide sequence of the SPACRCAN cDNA. The 3989-base pair sequence was derived from partial cDNA clones obtained from
a human retina cDNA library (underlined) and from reverse transcriptase-PCR and PCR products. The potential start and stop codons are boxed
and the polyadenylation motif is highlighted in bold. The nucleotide sequence for the human SPACRCAN cDNA has been deposited in
GenBankTM/EBI/DDBJ data bases under GenBankTM Accession Number AF157624.
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sequence spanning residues Arg1125-Arg1133 (37).3 (e) Two
EGF-like motifs, arranged in tandem, are present near the C
terminus (Cys1014-Cys1050 and Cys1054-Cys1092). EGF-like mo-
tifs contain six conserved cysteine residues that participate in
the intrachain disulfide bonding required for the structural
stability of the motif (38). (f) Also present is a 24-amino acid
hydrophobic sequence C-terminally to the EGF-like domain
(Iso1101-Iso1124) suggesting a membrane-spanning region.

Identification of the SPACRCAN Gene Product—The puta-
tive GAG attachment sites in the deduced amino acid sequence
of SPACRCAN (Fig. 4) and the identification of SPACRCAN9s
restricted retinal expression to photoreceptors (Fig. 3, A and B)
suggest that SPACRCAN may be a candidate for a singularly
abundant chondroitin sulfate proteoglycan core protein in the
human IPM that was recently characterized using a DDi6S
monoclonal antibody following digestion of the human IPM
samples with chondroitinase ABC (23). To identify this 230-
kDa core protein, the protein band was cut from the gel follow-
ing PAGE of chondroitinase ABC-digested IPM extracts and
submitted for N-terminal analysis. Accordingly, the sequence
SILFP was obtained, which is identical to residues Ser82-Pro86

in the deduced sequence of SPACRCAN (Fig. 4). Two internal
peptides liberated following trypsin digestion of the 230-kDa
core protein were also analyzed producing the sequences TF-
WDR and VSPFLPDASMEK. These correspond to sequences
Thr123-Arg127 and Val582-Lys593, respectively, in the deduced
sequence (Fig. 4). Thus, the 100% concordance of the amino
acid sequences of these three peptides to the sequences de-
duced from human SPACRCAN cDNA indicates that the 230-

kDa IPM chondroitin sulfate proteoglycan core protein charac-
terized previously (23) represents the gene product of the
SPACRCAN gene.

Further Carbohydrate Analysis of SPACRCAN—Insoluble
IPM extracts containing SPACRCAN were analyzed with 5%
SDS-PAGE before and after chondroitinase ABC digestion and
stained with Gel Code Blue or the lectin wheat germ agglutinin
to estimate the change in SPACRCAN mass (Fig. 5A). In the
undigested sample, SPACRCAN migrated as a broad smear
with a peak intensity close to 400 kDa (Fig. 5A, lanes 1 and 3).
This apparent molecular mass was estimated using chondroiti-
nase-digested rat chondrosarcoma aggrecan (400 kDa) as the
standard (39) (Fig. 5A, lane 5). After digestion SPACRCAN was
visible at a lower position at around 230 kDa, and the broad
smear, present in the higher molecular weight range of the
undigested sample, was absent (Fig. 5A, lanes 2 and 4).

When the IPM samples were separated using a 7.5% gel, the
high molecular weight components present in the undigested
IPM sample only minimally entered the gel and were present
at the top of the lane as seen in the Gel Code Blue-stained gels
(Fig. 5B, lane 1). Following digestion with chondroitinase ABC
(Fig. 5B, lane 2), the high molecular mass band at the top of the
lane was no longer present, and a new band was observed just
above the 220-kDa marker. This dramatic increase in electro-
phoretic mobility of the high molecular weight IPM protein
following chondroitinase digestions clearly indicates that this
molecule represents the core protein of a chondroitin-type
proteoglycan.

We also used the DDi6S antibody (40, 41) to label
SPACRCAN in the IPM. In the Western blot using the DDi6S
antibody (Fig. 5B, lanes 3–4), no immunostaining was evident
in the undigested sample (lane 3), whereas intense immuno-
staining of the 230-kDa SPACRCAN band was present in the
chondroitinase ABC-digested sample (lane 4). Lower levels of3 E. A. Turley and J. K. K. Choe, personal communication.

FIG. 2. Multitissue Northern blot analysis of SPACRCAN per-
formed on 19 human tissues (lanes 1–19) and 4 monkey eye
tissues (lanes 20–23). Each lane was loaded with 5 mg of total RNA
and separated by agarose gel electrophoresis as described under “Ex-
perimental Procedures.” The sample order is: lane 1, retina; 2, pigment
epithelium/choroid; 3, brain; 4, pineal gland; 5, cerebellum; 6, heart; 7,
skeletal muscle; 8, liver; 9, kidney; 10, stomach; 11, small intestine; 12,
lung; 13, spleen; 14, prostate; 15, testis; 16, placenta; 17, uterus; 18,
fetal brain; 19, fetal liver; 20, neural macula; 21, macular pigment
epithelium/choroid; 22, peripheral retina; and 23, peripheral pigment
epithelium/choroid. The graph shows the relative ratio of SPACRCAN
to the 28S band as described under “Experimental Procedures.” kb,
kilobase.

FIG. 3. In situ hybridization histochemical localization of
SPACRCAN expression in retina (A–D) and pineal gland (E–H).
Both brightfield (A, E, and G) and darkfield (B and H) photomicro-
graphs demonstrate hybridization of SPACRCAN mRNA with an anti-
sense 35S-labeled dUTP riboprobe generated from hPG10.2.3 cDNA
clone. No labeling is evident with the sense riboprobe (C, D, and F).
RPE, retinal pigment epithelium; Ph, photoreceptor layer; ONL, outer
nuclear layer; INL, inner nuclear layer; GC, ganglion cell layer; S,
connective tissue septa. Bar in A–D and E–H represents 50 and 100 mm,
respectively.
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immunoreactivity to the DDi6S antibody were also evident in
Western blots (Fig. 5B, lane 4) in bands at approximately
170–180-kDa and 130-kDa. Absent was any immunoreactivity
of the 150-kDa SPACR band, which appears devoid of any
background staining (Fig. 5B, lane 4), as has recently been
reported (23). In contrast, when PNA was used in lectin blot-
ting studies, the 150-kDa SPACR band was the only region of
the blot stained in the undigested IPM sample (Fig. 5B, lane 5)
(21). Following chondroitinase ABC digestion, in addition to
the 150-kDa SPACR band, other proteins have entered the gel,
which bind PNA (Fig. 5B, lane 6). Most intensely decorated is
the 230-kDa SPACRCAN band with minor labeling of bands at
approximately 170–180 kDa.

The deduced sequence of SPACRCAN also contains numer-
ous potential sites for O-linked sugars in the large mucin
domain and six consensus sites for N-linked sugars (Fig. 4). To
obtain direct information regarding other oligosaccharides as-
sociated with SPACRCAN we performed a series of glycosidase
digestions and followed changes in electrophoretic mobility of
the core protein with an anti-SPACRCAN antibody. The anti-
SPACRCAN antibody was prepared using the 230-kDa band
generated following chondroitinase ABC digestion. The 230-
kDa band was cut from a Gel Code Blue-stained gel and used
for immunizing a rabbit. Fig. 5C, lanes 1 and 2 are Western
blots of the crude IPM sample separated on a 7.5% SDS-PAGE
gel before and after chondroitinase ABC digestion, respec-
tively, and labeled with the anti-SPACRCAN antibody. Immu-
noreactivity is present only in the chondroitinase ABC-treated
sample associated with the 230-kDa band (lane 2). No immu-
noreactivity is present in the undigested sample (lane 1), al-
though in some preparations (not shown) weak immunoreac-

tivity was detected at the top of the lane where SPACRCAN,
with the full complement of chondroitin sulfate GAGs is pre-
sumably located. Compared with the position of chondroitinase
ABC-digested SPACRCAN (Fig. 5C, lane 2), a progressive in-
crease in mobility of SPACRCAN was observed when digested
sequentially with N- and O-glycosidases (Fig. 5C, lanes 3 and
4). N-Glycosidase decreased the apparent molecular mass by
approximately 40 kDa suggesting that N-linked glycoconju-
gates account for at least 10% of the mass of SPACRCAN. After
treatment with both N- and O-glycosidases, the apparent mo-

FIG. 4. SPACRCAN-predicted amino acid sequence (single-let-
tered code) from the cDNA shown in Fig. 1. The underlined resi-
dues at the N terminus (Met1-Arg81) are not present in the isolated
protein. Met1-Iso20 may represent the signal peptide that targets the
molecule for secretion. Glu20-Arg81 may represent a propeptide that is
cleaved following secretion. A large mucin-like domain is present near
the middle of the sequence (dotted underline) from Thr393 to Thr835.
This mucin-like domain contains 76 serine residues and 35 threonine
residues, potential sites for O-linked glycosylation. Six consensus sites
for N-linked oligosaccharide attachment (N) are present. Two tandem
EGF-like motifs are present near the C-terminus (underlined). The six
conserved cystine residues (C) in each of the EGF-like domains are
involved in interchain disulfide bonding required for stability of the
EGF-like motif. Four serine residues (S) are consensus sites for gly-
cosaminoglycan attachment. A potential hyaluronan-binding motif
(double underline) is C-terminal to the mucin domain. A highly hydro-
phobic region near the C-terminus (strike through, Iso1101-Iso1124) sug-
gests a transmembrane domain.

FIG. 5. A, IPM sample separated by gel electrophoresis using 5%
acrylamide to allow the high molecular mass molecules to enter the gel.
Lanes 1 and 2 are of Gel Code Blue-stained samples. Lanes 3–5 are
wheat germ agglutinin decorated proteins electroblotted onto a transfer
membrane from a 5% gel. Lanes 1 and 3 contain undigested samples,
and lanes 2 and 4 contain samples digested with chondroitinase ABC.
Lane 5 contains a chondroitinase ABC-digested aggrecan sample to
provide a molecular mass standard of approximately 400 kDa. Note the
broad smear centered around the 400-kDa marker in lanes 1 and 3, and
the movement of this component to a position just above the 230-kDa
marker following chondroitinase ABC digestion in lanes 2 and 4. B, IPM
sample separated by gel electrophoresis using 7.5% acrylamide. Lanes
1 and 2 are of Gel Code Blue-stained samples. Lanes 3 and 4 are
Western blots stained with the DDi6S antibody. Lanes 5 and 6 are lectin
blots stained with PNA. Lanes 1, 3, and 5 are of the undigested sample;
lanes 2, 4, and 6 are of chondroitinase ABC-digested samples. Note the
prominent SPACRCAN band slightly above the 220-kDa marker in
lanes 2, 4, and 6. C, IPM samples separated with 7.5% acrylamide and
blotted with an anti-SACRCAN antibody. Lane 1 is an undigested
sample. Lane 2 is a sample digested with chondroitinase ABC. Note the
intense staining of SPACRCAN in lane 2 and the absence of staining in
lane 1. In some undigested samples, the antibody did weakly label the
material that accumulates at the stacking gel, but labeling of the
sample presented in lane 1 is not evident. Lane 3 contains a sample first
digested with chondroitinase ABC followed by N-glycosidase digestion.
Lane 4 contains a chondroitinase ABC, N-, and O-glycosidase-digested
sample. Note the progressive increase in SPACRCAN mobility follow-
ing removal of the N- and O-linked carbohydrates (lanes 2–4).
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lecular mass of the remaining core protein was approximately
160 kDa. These glycosidase digestions demonstrate that
SPACRCAN contains both N- and O-linked glycoconjugates,
consistent with the presence of putative N-linked and O-linked
glycosylation sites in the deduced sequence. Additionally, the
loss of approximately 240 kDa following carbohydrate removal
(from about 400 kDa in Fig. 5A, lanes 1 and 3 to around 160
kDa in Fig. 5C, lane 4), suggests that glycoconjugates account
for approximately 60% of the mass of SPACRCAN.

Tissue Distribution of SPACRCAN Proteoglycan—The distri-
bution of anti-SPACRCAN immunoreactivity was established
in tissue sections of human retina and pineal gland (Fig. 6).
The polyclonal antibody to human SPACRCAN, which showed
specific binding to the SPACRCAN band in Western blots (Fig.
5C, lane 2), also intensely labels the IPM around both rods and
cones (Fig. 6A). In contrast, the IPM in sections treated with
preimmune serum was unlabeled (Fig. 6B). These results indi-
cate that in the retina, SPACRCAN is localized to the IPM
where it is present around both rod and cone photoreceptors. In
pineal sections, the anti-SPACRCAN antibody showed diffuse
immunoreactivity with intense staining of the cell bodies of the
pinealocytes, but no staining in the septal areas (Fig. 6C).
Control sections treated with preimmune serum showed some
diffuse background staining but specific pinealocyte labeling
was absent (Fig. 6D). These data indicate that in the retina and
in pineal gland, SPACRCAN is localized to the IPM, where it is
present around both rod and cone photoreceptors and is pres-
ent in pinealocytes, respectively. These localization patterns
therefore reflect the cellular localization of SPACRCAN mRNA
expression (Fig. 3).

Function of SPACRCAN—The presence of putative HA-bind-
ing motifs in the deduced amino acid sequence of SPACRCAN
(Fig. 4) and the earlier reports that HA is present in the IPM
(26, 42, 43) suggest that one function of SPACRCAN may be to
form associative interactions with HA. To evaluate this possi-
bility we performed experiments using CPC, a detergent that
selectively precipitates GAGs and any covalently or nonco-
valently associated protein (44). We have demonstrated previ-
ously (21) that SPACRCAN present in IPM extracts can be

selectively precipitated using CPC. This is because CPC effi-
ciently precipitates proteoglycans through interactions with
their covalently attached GAGs. When we used a hyaluronan-
free preparation of SPACRCAN purified by DEAE-Sepharose
ion-exchange chromatography (45) in a CPC precipitation as-
say, SPACRCAN was found in the pellet fraction both in the
presence and absence of hyaluronan.4 This confirms our result
that the proteoglycan SPACRCAN interacts with CPC in an
HA-independent manner.

To directly evaluate the binding of the core protein of
SPACRCAN to HA we first digested the IPM extracts with
chondroitinase ABC to remove the GAG chains, followed by
PNA-agarose chromatography. Such a preparation contains
mainly SPACRCAN and SPACR along with some minor PNA-
binding proteins (compare Fig. 5B, lanes 5 and 6). When this
sample was subjected to CPC precipitation and the pellet and
supernatant components were separated with PAGE, blotted,
and SPACRCAN detected with the DDi6S antibody, a distinct
SPACRCAN band was decorated with the antibody in both the
supernatant and pellet (Fig. 7, lanes 1). Following the addition
of 50 mg/ml Healon, a source of HA, to the sample before CPC
precipitation, SPACRCAN was present only in the pellet frac-
tion (Fig. 7, lanes 2). However, when the sample was treated
with Streptomyces hyaluronidase before precipitation with
CPC, SPACRCAN was present only in the supernatant and not
in the pellet (Fig. 7, lanes 3). Preincubation of the sample with
HA oligosaccharides (100 mg/ml) before CPC precipitation led
to the presence of SPACRCAN only in the supernatant (Fig. 7,
lanes 4). In comparison, preincubation of the sample with HA
oligosaccharides before the addition of Healon resulted in the
presence of SPACRCAN in the pellet and not in the superna-
tant (Fig. 7, lanes 5). As a negative control, BSA was incubated
with Healon before CPC precipitation. BSA was only present in
the supernatant and not in the pellet (Fig. 7, lanes 6). Collec-
tively these precipitation studies indicate that SPACRCAN can
bind HA in the absence of its GAG chains.

DISCUSSION

Expression and Localization of SPACRCAN—The combined
results of the Northern and in situ hybridization analyses
indicate that SPACRCAN mRNA is present only in the retina
and pineal gland and that within these multicellular tissues,
SPACRCAN gene expression is restricted to rod and cone pho-
toreceptors of the retina and pinealocytes in the pineal gland.
Photoreceptors and pinealocytes are the most abundant cell
type in the retina and pineal gland and these highly specialized
cells are phylogenetically related (46, 47). A number of mole-
cules expressed by retinal photoreceptors are also expressed in
the pineal gland, including interphotoreceptor matrix retinoid-
binding protein (48), cone arrestin (49), opsins (50), transducin
(51), and several other molecules involved in the phototrans-
duction cascade (52). SPACRCAN, initially cloned from rat
pineal (24), can be added to this group of molecules that are
expressed by photoreceptors and pinealocytes.

The localization pattern of SPACRCAN gene expression is
also comparable to the localization of SPACRCAN protein prod-
uct as demonstrated by the immunohistochemical data using
the anti-SPACRCAN antibody. Furthermore, the anti-
SPACRCAN antibody used in the Western blotting and immu-
nohistochemical analyses of chondroitinase-digested human
retinal tissues depicts virtually identical patterns of labeling as
seen with the monoclonal DDi6S antibody described previously
(23). These data, together with the N-terminal sequencing
analysis presented in this study, demonstrate that the 230-kDa

4 S. Acharya, V. C. Foletta, J. W. Lee, M. E. Rayborn, I. R. Rodriguez,
W. S. Young III, and J. G. Hollyfield, unpublished data.

FIG. 6. Immunocytochemistry of anti-SPACRCAN immunore-
activity in the retina from a 57-year-old male (A and B) and
pineal gland from a 20-year-old male (C and D). Tissue in A and C
was incubated with the anti-SPACRCAN antibody. Tissue in B and D
was incubated with preimmune serum. Note the dense immunolabeling
surrounding the rod and cone photoreceptors in the IPM in A and the
absence of labeling in B. The low cuboidal retinal pigment epithelium
(RPE) contains endogenous melanin and appears as a darkly pigmented
horizontal band near the upper border of micrographs in both immune
and nonimmune-treated tissues (A and B). Asterisks in A designate cone
inner segments. In the pineal gland, intense anti-SPACRCAN labeling
of the pinealocytes is evident in C and absent in D (arrows). Adjacent
experimental and control micrographs were photographed and printed
at the same magnification. Bar in B and D represents 20 mm.
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chondroitin sulfate proteoglycan core protein is indeed
SPACRCAN. It should also be noted that the retinal distribu-
tion of SPACRCAN immunoreactivity was in the IPM, an ex-
tracellular compartment, whereas in the pineal gland, these
antibodies show a distribution of immunoreactivity over the
pinealocytes. These fundamental differences in localization of
SPACRCAN in retina and pineal gland may reflect differences
in processing and/or function of this molecule in these two
tissues.

Features of the Deduced Polypeptide of SPACRCAN—Be-
cause the N-terminal sequence of the SPACRCAN core protein
isolated from the IPM corresponds to residues Ser82-Pro86 in
the deduced sequence, it is unlikely that residues Met1-Arg81

are a part of the functional protein and suggests that the
functional N terminus of the mature protein begins at Ser82.
Met1-Gly22 is probably the signal peptide involved in the secre-
tion of this molecule, because it has the required tripartate
structure, including a central hydrophobic region (Phe4-Leu19)
flanked by two hydrophilic sequences (Met1-Met3 and Ile20-
Gly22). The putative clevage site of this signal sequence con-
forms to the 21, 23 rule where 21 (Gly22) does not have a long
side chain and 23 (Ile20) is not a charged amino acid (53). The

remaining sequence (Asp23-Arg81) is likely a propeptide cleaved
from the functional protein following secretion.

SPACRCAN contains two EGF-like modules near the C ter-
minus of the deduced sequence (Fig. 4). EGF-like modules are
characteristic of a number of extracellular matrix proteins and
are implicated in cell-matrix interactions (54–56). Some EGF-
like domains require calcium for their biological function (57).
Interestingly, one of the EGF-like domains in SPACRCAN
contains the critical asparagine (Asp1028), which has been im-
plicated in calcium binding (57), whereas the other domain
does not. The potential for calcium binding by SPACRCAN
suggests an important physiological role for this molecule in
sequestering extracellular calcium released by photoreceptors
in response to light (58–60).

SPACRCAN may also participate in calcium binding in the
pineal through its EGF-like module. Many mammals, includ-
ing humans, develop calcified inclusions with increasing age
(corpora arenacea or pineal sand) (47). These inclusions consist
primarily of hydroxyapatite, calcium phosphate, and an or-
ganic component (61, 62). The cause of these concretions is not
known, although there are several hypotheses. They include
intracellular calcium accumulation and mineralization leading
to pinealocyte degeneration and subsequent release of these
deposits (63), and the exchange of released polypeptides, com-
bined with a carrier protein, for calcium by the vascular sys-
tem. The calcium is then supposedly deposited as concretions
(64). Whether SPACRCAN binds calcium in the pineal gland
and is involved in pineal sand formation remains to be
determined.

A short hydrophobic region in the deduced SPACRCAN
polypeptide suggests that it could function as a membrane-
spanning domain (Fig. 4, Iso1101-Iso1124). This region shows an
average of 2.5 on the hydropathy scale, suggesting it may
represent a putative membrane-spanning segment (64, 65). A
similar putative transmembrane domain is also present in the
predicted sequence of the rat homolog PG10.2 and other chon-
droitin and heparin sulfate proteoglycans, including neurogly-
can C and the syndecan family (24, 66–68). It should be noted
that the procedures used to isolate SPACRCAN from the IPM
(Tris buffer extraction) would not be expected to remove pro-
teins that are anchored to the plasma membrane in this man-
ner. Either this putative membrane-spanning region is non-
functional or SPACRCAN may be cleaved N-terminal to this
transmembrane region and released to the extracellular com-
partment. Additional studies will be required to resolve this
issue.

Hyaluronan Binding of SPACRCAN—The CPC precipitation
studies indicate that SPACRCAN can bind HA in the absence
of its GAG chains. The finding that CPC can partially precip-
itate SPACRCAN in the absence of exogenous HA suggests
that endogenous HA is in the sample but not at a sufficient
concentration to interact with all the SPACRCAN molecules
present, because some SPACRCAN remains in the supernatant
(Fig. 7, lanes 1). One might argue that the precipitation by CPC
was due to the presence of incompletely digested chondroitin
sulfate on SPACRCAN. Our finding that CPC precipitation of
SPACRCAN was eliminated when the sample was digested
with HA-specific hyaluronidase (Fig. 7, lanes 3), clearly indi-
cates that endogenous HA is the GAG responsible for interac-
tion with SPACRCAN in this preparation. We were also able to
block CPC precipitation of SPACRCAN by pretreatment with a
22-saccharide fragment of HA (Fig. 7, lanes 4), suggesting that
these short HA fragments compete for HA binding of
SPACRCAN more efficiently than the endogenous HA. The HA
oligosaccharides were not able to prevent binding when exog-
enous HA was added (Fig. 7, lanes 5), suggesting that higher

FIG. 7. Binding of hyaluronan to SPACRCAN core protein. The
core protein of SPACRCAN was purified by PNA-agarose affinity chro-
matography after digestion of the IPM extract with chondroitinase
ABC. Precipitation assays were performed on samples using 1.25%
CPC, and both supernatant (upper panel) and pellets (lower panel) were
analyzed by Western blotting using the DDi6S antibody after separa-
tion on 7.5% SDS-PAGE. Lane 1 contains a PNA-purified sample pre-
cipitated with CPC. Note the immunoreactivity of SPACRCAN in both
supernatant (upper lane 1) and pellet (lower lane 1), suggesting the
presence of endogenous HA in the sample. Lane 2 contains a sample
preincubated with Healon (50 mg/ml) for 1 h at 37 °C before CPC
precipitation. SPACRCAN is present in the pellet (lower lane 2) but not
in the supernatant (upper lane 2). Lane 3 contains purified SPACRCAN
predigested with Streptomyces hyaluronidase for 1 h at 37 °C prior to
CPC precipitation. This hyaluronidase degrades only HA, which results
in the retention of SPACRCAN in the supernatant (upper lane 3) with
none in the pellet (lower lane 3). Lane 4 contains a sample preincubated
with a 22-saccharide fragment of HA (100 mg/ml) for 1 h at 37 °C. This
HA oligosaccharide is able to prevent CPC precipitation of SPACRCAN,
as evidenced by the presence of SPACRCAN in the supernatant (upper
lane 4) and the absence of SPACRCAN in the pellet (lower lane 4). The
addition of Healon after preincubation of the sample with the HA
oligosaccharide led to the accumulation of all SPACRCAN in the pellet
only (lower lane 5) with none remaining in the supernatant (upper lane
5). Lanes 1–5 are Western blots stained with the DDi6S antibody. Lane
6 contains a Gel Code Blue-stained gel of a negative control incubation
of BSA and Healon prior to CPC precipitation. Note that all BSA is
retained in the supernatant (upper lane 6), and none is present in the
pellet (lower lane 6).
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FIG. 8. Optimal global alignment
comparison of SPACRCAN and
SPACR prepared with the sequence
alignment utility and the FASTA al-
gorithm available through the Mu-
nich Information Center for Protein
Sequences. Double dots between aligned
residues indicate absolute identity; single
dots indicate homology; no dots indicate
no homology; and dashes indicate inter-
ruptions in the sequence allowing for the
logical alignment of the two molecules.
Asparagine residues in bold (N) represent
consensus sites for N-linked glycosyla-
tion. Serine residues in bold (S) represent
consensus sites for xylosylation and GAG
attachment. The sequences beginning
and ending in arginine or lysine that are
underlined represent putative hyaluro-
nan-binding motifs. Note that three of the
consensus sites for N-linked glycosylation
are in perfect alignment. The conserved
cysteine residues in the EGF-like mod-
ules are presented in bold (C). Major
regions of homology are evident over
the first 350 residues of the N terminus
and from SPACRCAN898/SPACR572 to
SPACRCAN1058/SPACR727 near the C
terminus.
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concentrations of HA can more efficiently compete for the HA-
binding sites. Collectively, these precipitation studies clearly
indicate that SPACRCAN can bind HA. This function may have
an important role in organization of the IPM and may be
causally responsible for the difficulty in extracting this novel
molecule from the IPM using physiological salt solutions. It is
likely that SPACRCAN-HA interactions are mediated through
the receptor for hyaluronan-mediated motility-type HA-bind-
ing motifs identified in the deduced sequence of SPACRCAN
(Fig. 4) (37, 69),3 but confirmation of these regions as binding
sites must await experimental analysis.

A New Family of IPM Molecules—SPACR is another novel
human IPM molecule recently characterized (20). When the
deduced amino acid sequences of SPACRCAN and SPACR are
aligned, several homologous regions are evident (Fig. 8). (a)
The first 81 residues from the deduced sequence of SPACRCAN
and the first 70 in SPACR are not present in the isolated
molecules. From N-terminal sequence analysis we know that
the functional N terminus of SPACRCAN and SPACR (20)
begins at residue Ser81 and Ser71, respectively, showing 54%
homology. (b) The four residues immediately preceding the
N-terminal sequence in both SPACRCAN (Arg78-Arg81) and
SPACR (Arg67-Arg70) are rich in basic amino acids, suggesting
the cleavage sites of the propeptide. (c) Both molecules contain
a large mucin-like domain near the central portion of the se-
quence. (d) Both molecules contain clusters of N-linked consen-
sus sites on either side of the mucin domains. Three of these
N-linked sites are in perfect alignment and show 100% se-
quence identity. (e) Both molecules contain putative HA-bind-
ing motifs. (f) Both molecules contain EGF-like modules near
the C terminus with five of the six conserved cysteine residues
in precise alignment and 66% homology between these mod-
ules. SPACRCAN contains a second EGF-like domain not pres-
ent in SPACR immediately downstream to the EGF-like do-
main described above. (g) Both molecules contain conserved
aspartic acid/asparagine residues in their EGF domains, which
are required for calcium binding. This extensive list of homol-
ogies and features shared by these two IPM molecules suggests
that they represent two members of a novel family of extracel-
lular matrix proteins.

Targets for Retinal Degeneration—The retinal- and pineal-
specific expression of SPACRCAN makes this molecule a po-
tential candidate for mutations involved in degenerative reti-
nal and/or pineal disease. In evaluating 3q11.2 where
SPACRCAN resides, no studies linking retinal or pineal dis-
eases to this region have been reported. However, the potential
involvement of SPACRCAN in degenerative retinal disease
should not be dismissed a priori because of potentially impor-
tant motifs contained in SPACRCAN. For example, the EGF-
like modules are of particular interest. Recently the mutation
causing Malattia Leventinese (Doyne’s honeycomb retinal dys-
trophy), an early onset form of macular degeneration, was
localized to the EFEMP1 gene. This gene codes for an extra-
cellular matrix protein containing five EGF-like modules (70).
A point mutation contained in every individual with this dis-
order causes an Arg345 3 Trp conversion in the last EGF-like
module of EFEMP1. Although EFEMP1 is expressed in many
nonocular tissues as well as in the retina (70), this is the first
documented mutation known to result in the accumulation of
extracellular debris (drusen) below the retinal pigment epithe-
lium. Drusen have been long known to be an important risk
factor for age-related macular degeneration (22, 71). Drusen
formation associated with a mutation in an EGF-like module in
EFEMP1 suggests that mutations in other genes coding for
molecules containing EGF-like modules may also be causally
related to drusen formation. Novel molecules present in the

outer retina, such as SPACRCAN and SPACR, which also
contain EGF-like motifs, should be considered as new candi-
dates for mutations in individuals with retinal degeneration,
particularly those with late onset macular degeneration.

In conclusion, the expression analyses and binding studies of
SPACRCAN demonstrate the synthesis of this novel proteogly-
can by photoreceptors and pinealocytes. Considering that
SPACRCAN binds HA and is the principal proteoglycan pres-
ent in the human IPM, it may be of fundamental importance in
organizing the IPM to support photoreceptor function in higher
vertebrates.
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