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IPM are distributed heterogeneously. Most notably,
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We report herein the characterization of the cDNA for
novel human chondroitin sulfate proteoglycan, desig-
ated IPM 200, and the chromosomal location of its gene,
esignated IMPG2. IPM 200 was isolated from the reti-
al interphotoreceptor matrix, a unique extracellular
atrix that occupies the subretinal space between the

pices of the retinal pigment epithelium and the neural
etina. The cDNA contains an open reading frame of
,726 bp that codes for a core protein with a deduced
olecular weight of 138.5 kDa. The deduced IPM 200

ore protein contains a putative transmembrane do-
ain, two EGF-like repeats, numerous N- and O-linked

lycosylation consensus sequences and one consensus
equence for glycosaminoglycan attachment. IMPG2
aps to human chromosome 3q12.2-12.3. Based on ho-
ologies within their amino acid sequences we propose

hat IPM 200 and a previously described human proteo-
lycan, IPM 150, form a new family of extracellular ma-
rix glycoconjugates. © 1999 Academic Press

Key Words: chondroitin sulfate proteoglycan; inter-
hotoreceptor matrix; photoreceptor cells; retina.

The outer segments of retinal rod and cone photore-
eptor cells are encapsulated by the interphotoreceptor
atrix (IPM). Functionally, the IPM mediates several

rocesses that are crucial to photoreceptor function (1,
). Significant among these functions are roles in reti-
al adhesion and the establishment and maintenance
f a milieu suitable for photoreceptor survival (2–8).
he IPM is an unique extracellular matrix in that it

acks many of the more typical constituents of extra-
ellular compartments, such as elastin, collagens, and
bronectins. Many of the molecules that comprise the

1 To whom correspondence should be addressed at University of
owa Center for Macular Degeneration, Department of Ophthalmol-
gy and Visual Sciences, University of Iowa, 11190E PFP, 200
awkins Drive, Iowa City, IA 52240. Fax: (319) 335-7142. E-mail:

regory-hageman@uiowa.edu.
103
he IPM surrounding human cone, but not rod, photo-
eceptor outer segments reacts with antibodies di-
ected against chondroitin 6-sulfate glycosaminogly-
ans and the lectin peanut agglutinin (1, 9, 10). These
tructures, designated “cone matrix sheaths” (CMS),
ave been shown to participate in retinal adhesion (7,
1–15). Previous biochemical analyses documented the
resence of two chondroitin sulfate proteoglycans in
he IPM, designated IPM 150 and IPM 200, based on
heir apparent molecular weights following separation
y SDS-polyacrylamide gel electrophoresis (1, 16).
The molecular relationship between IPM 150 and

PM 200 has not been elucidated fully. The results of
reliminary amino acid sequencing analyses suggested
hat both proteoglycans might share a common core
rotein, since the amino-terminial sequences of both
PM 150 and IPM 200 were similar (17). Based on
hese data, we sought to determine whether: (i) both
roteoglycans share a common core protein, differing
nly in the extent or nature of associated saccharides;
ii) IPM 150 and IPM 200 represent splicing variants of
single gene; or (iii) the two proteoglycans arise from

wo independent genes and share only partial homol-
gy to one other.
In an effort to address these questions we recently

loned the cDNA encoding the core protein of human
PM 150 (GenBank Accession Number AF047492) (18).
omparison of the IPM 150 cDNA to NCBI databases

ndicated that the region between nucleotides 1850 and
080 of IPM 150 displays some homology with a cDNA,
esignated PG 10.2, that is expressed in the pineal
land and retina of rats (19). IPM 150 and PG 10.2 are
learly distinct proteins, however, differing from one
nother throughout most of their deduced amino acid
equences and in their overall molecular weights. In
ddition, PG 10.2 includes regions that are highly ho-
ologous to amino acid sequences we had obtained

rom a second human IPM proteoglycan, designated
1522-4724/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



IPM 200. These observations suggested that PG 10.2
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ight represent the rat homologue of human IPM 200,
ather than that of human IPM 150. Based on this
ontention, we utilized PG 10.2-derived cDNA probes
o isolate and clone human IPM 200, and subsequently
etermined the chromosomal location of the human
PM 200 gene.

ATERIALS AND METHODS

Isolation of IPM 200 protein and amino acid sequenc-
ng. Aqueous-insoluble IPM was isolated from pig,
onkey and human eyes and processed as described

reviously (33). Briefly, IPM was isolated, homoge-
ized and digested with protease-free chondroitinase
BC (Seikagaku, Ijamsville, MD). IPM-associated pro-

eins were separated by SDS-polyacrylamide gel elec-
rophoresis and transferred to sequencing grade PVDF
embrane (Immobilon P, Millipore, Bedford, PA).
embrane strips to which IPM 200 was bound, as

isualized by staining of adjacent membrane strips
ith anti-chondroitin 6-sulfate antibody, were excised
nd subjected to direct NH2-terminal amino acid se-
uencing by Edman degradation (38). In addition, gel
trips containing IPM 200 were stained with Coomas-
ie blue, excised, and subjected to an “in-gel” digestion
rotocol (39). The resulting tryptic fragments were iso-
ated by reverse phase HPLC and their amino acid
equences determined. Obtained sequences were com-
ared to the NCBI databases.

Isolation of human IPM 200 cDNA. In order to
enerate probes for the isolation of cDNA clones encod-
ng human IPM 200, two primer pairs were syn-
hesized based upon the rat PG 10.2 cDNA sequence
SN1: 59-GACAGCTTTTGGATGCCAC-39, AS1: 59-ACC-
GCCAATGTTGAGGTC-39, amplification product span-
ing nucleotides 350 to 770, and SN2: 59-AGCATTGTG-
TGAACAGCAG-39, AS2: 59-CGGCATCTACAAATG-
CT-39, amplification product spanning nucleotides
064 to 3430). Two PCR fragments were generated by
everse-transcription PCR of rat retinal RNA using
hese primer pairs. These fragments were utilized as
robes to screen a human retinal lgt11 cDNA library
Clontech Laboratories, Palo Alto, CA) under low strin-
ency conditions. Screening of 2 3 105 plaques resulted
n the isolation of three clones. The cDNA inserts of
hese clones were amplified by PCR using primers to
he regions flanking the insertion site of lgt11 (Sense:
9-TGGCTGAATATCGACGGTTTCC-39; Antisense: 59-
GACCAACTGGTAATGGTAGCG-39) and PFU poly-
erase (Stratagene, La Jolla, CA). The generated PCR

ragments were subcloned into the pCRscript vector.
he resulting clones, designated 107.1.1, 107.2.2, and
08.1.1, were then used as probes to rescreen the li-
rary; one additional clone, designated 121.2.1, was
solated and the cDNA insert was subcloned.
104
loned cDNA fragments were determined by auto-
ated sequence analysis using an ABI 370 DNA se-

uencer. Both strands were analyzed at least twice
sing either vector-specific primers or custom oligonu-
leotide primers. The sequence presented here repre-
ents a consensus sequence from all cDNA clones ob-
ained. Sequences obtained were compared with those
n the NCBI databases using the BLAST algorithm
40) in the MacVector software package (Kodak Inter-
ational Biotechnologies, Inc., New Haven, CT).

Northern blot analyses. Total RNA was isolated
rom human retina, RPE/choroid, iris, and cornea col-
ected within four hours of death using the RNeasy
ystem (Qiagen, Valencia, CA). Prior to electrophoresis
he samples were denatured at 55°C, for 15 min, in
.5% formaldehyde and 50% formamide in MOPS run-
ing buffer (40 mM morpholinopropanesulfonic acid,
H 7.0, containing 100 mM sodium acetate and 10 mM
DTA). The RNA was then fractionated on agarose
els containing formaldehyde and subsequently trans-
erred to nylon-based membranes by capillary transfer
sing 203 SSC (3 M NaCl and 0.3 M sodium citrate).
NA was cross-linked to the membranes and hybrid-

zed with 32P-labeled DNA probes derived from clone
08.1.1 for detection of IPM 200 transcripts.

Radiation hybrid analysis. Radiation hybrid map-
ing was performed with the Genebridge 4 Radiation
ybrid Panel (Research Genetics, Huntsville, AL).
ense (59-AAAAAGAAACAGCCTCTGGACCGCAG-39)
nd antisense (59-CAGCCTCTGCAACACTTTCATCT-
GG-39) primers were designed according to sequences

panning nucleotides 372 to 397 and 467 to 492 of the
PM 200 cDNA, respectively. 12.5 ng of each radiation
ybrid clone DNA was then used as template in a 8.35
l polymerase chain reaction (PCR) containing: 1.25 ml
03 buffer (100 mM Tris-HCl, pH 8.3, 500 mM KCl, 15
M MgCl2), 300 mM of each dNTP, 1 pmole of each

rimer, and 0.25 units Taq polymerase (Promega,
adison, WI). Samples were denatured for 5 min,

t 94°C, and amplified in a DNA thermocycler for 35
ycles under the following conditions: 94°C for 30 sec,
2°C for 30 sec, 72°C for 30 sec. After amplification, 5
l of stop solution (95% formamide, 10 mM NaOH,
.05% bromophenol blue, 0.05% xylene cyanol) was
dded to each sample. Amplification products were
lectrophoresed on 6% polyacrylamide, 5% glycerol
els, at 50 W. Following electrophoresis, gels were
tained with silver nitrate and scored for the presence
f amplified product. The data were submitted to the
hitehead Institute Server (http://www-genome.wi.
it.edu/cgi-bin/contig/rhmapper.pl) for computation of

he chromosomal location of the gene.

FISH analysis. In order to obtain a sufficiently
arge genomic DNA probe of the IPM 200 gene, the
CR primer pair indicated above was used to screen a
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acterial artificial chromosome (BAC) library of the
uman genome. After identification of a BAC clone
ontaining IPM 200 sequence (BAC #340m10; Re-
earch Genetics, Huntsville, AL) its DNA was isolated,
ractionated by enzymatic restriction, and the result-
ng fragments were subcloned. Subclones containing
PM 200 sequences were identified by hybridization
ith oligonucleotides and their identity was confirmed
y partial sequence analysis. DNA from these sub-
lones was labeled with digoxigenin dUTP and hybrid-
zed to normal metaphase chromosomes derived from
HA stimulated human lymphocytes in a solution con-
aining 50% formamide, 10% dextran sulfate and 23
SC. Specific hybridization signals were detected by

ncubating the hybridized slides with fluorescein-
onjugated anti-digoxigenin antibodies followed by
ounterstaining with DAPI.

ESULTS

Amino acid sequencing of IPM 200. The amino-
erminal sequences of IPM 200 collected from human,
onkey, and pig, as well as the sequences of five inter-
al human IPM 200 peptides were determined (Figure
). The amino terminus and fragment #62 of human
PM 200 display some sequence similarities with the
mino terminus of IPM 150 described previously (18),
lthough several specific and consistent amino acid
ubstitutions are noted. The sequences of human IPM
00-derived peptides #92, #117, #141-1, and #141-2 do
ot share homology to human IPM 150.

Cloning of human IPM 200. Regions of rat PG 10.2
DNA that exhibit considerable sequence divergence
rom human IPM 150 cDNA were employed as probes
o screen a human retinal cDNA library for clones
ncoding IPM 200. Four overlapping clones, designated
07.1.1, 107.2.2, 121.2.1, and 108.1.1, containing cDNA
nserts of 4.8, 4.9, 1.2 and 2.2 kb respectively, were
solated (Figure 2). Sequences obtained from these
lones were assembled to generate a 4,165 bp consen-
us sequence for human IPM 200 (Figure 3).
Translation of the human IPM 200 cDNA results in
deduced core protein with a molecular weight of

38.5 kDa. The deduced IPM 200 sequence contains
oth the amino terminal peptide as well as all five

FIG. 1. Amino acid sequences obtained by directly sequencing
ative IPM 200 protein derived from pig, monkey, and human IPM.
represents positions for which no amino acid could be assigned and

esidues in parentheses could not be determined with certainty.
105
cid sequence analyses of native IPM 200 (Figure 3).
ased on the amino terminal sequence data derived

rom native human IPM 200 protein, it appears that its
rst 82 amino acids may be removed during the mat-
ration of the protein, leaving a mature core protein of
29 kDa. The deduced amino acid sequence features
ix consensus sequences for N-linked glycosylation (20)
located at amino acids 154, 301, 320, 370, 942, and
56) and 23 potential sites for O-linked glycosylation
cattered throughout the central portion of the protein
21). Although there are several ser-gly dipeptide mo-
ifs within the core protein, only ser603-gly604 fits the
er-gly-x-gly consensus sequence for glycosaminogly-
an attachment and is located within a region contain-
ng several acidic residues, making it the most likely
ite for GAG attachment (22). The IPM 200 core pro-
ein is generally hydrophilic (23), except for a short
ydrophobic NH2-terminal region, presumably the sig-
al sequence which is removed during the maturation
f the molecule, and a hydrophobic region between
mino acids 1097 and 1127 that might constitute a
ransmembrane domain (Figure 4). Additional features
f IPM 200 include two EGF-like domains (24) located
etween amino acids 1014 and 1092. In contrast to IPM
50, no hyaluronic acid binding domains are present.

Ocular expression of human IPM 200. Northern
lot analyses of RNA isolated from human retina, RPE/
horoid, cornea and iris, using clone 108.1.1 as a probe,
emonstrate that IPM 200 is expressed in the human
etina, but not in the RPE/choroid, cornea, or iris (Fig-
re 5). A single transcript, approximately 6.2 kb in size

s observed, suggesting that spliced isoforms of IPM
00 do not exist in the human retina.

Chromosomal localization. Radiation hybrid anal-
sis was performed to identify the chromosomal locus
f the IPM 200 gene, herein referred to as IMPG2. The
esults of this assay indicate that the IMPG2 locus is
n chromosome 3, between markers WI-3277 and
IB1880 (LOD .3.0) (Figure 6). This location has been

onfirmed by fluorescent in situ hybridization (FISH)
nalyses of human metaphasic chromosomes. Initial
nalyses indicated that IMPG2 probes hybridized to
he proximal arm of chromosome three. In subsequent
ybridizations, a genomic probe (previously mapped to
and 3p21), was shown to cohybridize on the same
hromosome as the IMPG2 probe (Figure 7). In this
xperiment, 60 of 80 metaphase cells examined exhib-

FIG. 2. Overlap of the isolated cDNA clones that encode the
omplete sequence of human IPM 200.
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ted specific labeling with both probes. Measurements
f ten labeled chromosomes demonstrate that IMPG2
s located on chromosome 3q at a position which corre-
ponds to band 3q12.2-12.3.
Alignment between the human IPM 200 and rat PG

0.2 amino acid sequences displays a high degree of
equence conservation. The similarity between the two
olecules is most pronounced in the amino and car-

oxy terminal regions and weakest in their central

FIG. 3. Nucleotide and amino acid sequences of human IPM 200. Se
ransmembrane domain is indicated by a single underline and the E
onsensus sequence is indicated by a double underline. Potential O-link
onsensus sequences are indicated by triangles. This sequence has bee
106
egions. A significant degree of sequence conservation
mong mammalian species is further indicated by
nalyses of the amino termini of the two IPM proteo-
lycans derived from human, monkey and pig (Figure
). However, distinct and conserved amino acid substi-
utions between the amino termini of IPM 150 and IPM
00 can be observed (e.g., AAs 3, 6, 10, and 13). These
ubstitutions are conserved between the mammalian
pecies examined.

nces confirmed by direct amino acid sequencing are boxed. The putative
-like domains by a broken line. The glycosaminoglycan attachment
lycosylation sites are marked by asterisks, and N-linked glycosylation
bmitted to GenBank under the Accession Number AF173155.
que
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Comparison of the human IPM 200 and IPM 150
mino acid sequences reveals little overall homology
etween the two molecules (Figure 9). However, both
roteins contain a highly conserved region which spans
rom Leu899 to Phe986 of IPM 200 and is located imme-
iately upstream of the EGF-like domains. A second
onserved region begins at the presumed native NH2-
erminus (Ser82 of IPM 200) and extends to Pro129 of
PM 200 (Figure 9). The core proteins of IPM 150 and
PM 200 may assume a similar tertiary structure in
ivo. Both molecules contain numerous cysteine resi-
ues in their NH2-terminal regions, that may allow for
he formation of globular domains. Additional globular
omains, which include EGF-like domains, may be
ormed at the COOH-terminus of IPM 150 and in a
egion of IPM 200 which lies close to its putative trans-
embrane domain. Furthermore, there is a preponder-

nce of consensus sequences for O-linked glycosylation
ites in the central domains of the core proteins,
hereas consensus sequences for N-linked glycosylation
re more prevalent in the putative globular domains.

ISCUSSION

We report here the isolation, cloning and chromo-
omal localization of human IPM 200, which together
ith a previously described retinal proteoglycan, des-

gnated IPM 150, forms a novel family of chondroitin
ulfate proteoglycans. Whereas both IPM 200 and IPM
50 are located within the retinal interphotoreceptor
atrix, they are also expressed in several non-ocular

issues including brain and tonsillar tissue (19, 25, 40).
PM 200 appears to be the human homologue of PG
0.2, a cDNA originally isolated from the pineal gland
f the rat (19). Both IPM 200 and PG 10.2 also display
ignificant sequence homology to two domains of hu-
an IPM 150.
Biochemical analyses have demonstrated that the

ore protein of IPM 200 is heavily glycosylated (1, 16).
n addition to one consensus sequence for glycosami-
oglycan attachment, IPM 200 features six sites for
otential N-linked glycosylation and contains at least
wenty-three consensus sites for potential O-linked
lycosylation. Glycosylation most likely accounts for
he difference between the calculated molecular weight
f the mature protein (approximately 130 kDa) and its

FIG. 4. Hydrophobicity plot of human IPM 200, indicating a po
107
bserved molecular weight on SDS-PAGE gels follow-
ng enzymatic removal of attached glycosaminoglycan

oieties (approximately 200 kDa).
According to the predictions of the method of von
eijne, removal of the signal peptide is not likely to

esult in the loss of any amino acids past Ala27 (26). Yet
H2-terminal amino acid sequencing of the native IPM
00 core protein from human, monkey and pig repeat-
dly identified ser83 as the first amino acid of the pro-
ein. One explanation is that IPM 200 is initially syn-
hesized as a propeptide in vivo and is subsequently
rocessed to yield a mature protein with ser83 as its
mino terminus. It is also conceivable that the pre-
umed amino terminus represents a site which is
ighly susceptible to proteolytic degradation that oc-
urs either in vivo or during the isolation protocol.

FIG. 5. Northern blot depicting IPM 200 transcripts in various
cular tissues. Only the neural retina expresses a 6.2-kb transcript
hat hybridizes with an IPM 200 cDNA probe.

le transmembrane domain between amino acids 1097 and 1127.
ssib
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One of the aims of this investigation was to clarify
he molecular relationship between IPM 150 and IPM
00. The data presented herein strongly suggest that
hese two proteoglycans are distinct, but related, mem-
ers of a family of glycoconjugates that are encoded by
wo distinct genes. Comparison between the IPM 150
nd IPM 200 amino acid sequences reveal that the core
roteins of these two molecules differ from one another
ot only in their molecular weight, but also in their
mino acid sequences. In addition, IPM 200 appears to
ontain a transmembrane domain which is not present
n IPM 150. We present data demonstrating that the
PM 200 gene (IMPG2) is localized on chromosome
q12.2-12.3, whereas the IPM 150 gene (IMPG1) has
een previously localized to chromosome 6q13-15 (25, 27).
Data collected from previous NH2-terminal amino

cid sequencing and biochemical analyses initially sug-
ested that the IPM 150 and IPM 200 core proteins

FIG. 6. Chromosomal localization of the IPM 200 gene as determ
elative to the Whitehead Institute framework map for chromosome

FIG. 7. Fluorescence in situ hybridization of a genomic fragment
y cohybridization with a second probe (arrowhead), known to local
108
ight be closely related (17). Yet, based on the se-
uence data presented here, only two domains share
onsiderable sequence homology between the two core
roteins, the first in the region of their respective
mino-termini and the second in a region toward their
espective carboxy termini, immediately upstream of
he EGF-like domains. Currently the function of these
onserved regions is unknown. However, it is remark-
ble that the sequence conservation between IPM 200
nd its rat homologue PG 10.2 is also particularly high
n these regions.

Based on their deduced amino acid sequences, IPM
00 and IPM 150 might assume a similar configuration
n situ. Several cysteine residues in the vicinity of their
espective amino-termini might participate in the for-
ation of globular domains. In addition, both mole-

ules possess a central domain with numerous attach-
ent sites for O-linked carbohydrate chains. In

ed by radiation hybrid analysis and placement of the IMPG2 gene

MPG2 to human chromosome 3 (arrow). Localization was confirmed
to chromosome 3p21.
in
3.
of I
ize
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ddition, one or two EGF-like domains are present in
oth molecules. This arrangement of domains is remi-
iscent of the lectican family of proteoglycans (28),
owever neither IPM 150 nor IPM 200 contain the

ectin-like or immunoglobulin-like domains character-
stic of the lecticans. Furthermore, the amino acid se-
uences of IPM 150 and IPM 200 and those of the
embers of the lectican family do not display any

ignificant homologies. Thus, we propose that IPM 150
nd IPM 200 constitute a new family of extracellular
atrix proteins.
It has been demonstrated that the IPM chondroitin

ulfate proteoglycans mediate retinal adhesion (7, 12).

FIG. 8. Alignment between human, monkey, and pig IPM 150
nd IPM 200 amino termini and the deduced amino acid sequence of
at PG 10.2. Identical residues are boxed.

FIG. 9. Alignment between human IPM 150 (top) and human IP
s not depicted. EGF-like domains are underlined by a single line and
ysteine residues are indicated by triangles.
109
f IPM glycosaminoglycans leads to retinal detach-
ents and subsequent photoreceptor degeneration.
owever, the precise molecular mechanism which me-
iates retinal adhesion has not been elucidated. The
PM 200 core protein contains a stretch of hydrophobic
mino acids which we propose may constitute a trans-
embrane domain. Thus, IPM 200 may represent a

etinal anchor in the IPM adhesive complex. It remains
o be determined whether IPM 200 interacts directly
ith a yet unidentified receptor on the surface of the

etinal pigment epithelium, or whether additional
bridging” molecules, such as IPM 150, are involved in
his process. One potential RPE-associated ligand for
PM 200 may be the vitronectin receptor (avb3 inte-
rin) which is present on the apical surfaces of both
PE and photoreceptor cells (14). The IPM 200 core
rotein lacks the typical vitronectin receptor binding
GD peptide, yet binding to this integrin can be medi-
ted by several other mechanisms (29).
IPM 200 might also serve as a receptor for growth

actors and/or function as a growth factor itself. It has
een demonstrated that several growth factors, includ-

00 amino acid sequences. The entire IPM 200 amino acid sequence
presumed amino-termini are underlined by a double line. Conserved
M 2
the
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oglycans (30–32). bFGF and PEDF, in particular, re-
ide within the human IPM (33, 34). It is also plausible
hat the EGF-like domains of the IPM 200 core protein
upport cell survival, akin to the demonstrated role of
hese domains in other molecules (35, 36).

The observed homology between IPM 150 and IPM 200
uggests that these proteoglycans comprise a new family
f glycoconjugates that are conserved among mammalian
pecies. Identification of the IPM 200 cDNA sequence
nd localization of the IMPG2 gene to chromosome
q12.2-12.3 represent a significant steps towards eluci-
ating the molecular organization and function of the
PM, and may prove to be helpful in elucidating the
iology of other tissues as well. Currently, no hereditary
cular dystrophies or other diseases have been mapped to
his locus. Yet, since IPM 200 represents a significant
raction of mRNA transcripts produced by retinal cells
nd since a number of retina-associated molecules are
esponsible for various retinal degenerations and dystro-
hies (37), IMPG2 is a plausible candidate gene for in-
erited ocular disorders that have not yet been mapped,
uch as age-related macular degeneration.
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