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Abstract. Hyaluronan (HA) is a ubiquitous compo-
nent of the extracellular matrix of all tissues. In the
mammalian central nervous system (CNS) HA is pres-
ent throughout development and into adulthood. While
the functions of HA are likely to be mediated by HA-
binding proteins, no cell or tissue specific HA-binding
proteins have been reported. In an effort to character-
ize the composition of the extracellular matrix of
the CNS, we sought to identify neural HA-binding
proteins.

We report here the isolation and characterization of
a cDNA with a high degree of sequence homology to
members of the proteoglycan tandem repeat (PTR)
family of HA-binding proteins. Unlike other HA-
binding proteins, the expression of this cDNA is re-

stricted to the CNS. We propose the name BEHAB,
Brain Enriched HyAluronan Binding protein, for this
gene. The expression of BEHAB mRNA is develop-
mentally regulated; expression is first detected in the
late embryonic period and peaks during the first two
postnatal weeks. In the embryo, BEHAB is expressed
at highest levels in mitotically active cells. The se-
quence of BEHAB has long stretches of identity be-
tween rat and cat, suggesting that the encoded protein
is functionally important. The size and sequence of
BEHAB are consistent with the possibility that it
could serve a function like link protein, stabilizing in-
teractions between HA and brain proteoglycans. These
observations suggest the existence of other tissue
specific HA-binding proteins.

HILE the presence of an extracellular matrix in non-

neural tissues has been universally accepted, only

recently has evidence been adduced for an orga-

nized extracellular matrix in the mammalian central nervous
system (CNS)! (Reichardt and Tomaselli, 1991; Hockfield
et al., 1990; Sanes, 1989). Because molecules normally as-
sociated with the extracellular matrix, such as laminin and
collagen, are not present (or present at very low abundance)
in the CNS, the extracellular space in neural tissue has some-
times been considered a preparative artifact. However, the
application of a variety of staining techniques demonstrated
that the neural extracellular space is filled with a matrix-like
material (Nakanishi, 1983; Castejon, 1970; Bomdareff,
1967). With the advent of monoclonal antibody technology,
it became clear that many components of the extracellular
matrix identified in other tissues are indeed present in the
CNS (Margolis and Margolis, 1993; Rauch et al., 1991;
Zaremba et al., 1990; Hockfield, 1990; Fujita et al., 1989).
The CNS extracellular matrix consists of a heterogeneous
mixture of glycoconjugates, many of which are proteogly-
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cans. Proteoglycans are complex macromolecules that con-
sist of a core protein modified with one or more types of
glycosaminoglycan chains (Hardingham and Fosang, 1992;
Wight et al., 1991). Many functional properties of proteogly-
cans have been ascribed to glycosaminoglycans. Glycosami-
noglycans have been reported to exhibit both adhesive and
repulsive properties and, as such, have been suggested to
mediate neuronal migration and axon guidance (Prieto etal.,
1992; Cole and McCabe, 1991; Snow et al., 1990). Glyco-
saminoglycans are believed to regulate the local cellular en-
vironment primarily by serving as selective filters, facilitat-
ing permeability and retention of low molecular weight
solutes, including growth factors, while excluding other
macromolecules. Hyaluronan (HA) is particularly suited to
this function because of its charge density and hydroscopic
nature. HA is a ubiquitous component of extracellular ma-
trices of all tissues, including brain, and is believed to orga-
nize water and extracellular proteins (Laurent and Fraser,
1992). During development HA plays a role in the regulation
of morphogenesis and differentiation of neural tissues
(Toole, 1991; Perris and Johansson, 1990)

Because HA is ubiquitously present in extracellular space,
cell type specific functions attributed to HA may be medi-
ated through its interaction with HA-binding proteins. Sev-
eral HA-binding proteins have been reported in the brain, a
subset of which have a high degree of sequence similarity to
one another, including versican (Zimmermann and Ruos-
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lahti, 1989), link protein (Doege et al., 1986), neurocan
(Rauch et al., 1992), glial hyaluronate binding protein
(GHAP) (Perides et al., 1989) and CD44 (Culty et al.,
1990), and have been called the proteoglycan tandem repeat
(PTR) family of HA-binding proteins (Perkins et al., 1989).
Additional HA-binding proteins have been isolated from
brain, for which sequence is not yet available, including the
T1 proteoglycan (Iwata and Carlson, 1993), and the antigen
recognized by monoclonal antibody Cat-301 (Fryer et al.,
1992).

The spatial distribution and temporal expression of neural
extracellular matrix proteoglycans, and HA-binding pro-
teins, in particular, indicate that they may be involved in
many events in the development and function of the mam-
malian CNS. While some HA-binding proteins represent
general components of the extracellular matrix (e.g., Tl
[Iwata and Carlson, 1993]), others have a restricted pattern
of expression on subsets of neurons (e.g., the Cat-301 anti-
gen [Hockfield and McKay, 1983; Hockfield et al., 1983;
Hockfield and Sur, 1990; DeYoe et al., 1990]). In addition,
while some extracellular matrix molecules are transiently
expressed during embryogenesis (e.g., laminin [Letourneau
et al., 1989; McLoon et al., 1988] and fibronectin [Stewart
and Pearlman, 1987]), others are first expressed iate in the
postnatal period (e.g., chondroitin sulfate proteoglycans
[Watanabe et al., 1989; Aquino et al., 1984; Hockfield etal.,
1983; Maeda et al., 1992]), coincident with the decline in
developmental synaptic plasticity.

Our interest in the composition and function of the CNS
extracellular matrix, along with the ubiquitous expression of
HA in the brain, motivated an investigation of neural HA-
binding proteins. Here we describe the identification and
characterization of a neural specific cDNA that shows a high
degree of sequence similarity to the PTR family of HA-
binding proteins. We propose to name this gene BEHAB, for
Brain Enriched HyAluronan Binding protein.

Materials and Methods

Isolation of Rat cDNA Clones

An unamplified postnatal day 12 (P12) rat brain Agtl0 cDNA library was
screened with rat aggrecan clone pRCP 4 (Doege et al., 1987). 4 x 10¢
phage (per 150-mm plate) were plated with C600 bacteria, immobilized
onto nitrocellulose filters, and prepared for hybridization according to stan-
dard techniques (Sambrook et al., 1989). Filters were prewashed for 1 h
in 1 M NaCl, 0.1% SDS, 20 mM Tris-HC] (pH 80) and 1 mM EDTA at
65°C. Filters were then prehybridized for an additional 4-6 h in 50% forma-
mide, 5X SSC (I1x SSC = 0.15 M sodium chloride, 0.015 M sodium ci-
trate), 1% SDS, 1X Denhardt’s (002% Ficoll, 0.02% BSA [Fraction V],
0.02% polyvinylpyrrolidone), 50 mM sodium phosphate (pH 6.7) and 100
pg/ml salmon sperm DNA at 37°C. Hybridization was carried out in the
identical solution with the inclusion of 10° cpm pRCP 4 probe/ml for
24 h at 37°C. For all experiments, radiolabeled probes (*P-dCTP, Amer-
sham) were prepared by random priming (Feinberg and Vogelstein, 1983)
(Boehringer Mannheim Corp. , Indianapolis, IN) gel purified cDNA inserts,
followed by the removal of unincorporated radionucleotides (NICK column,
Pharmacia). One post-hybridization wash in 2x SSC, 0.1% SDS and one
in0.2x SSC for 1 h each were performed at room temperature. Phage DNA
was isolated using DES2 (Whatman) and the cDNA insert excised by EcoRI
digestion. The cDNA was gel purified (Gene-Clean, Bio 101), subcloned
into pBluescript KS* (Stratagene, Lalolla, CA) and transformed into
DHSa (Mandel and Higa, 1970) (GIBCO BRL, Gaithersburg, MD).

Isolation of Cat cDNA Clones
Random nonamers (1.4 mg) were used to synthesize first strand cDNA from
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5 ug poly A* RNA isolated from P39 cat cortex. cDNA synthesis was per-
formed according to manufacturer’s instruction for the production of non-
directional libraries (Stratagene) and size-fractionated by column chroma-
tography (GIBCO BRL). 50 ng of cDNA was ligated to 1 ug EcoR I cut,
phosphatized Lambda Zap II vector and packaged into phage (Gigapack Il
Gold, Stratagene). This yielded 0.5 X 10° recombinants when transfected
into XL1-Blue (Stratagene). The unamplified library was screened with rat
clone Hl. Hybridization was performed in 6x SSC, 0.1% SDS, 1x Den-
hardt’s and 100 xg/ml salmon sperm DNA at 65°C. Filters were washed
twice in 2% SSC, 0.1% SDS and twice in 0.2X SSC at 65°C for 20 min.
¢DNA inserts of plaque purified positive clones were isolated in pBluescript
SK™ by in vivo excision.

DNA Sequencing and Analysis

DNA sequencing was performed by the dideoxy chain termination method
(Sanger et al., 1977) using Sequenase (U.S. Biochemical, Cleveland, OH).
Bluescript SK/KS primers or cDNA specific 20-mers were used.

was verified from overlapping clones or by sequencing both strands of
DNA. Sequence compressions were resolved using dITP nucleotides. After
labeling, the reactions were incubated at 37°C for 30 min in the presence
of 1X reaction buffer, 1 mM dNTPs (pH 70) and 0.5 U terminal deoxy-
nucleotidyl transferase to prevent premature termination caused by the use
of dITP. Sequence analyses were performed using the University of Wiscon-
sin Genetics Computer Group (GCG) programs (Devereux et al., 1984).

Northern Hybridization

For Northern analysis, 25 ug total RNA was denatured in 2.2 M formaide-
hyde, 50% formamide, 1Xx MOPS (3-(N-morpholino) propanesulfonic
acid) buffer at 65°C for 15 min. The RNA was electrophoresed on a 1.0%
agarose-formaldehyde gel with 1X MOPS buffer at SOV with buffer recircu-
lation. The gel was briefly neutralized in transfer buffer (20x SSC) and
RNA blotted to Zetaprobe (BioRad Labs., Hercules, CA) by capillary trans-
fer. Filters were rinsed briefly in 2x SSC, and RNA was immobilized both

by UV cross-linking (Church and Gilbert, 1984) and baking in vacuuo
(80°C for 1 h). Hybridization in 7% SDS, 1% BSA, 0.5 M phosphate buffer
(pH 6.8) (PB), 1 mM EDTA and 0.5-2.5 X 10° cpm rat H1 probe/m! was
carried out for at least 8 h at 65°C. Filters were washed twice in 5% SDS,
0.5% BSA, 40 mM PB, 1 mM EDTA and twice in 1% SDS, 40 mM PB,
1 mM EDTA at 65°C for 20 min (Church and Gilbert, 1984), and exposed
to film (Hyperfilm, Amersham) at ~70°C. Molecular sizes were deter-
mined relative to RNA molecular weight standards (GIBCO BRL) and 28S
and 18S ribosomal RNA observed during UV illumination. The ubiqui-
tously expressed, non-developmentally regulated gene cyclophilin (Daniel-
son et al., 1988; Lenoir et al., 1986) was used to determine equal loading
of lanes. Densitometry was performed using the NIH Image program.

In Situ Hybridization

Twelve to fourteen micron thick frozen sections were thaw-mounted onto
gelatin-coated slides and postfixed in 0.1 M sodium phosphate buffered 4%
paraformaldehyde (pH 7.4). Sections were rinsed in 1x PBS (137 mM
NaCl, 2.7 mM KCI, 10 mM Na;HPO,, 1.8 mM KH,PO,), 2% SSC and
acetylated with 0.5% acetic anhydride in 0.1 M triethanolamine (pH 8.0).
Sections were then rinsed in 2X SSC, 1x PBS, dehydrated in ethanols and
delipidated in chloroform. Sections were prehybridized in 2% SSC, 50%
formamide at 50°C for 1 h, and then hybridized in 0.75 M NaCl, 50% for-
mamide, 1X Denhardt’s, 10% dextran sulfate, 30 mM DTT, 10 mM Tris-
HCI (pH 7.5), 1 mM EDTA, 100 pg/ml salmon sperm DNA, 0.5 mg/ml
yeast tRNA and 10° cpm probe per slide at 50°C for 12-15 h. [**S]CTP
(New England Nuclear, Boston, MA) labeled cRNA probes were synthe-
sized using T3 (GIBCO BRL), SP6, and T7 RNA polymerases (New En-
gland Biolabs Inc., Beverly, MA). After hybridization, sections were
washed in 2x SSC, 50% formamide, 0.1% BME (8-mercaptoethanol) at
50°C for 1 h and treated with 20 ug/ml RNase A in 0.5 M NaCl, 10 mM
Tris-HCl (pH 8.0) at 37°C for 30 min. Sections were then washed in 2x
SSC, 50% formamide, 0.1% BME at 58°C for 30 min and 0.1x $SC, 0.1%
BME at 63°C for 30 min and dehydrated. For initial localization of probe
the slides were exposed to film (Hyperfilm, Amersham) for 4 d. Autoradio-
grams were used as negatives for prints. For higher resolution, the slides
were dipped in NTB-2 emulsion (Kodak), developed after 5 d and counter
stained with cresyl violet. Neurofilament-middle (NF) antisense (Martin et
al., 1992) and rat clone Bl sense probes were used as positive and negative
controls, respectively.
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Results

BEHAB Encodes a Protein with Homology to the PTR
Family of HA-binding Proteins

To identify HA-binding proteins involved in neural develop-
ment, rat aggrecan clone pRCP 4, which encodes the HA-
binding region (Doege et al., 1987), was used to screen a
postnatal day 12 (P12) rat brain Agt10 cDNA library. A total
of 3.2 X 10° recombinants were screened resulting in two
positives. On Northern blots the two clones recognize the
same size mRNA transcript (data not shown). Preliminary
sequence analysis showed that both clones have homology to
several HA-binding proteins. To obtain full length cDNA se-
quence, the library was rescreened with one of these clones,
resulting in 15 additional clones. The insert size of these
clones was determined and partial restriction maps were pre-
pared to eliminate redundant clones. Eight clones were sub-
cloned into pBluescript KS+ and sequenced (Fig. 1 4). The
composite sequence of BEHAB was obtained from these
overlapping clones (Fig. 2). The complete BEHAB coding
sequence is 1,113 bp. The nucleotide sequence preceding the
first AUG contains a consensus sequence for translation ini-
tiation (Kozak, 1991, 1984). In the 3' untranslated region
only that sequence verified from clones Bl, A2, and A8 is
presented. The deduced amino acid composition of the
BEHAB protein is comprised of 371 amino acids and in-
cludes a putative signal peptide cleavage site at Ala-22 (von
Heijne, 1986). The resulting mature protein has a predicted
molecular mass of 38,447 kD. Analysis of the deduced
amino acid sequence indicates the presence of two NX(S/T)
consensus sequences for potential N-glycosylation (Mar-
shall, 1974).

A

81 I

AS —— e

A2 >

T —

—_————p

Ad >

A8 >

H2 —
1 | 4 l | |
I | { T | 1
Obp 400 800 1200 1600 1800

B

B1.1 e

B? —_—

B >

E ——
- ————————

l L 1 L I | |
[ | | | 1 1

0bp 400 800 1200 1600 1800

Figure 1. Overlapping cDNA clones encoding BEHAB. (4) cDNA
clones for rat BEHAB were isolated from a P12 rat brain Agtl0 li-
brary and subcloned into pBluescript KS+. (B) cDNA clones for
cat BEHAB were isolated from a P39 cat cortex Lambda Zap I li-
brary and excised in pBluescript SK—. cDNA alignment was pro-
duced using the GCG GELOVERLAP function. The lines indicate
the size of the clones in base pairs (bp) and arrows indicate cloning
orientation in relation to the coding sequence.

Jaworski et al. BEHAB, a HA-binding Protein Restricted to the CNS

In our previous characterizations of extracellular matrix
proteins in brain we focused on expression in the cat visual
system. Therefore, we investigated whether the BEHAB
gene is also expressed in the cat cortex. Northern hybridiza-
tion using rat H1 as the probe revealed a single mRNA spe-
cies in cat visual cortex identical in size to rat BEHAB (see
Fig. 6). Rat H1 was used to clone the cat homologue from
a P39 cat cortex Lambda Zap II cDNA library. A total of
3.2 X 10° recombinants were screened resulting in five
positives which were excised in pBluescript SK- (Fig. 1 B).
The composite sequence for cat BEHAB was obtained from
these overlapping clones (Fig. 3). The complete coding se-
quence for cat BEHAB is 1,134 bp. The first AUG is
preceded by both an in-frame termination codon and the
translation initiation consensus sequence. The cat BEHAB
sequence encodes 378 amino acids which, like the rat, con-
tains a 22 residue signal peptide. However, cat BEHAB con-
tains six additional amino acids at the carboxy terminus,
resulting in a predicted molecular mass of 38,955 kD. In the
cat, Trp-373 is encoded by TGG, while the corresponding rat
sequence of TAG results in termination. This termination se-
quence was verified in rat clones Bl, A5, and A8 and by se-
quencing both strands of cat clone Bl. Cat BEHAB also con-
tains one additional site for potential N-glycosylation not
present in the rat.

Database analyses at both the nucleic acid and amino acid
levels indicated that BEHAB is a previously unreported
member of the PTR family of HA-binding proteins. BEHAB
has a substantial degree of amino acid identity to the other
members of the PTR family, which includes rat aggrecan
(48%) (Doege et al., 1987), rat neurocan (48%) (Rauch et
al., 1992), human versican (46 %) (Zimmermann and Ruos-
lahti, 1989), and rat link protein (42 %) (Doege et al., 1986).
The NH,-terminal domain of this family is defined by two
structural motifs, (@) an immunoglobulin (Ig) fold and (b)
two PTR folds (PTR 1 and PTR 2). The PTR folds have been
suggested to mediate binding to HA (Doege et al., 1991;
Fosang and Hardingham, 1989; Goetinck et al., 1987). The
Ig domain contains two clusters of conserved amino acids
around the cysteine residues which generate the disulfide
bond of the loop. The consensus sequence YxCxXVxH in the
COOH-terminal cluster is present in all immunoglobulin
and major histocompatability complex proteins, and is also
present in BEHAB (Fig. 4). The most conserved region of
the PTR family’s HA-binding domain is the sequence
CDAGWL(A/S)D(Q/G)(T/S)VRYPI found in PTR 1 and
PTR 2. Two copies of this sequence are also found in
BEHAB. The degree of identity of BEHAB between rat and
cat is high (84 % overall), with the greatest conservation in
PTR 1. The identity in PTR 1 is 95% over the entire domain
and 100% over 44 amino acids of the domain. PTR 2 shows
the next highest homology (86 %), followed by the Ig domain
(84 %) (Fig. 5). The relative degree of homology between the
PTR 1, PTR 2, and Ig domains observed in rat and cat is also
observed between BEHAB and the other members of the
PTR family (Table I and Fig. 4).

BEHAB mRNA Is Restricted to the Nervous System

The tissue distribution of rat BEHAB mRNA was deter-
mined by Northern blot analysis (Fig. 6). A single 3.9-kb
mRNA transcript is detected in adult rat cortex, spinal cord,
and cerebellum. This transcript is not detected in liver, kid-
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CGAGACCCGCGCAGAGAAGGGAGCGGETCCCGTGACCGCGCAGAGCCCCCCA 52

CGCGGCCAAAGGCCEGEGACGOGGEGANGGOGEGECECETGEGAAGAARCCCCCTITTOTGOGECTCOCGGOGAGCTGGOGCCCCCGTCTEOGTCCOGE 151
GOGCCCGGCCCTGCTCGCGCCOGCGCATTGCCGCAGTCTCGGCTGOGTGCGGGACCCGETGTGTGGAGGGGACCTCACAAGTTCTTCCAAGTTTGCAGC 250
ATG ATC CCA TTG CTT CTG TCC CTG CTG GCA GCT CTG GTC CTG ACC CAA GCC CCT GCA GCC CTC GCT GAT GAC CTG 325
MIPLLLSLLAALVLTQAPAALAADDL 25
BDAR GAA GAC AGC TCA GAG GAT CGA GCC TTT CGG GTG CGC ATC GGT GCC GCG CAG CTG OGG GGT GTIG CTG GGC GGT 400
K E D S S E D R A F R V R I 6 A A Q L R G V L G G 50
TGG GTG GCC ATC CCA TGC CAC GTC CAC CAC CTG AGG CCG CCG CCC AGC CGC OGG GCC GOG CCG GGC TTT CCC CGA 475
W V A I P C H V H H L R P P P S R R A A P G F P R 75
GTC AAA TGG ACC TTC CTG TCC GGG GAC CGG GAG GTG GAG GTG CTG GTIG GGG CGC GGG CTG CGC GTC AAG GTA AAC 550
vV XK W T F L $ 6 D R E V E V L V A R G L R V K V N 100
GAA GCC TAT CGG TTC CGC GTG GCG CTG CCT GCC TAC CCC GCA TCG CTC ACA GAT GIG TCT TTA GTA TTG AGC GAA 625
E A ¥ R F R V A L P A Y P A 8 L T D V 8 L V L § E 125
CTG CGG CCC AAT GAT TCC GGG GTC TAT CGC TGC GAG GTC CAG CAC GGT ATC GAC GAC AGC AGT GAT GCT GTG GAA 700
L R P|I{N D S]] v ¥ R ¢ E VvV ¢ H 6 I D D S S D A VvV E 150
GTC AAG GTC AAR GGG GTC GTC TTC CTC TAC CGA GAG GGC TCT GCC CGC TAT GCT TTC TCC TTC GCT GGA GCC CAG 775
vV K V XK 6 V VvV F L Y R E G S A R Y A F S F A G A Q 175
GAA GCC TGT GCT CGC ATC GGA GCC CGA ATT GCC ACC CCT GAG CAG CTG TAT GCT GCC TAC CTIC GGC GGC TAT GAA 8BS0
E A ¢ A R I G A R I A T P E Q@ L Y A A Y L &6 G Y E 200
CAG TGT GAT GCT GGC TGG CTG TCC GAC CAA ACC GTG AGG TAC CCC ATC CAG AAC CCA CGA GAA GCC TGT TAT GGA 925
Q ¢ P A ¢ W L § D @ T V R Y P I @ N P R E A C Y G 225
GAC ATG GAT GGC TAC CCT GGA GTG OGG AAT TAC GGA GTG GTG GGT CCT GAT GAT CTC TAC GAT GIC TAC TGT TAT 1000
P M D 6 ¥ P 6 V R N Y 6 V V 6 P D D L Y D V Y C Y 250
GCC GAA GAC CTA AAT GGA GAA CTG TTC CTA GGT GCC CCT CCC GGC AAG CTG ACG TGG GAG GAG GCT CGG GAC TAC 1075
A E D L N 6 E L F L G A P P G K L T W E E A R D Y 275
TGT CTG GAA CGC GGT GCT CAG ATC GCT AGC ACG GGC CAG CTA TAC GCG GCA TGG AAT GGC GGC TTG GAC AGA TGT 1150
¢c L E R G A @ I A 8§ T 6 @ L Y A A W N G G L D R ¢ 300
AGC CCT GGC TGG CTG GCT GAT GGC AGT GIG CGG TAC CCC ATC ATC ACG CCC AGC CAA OGC TGT GGG GGA GGC CTG 1225
S P 6 W L A D G S V R Y P I I T P S8 Q@ R C G G G L 325
CCA GGA GTC AAG ACC CTC TTC CTC TIT CCC P GGC TTC CCC AGC AAG CAG AAC OGC TTC AAT GTC TAC 1300
P 6 V X T L F L F P | 6 F P S XK Q N R F N V Y 35
TGC TTC CGA GAC TCT GCC CAT CCC TCT GCC TTC TCT GAG CCT CCA GCC CAG CCT CTG ATG GACTAGAGGCCATTGTCAC 1379
¢ F R D S A H P S A F S E P P A Q P L M D 371

TCTACTCCATCCCCATCACAGAAGATGGGGG 1478
AGGAGGAAGCTCTACCCCAGAAGACCCAGCAGAGGCCCCCAG 1520

Figure 2. Nucleotide and deduced amino acid sequences of rat BEHAB. The nucleotide sequence was determined from the overlapping
cDNA clones shown in Fig. 1 A. The deduced amino acid sequence contains a signal peptide, which is underlined, and a putative cleavage
site, indicated by an arrow. The sequence also contains two potential N-glycosylation sites, which are boxed. These sequence data are
available from EMBL/GenBank/DDBJ under accession number Z28366.

ney, spleen, lung or muscle, even with longer film exposures.
In situ hybridization to whole embryos (Fig. 10) also shows
that BEHAB expression is restricted to the CNS (described
further below).

The spatial distribution of BEHAB mRNA within the ner-
vous system was determined at higher resolution by in situ
hybridization on tissue sections from P21 rat forebrain,
brainstem, spinal cord, and cerebellum. Near adjacent sec-
tions were probed with an antisense cRNA probe of rat clone

The Journal of Cell Biology, Volume 125, 1994

Bl (see Fig. 1 A4), NF as a positive control for neuronal
mRNA expression, and a sense probe of clone Bl as a nega-
tive control.

BEHAB expression is widely distributed in the brain, in
both gray and white matter. The cortex exhibits diffuse hy-
bridization with no laminar specificity (Fig. 7 4). Hybridiza-
tion is detected in white matter tracts, including the corpus
callosum (CC), the fimbria of the hippocampus (F), and the
anterior commissure (AC). In the hippocampus (H) the most
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CGGCACGAGCTCGTGCCGAATTCGGCACAGAGGGACCGAGCGTGGACCCGGAGGAGAGCCCGGAGGAGAGC

71

CCGGAGGAGGCGCAAACTTGGCGETGCGCACCCTAGCCCOGGCCCTCRGCCTGOOGGAAGAARACAR AGGCCCTGAGAGCTTAAGGAACTTGCAGCAAG 170
TTGACTAGOGCCCAGGTCT TG TCOGAGGAGGAATCCTGGTGGGGAGACAGGATCAGAAGCGAGGGTGTTAACAGTGAGTCCTTCCAGCAGCCTGAGS 269
ATG GCC CCA CTG TTC CTG CCC CTG CTG ATA GCC CIG GOC CTG GOC CCG GGC CCC ACG GCC TCA GCT GAT GTC CTG 344
M A P L F L P L L I AL AL AP G P T A S ADV L 25
GAA GGG GAC AGC TCA GAG GAC CGG GCC TTC OGC GTG CGC ATC TCG GGC AAC GG CCG CTG CAG GGC GTG CTG GGC 419
E G D S s E D R A F R V R I § 6 N A P L Q@ G V L G 50
GGC GCC CTC ACC ATC TG TGC CAC GTT CAC TAC CTG (GG CCG OCG CCG GGC CGC CGG GCC GTG CTG GGC TCC CCG 494
¢ A L T I S ¢C H V H Y L R P P P G R R A V L G § P 75
0GG GTC AAG TGG ACC TIC CTG TCC GGG GGC CGG GAG GCC GAG GTG CTG GIG GCG CGG GGG CTG CGC GTC AAG GTG 569
R V K W T F L § G ¢ R E A E V L V A R G L R V K V 100
AGC GAG GCC TAC CGG TIC CGC GTG GOG CTG CCC GCC TAC CCG GOG TCC CTC ACC GAC GIC TCC CTG GCA CTG AGC 644
S E A Y R F R V A L P A Y P A S L T D V § L A L § 125
GAG CTG GG CCC AAC GAC TCT GGC ATC TAC OGC TGC GAG GIC CAG CAC GGC ATA GAC GAC AGC AGC GAC GCC GTG 719
E L. R p[N_D sle 1 ¥ R ¢ E V @ H 6 I D D S § D A V 150
GAG GTC AAG GTC AAA GGG GTC GIC TTT CTIC TAC CGG GAG GGC TCT GCC OGC TAC GCT TIC TCC TIC GCC CGG GOC 794
E V K V K 6 VvV V F L Y R E 6 S A R Y A F S F A R A 175
CAG GAG GCC TGT GCC CGC ATC GGA GCC CGC ATC GCC ACC CCG GAG CAG CTC TAC GCT GCC TAC CTC GGG GGC TAT 869
Q E A c A R I G A R I A T P E Q@ L ¥ A A Y L G G Y 200
GAG CAG TGC GAT GCT GGC TGG CTG TCC GAC CAA ACC GTG AGG TAT CCC ATC CAG ACC CCA CGG GAG GCC TGT TAT 944
E @ ¢ D A G W L S D Q T V R Y P I Q@ T P R E A C Y 225
GGA GAC ATG GAT GGC TTC CCT GGG GTC CGG AAC TAT GGC CTG GTG GAC CCG GAT GAC CIC TAC GAT ATC TAC TGC 1019
G D M DG F P G V RN Y G L VD P D DL Y D I Y C 25
TAT GCT GAA GAC CTA AAT GGA GAG CTG TTC CTG GGC GCC CCT CCA GAC AAC GIG ACG CTG GAG GAG GCT ACG GCA 1094
Y A E D L N G E L F L G A P P D[N_V T L E E A T a 275
TAC TGC CGT GAG CGG GGT GCA GAG ATT GCT ACC ACG GGC CAG CTG TAT GCA GCC TGG GAT GGC GGC CTG GAC CGC 1169
Y ¢c R E R 6 A E I A T T G Q@ L Y A A W D G G L D R 300
TGC AGC CCC GGC TGG CTG GCC GAT GGC AGC GTG CGC TAC CCC ATC GIC ACG CCC AGC CAG CGC TGC GGT GGG GGC 1244
c s P 6 W L A DG S V R Y P I V T P S Q@ R C G G G 325
CTG CCT GGC GTC AAG ACT CTC TIC CTC TIC CCC AAC CAG ACC GGC TTC CCC AAC AAG TAC AGC CGC TTC AAC GTC 1319
L P G V K T L F L F P G F P N K Y § R F N V 350
TAC TGC TIC CGA GAC TCT GGC CAG CCC TCC ACC ACC CCT GAG GCC TCT GAC CAG CCT CTG ACG GGC TGG AGG CCA 1394
Y ¢ F R D S 6 @ P S T T P E A S D Q P L T G W R P 375
TIG TCA CAGTGACAGAGACCCTAGAGGAGCTCCACGTGOOGOGAGAAGCTGTGGAGAGCGAGTCCCGGGGAGCCATCTACTCCGTCCCCATTGTGGA 1492
L s @ 378
GGATGOGGGAGGTCCAAGGTCCCCTCCA 1519

Figure 3. Nucleotide and deduced amino acid sequences of cat BEHAB. The nucleotide sequence was determined from the overlapping
¢DNA clones shown in Fig. 1 B. The deduced amino acid sequence contains a signal peptide, which is underlined, with the putative cleavage
site, indicated by an arrow. Three potential N-glycosylation sites are boxed. These sequence data are available from EMBL/GenBank/

DDBJ under accession number Z28367.

intense hybridization is present in the CA1 subfield, with less
intense hybridization in subfields CA2 and CA3, and the den-
tate gyrus. Examination of emulsion-coated slides counter
stained with cresyl violet reveal that the labeling in CAl is
associated with neurons (Figs. 8, A and B). The pattern of
NF hybridization in the hippocampus is essentially recipro-
cal to that of BEHAB (Fig. 7 E); the NF probe hybridizes
most intensely in hippocampal subfields CA2, CA3, and in

Jaworski et al. BEHAB, a HA-binding Protein Restricted to the CNS

the dentate gyrus. BEHAB hybridization is also seen through-
out the inferior colliculus (IC) and less intensely in the supe-
rior colliculus (SC). In addition to the hippocampus, BE-
HAB hybridization in gray matter is most intense in the
substantia nigra (SN). The Bl sense probe generates almost
no signal in most of the brain, but a low level of hybridization
is seen in the hippocampus and dentate gyrus (Fig. 7 I).
In the brainstem, BEHAB is expressed throughout the re-
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was determined by the method of Schwartz and Dayhoff

binding proteins. A database search showed that the deduced amino acid sequence

HA-

indicating amino acid similarity,

among all of the HA-binding proteins is greatest in PTR 1 and PTR 2, followed by the Ig fold (see Table I). Identical amino acids are

domains: an immunoglobulin fold (4), and two domains thought to be involved in HA binding, PTR 1 (B8) and PTR 2 (C). The homology
shown in black. Intensity of gray counter-shading,

of rat and cat BEHAB have a high degree of homology to several PTR HA-binding proteins. The PTR proteins contain three functional

(1979). Sequence alignment was produced using the GCG PILEUP function and counter-shaded using PRETTYBOX.

Figure 4. BEHAB has homology to the PTR family of

in the spinal cord with the Bl sense probe

(Fig. 7 G). As observed in the brainstem, no hybridization

signal is detected

(Fig. 7 K).

unlike BEHAB, NF is not detected in the spinal white matter

pressed by glial cells. Like BEHAB, NF expression is
greater in the ventral horn than in the dorsal horn; however,

imilar hybrid-

, including the superior olivary nucleus
(ON), the vestibular nuclei (VN), the abducens nucleus

(AN) and the dorsal column nuclei (DCN). A s

ticular formation (Fig. 7 B). Several brainstem nuclei also
BEHAB

ization pattern is observed with NF (Fig. 7 F), while no hy-
bridization signal is detected with the sense Bl probe (Fig.

express
7J).

In the cerebellum, BEHAB expression is greatest in the

. 7 D). In the cerebellar cor-

tex, labeling is detected in all three cortical layers. In the mo-
lecular layer the distribution of silver grains parallels the dis-
tribution of basket and stellate cells. In the Purkinje cell layer
labeling is clustered over Purkinje cells and in the granule
cell layer it is clustered over Golgi II cells (Fig. 8, E and F).
The white matter of the cerebellar cortex also shows hybrid-

deep cerebellar nuclei (CN) (Fig

BEHAB expression in the spinal cord is greater in the gray
matter than white matter (Fig. 7 C). In the gray matter,
ventral horn hybridization is seen over motor neurons (Fig.

the dorsal horn. BEHAB hybridization is lacking in the sub-
stantia gelatinosa (layer 2), but is present in layer 1. In the

BEHARB expression is slightly greater in the ventral than in

8, C and D). In the spinal cord white matter, the size of la-
beled cells and their distribution indicates that BEHAB is ex-

ization signal. NF is primarily expressed by Purkinje cells
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Rat BEHAB MIPLLLSLLAALVLTQAPAALADDLKEDSSEDRAFRVRI .GAAQLRGVLG

R e e e R s e Nl
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Figure 5. BEHAB is highly
conserved between species.
The GCG BESTFIT align-
ment of rat and cat BEHAB
amino acid sequences demon-
strates the extent of conserva-
tion between species. Over-
all, the two proteins are
84% identical and possess
many conserved substitutions.

PTR 1

EQCDAGWLSDQTVRYPIQNPREACYGDMDGYPGVRNYGVVGPDDLYDVYC

SRRRINERE

DAGWLSDQTVRYPIQTPREACYGDMDGFPGVRNYGLVDPDDLYDIYC

IIIIIIIIIIIIIIII)I RRRERRNANE

Based on homology with
other HA-binding proteins
(sec text and Fig. 4), the
BEHARB protein contains four
domains: a signal peptide, an

249

RRERRERN
250

YAEDLNGELFLGAPPGKLTWEEARDYCLERGAQTIASTGQLYAAWNGGLDR 299

LT

AEDLNGELFLGAPPDNVTLEEATAYCRERGAEIATTGQLYAAWDGGLDR

LILLELLEE LT ee e s 0] 1]
Y.

immunoglobulin fold, and two
PTR domains involved in HA
binding. The amount of con-
servation between rat and cat
BEHAB is greatest in PTR 1

300

PTR 2

CSPGWLADGSVRYPIITPSQRCGGGLPGVKTLFLFPNQTGFPSKQNRFNV 349

I(llllllllll(ll CLLLCLLELTEL L]

(95%) and PTR 2 (86%), fol-
lowed by the immunoglobulin

A1 fold (84%) (see Table I).

WLADGSVRYPIVTPSQRCGGGLPGVKTLFLFPNQTGFPNKYSRFNV 350

YCFRDSAHPSAFSEPPAQPLMD 371

P eed] e

AL
YCFRDSGQPSTTPEASDQPLTGWRPLSQ 378

and by cells of the deep cerebellar nuclei (Fig. 7 H). The
sense Bl probe generates a low level of diffuse hybridization
signal throughout the granule cell layer (Fig. 7 L).

BEHAB mRNA Expression Is
Developmentally Regulated

To determine the temporal regulation of BEHAB mRNA ex-
pression, Northern blot analysis was performed using total
RNA from embryonic and postnatal rat cortex and spinal
cord (Fig. 9). The non-developmentally regulated gene cy-
clophilin was used as a control probe to verify equal loading.

Table I. Percent Identity of rat BEHAB to Other
Members of the PTR Family of HA-binding Proteins

Ig PTRI PTR2
Cat BEHAB 84% 95% 86%
Aggrecan 40% 60% 51%
Neurocan 37% 56% 57%
Versican 36% 59% 48%
Rat link 34% 48% 53%
CD44 22%

Jaworski et al. BEHAB, a HA-binding Protein Restricted to the CNS
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Figure 6. BEHAB mRNA expression is restricted to the nervous
system. Total RNA (25 ug) from P39 cat cortex and from the indi-
cated adult rat tissues was hybridized with a 32P-labeled probe for
rat clone H1 (see Materials and Methods). A single 3.9-kb mRNA
transcript encoding cat BEHAB is detected. The 3.9-kb mRNA
transcript for rat BEHAB, which is identical in size to cat BEHAB,
is also present in rat cortex, spinal cord, and cerebellum. This tran-
script is absent from the non-neural tissues even after prolonged
film exposure. The ubiquitously expressed gene cyclophilin was hy-
bridized simultaneously as a positive control. The position of 285
and 18S rRNA is indicated at the right.
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Figure 7. BEHAB mRNA is expressed throughout the central nervous system. In situ hybridization was performed on sections from P21
rat forebrain, brainstem, spinal cord, and cerebellum using a 3S-labeled cRNA probe to rat clone Bl (4-D) (see Materials and
Methods). Near adjacent sections were probed with NF (neurofilament, middle) as a marker for neuronal mRNA expression (E~H) and
a sense probe of clone Bl as a negative control (/-L). (4-D) BEHAB hybridization is detected in both gray and white matter. A diffuse
hybridization signal is detected throughout the gray matter at all levels. In the forebrain (4), the highest levels of hybridization are detected
in the hippocampus (H) and substantia nigra (SN). In the hippocampus the most intense hybridization is present in the CAl subfield (see
Figs. 8, A and B). The inferior colliculus (/C) has a higher hybridization signal than the superior colliculus (SC). A high level of hybridiza-
tion is seen in white matter tracts, including the corpus callosum (CC), the fimbria of the hippocampus (F), and the anterior commissure
(AC). (B) BEHARB is expressed in several brainstem nuclei, including the superior olivary nucleus (ON), the vestibular nucleus (VN),
the abducens nucleus (AN), and the dorsal column nuclei (DCN). (C) BEHAB expression in the spinal cord is greater in the gray matter
than white matter. In the gray matter, BEHAB hybridization is slightly greater in the ventral horn (V) than in the dorsal horn (D). In
the dorsal horn, BEHAB is present in layer 1, but is absent in the substantia gelatinosa (see Fig. 8, C and D). (D) BEHAB expression
in the cerebellum is greatest in the deep cerebellar nuclei (CN). Labeling is also detected in all three cortical layers and the white matter
(see Fig. 8, E and F). (E) NF hybridization is very high in many gray matter regions, but is virtually absent from white matter tracts.
In the hippocampus NF localization is reciprocal to that of BEHAB; NF hybridizes most intensely in subfields CA2, CA3, and in the dentate
gyrus. (F) NF hybridization in the nuclei of the brainstem is similar to BEHAB, but it is not seen in white matter tracts. (G') In the spinal
cord, NF mRNA is restricted to the gray matter, where, like BEHAB, it is present expressed at greater levels in the ventral horn. (H)
In the cerebellar cortex NF is primarily expressed by Purkinje cells; it is also expressed at high levels by the neurons in the deep cerebellar
nuclei. (J-L) The sense probe generates almost no hybridization signal, except a low level seen in the hippocampus, dentate gyrus, and
granule cell layer of the cerebellum. Bar, 1 mm.
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Figure 8. BEHAB mRNA is expressed by neurons and glial cells. Emulsion-coated sections were counter stained with cresyl violet and
photographed under dark field optics to visualize silver grains (4, C, and E) and with transmitted illumination to visualize cell bodies
(B, D, and F). (4 and B) In the hippocampus BEHAB hybridization is most intense in the CA/ subfield, and is much less intense in subfields
CA2 and CA3, and in the dentate gyrus (DG). Observation of cresyl violet counter stained sections shows that the BEHAB hybridization
pattern is not attributable to differences in cell density. (C and D) In the spinal cord BEHAB expression is seen in gray matter (GM)
and white matter (WM). In the gray matter, BEHAB expression is slightly greater in the ventral than in the dorsal horn. In the ventral
horn hybridization is seen over motor neurons (arrowhead). In the dorsal horn hybridization is present in layer 1 (single arrow), but is
absent from the substantia gelatinosa (double arrow). In the white matter the size and distribution of labeled cells suggests BEHAB synthesis
by astrocytes. (E and F) In the cerebellar cortex, intense BEHAB hybridization is detected in the Purkinje cell layer (P) and in the white
matter (WM). The distribution of silver grains in the molecular (M) and granule cell (G) layer indicates expression by interneurons (ar-
rows). Bars: (A-D) 200 um; (E and F) 50 pm.
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Figure 9. BEHAB mRNA is developmentally regulated. Northern
analysis was performed with 25 ug total RNA from E17, PO, P5,
P14, P21, and adult (4d) rat cortex (4) and spinal cord (B). Hybrid-
ization was performed simultaneously with 32P-labeled probes of
rat clone H1 and the non-developmentally regulated gene cyclophi-
lin (see Materials and Methods). A single 3.9-kb mRNA transcript
is detected in both cortex and spinal cord. To determine the devel-
opmental expression of BEHAB, densitometry was performed, and
standardized by calculating the ratio of BEHAB absorbance relative
to cyclophilin at each age (C). In the cortex, BEHAB mRNA is de-
tected at E17 and its expression gradually increases with develop-
ment to reach adult levels by P21. (N = 5, except at E17 where
N = 1) In the spinal cord, BEHAB is also detected at E17, gradually
increases to reach maximal expression by P14 and then declines
slightly. (N = 6, except at E17 where N = 2).

Unlike actin and tubulin, whose abundance varies with de-
velopment (Schmitt et al., 1977), cyclophilin maintains a
constant relative abundance in the CNS throughout develop-
ment (Lenoir et al., 1986). The Northern blots were ana-
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lyzed by densitometry, and band intensity of BEHAB was
standardized by calculating a ratio of the abundance of
BEHARB to cyclophilin at each developmental age (Fig. 9 C).

In the cortex, BEHAB recognizes a single 3.9-kb mRNA
transcript (Fig. 9 A). BEHAB expression is detected at em-
bryonic day 17 (E17) and gradually increases to attain adult
levels by P21 (Fig. 9 C). In the spinal cord, BEHAB also
recognizes a 3.9-kb mRNA transcript (Fig. 9 B). Atall ages,
except the adult, BEHAB expression is greater in the spinal
cord than cortex. Like the cortex, BEHAB is present in the
spinal cord at E17 and gradually increases with age, but
reaches maximal levels by P14. Unlike the cortex, BEHAB
expression in the spinal cord then declines slightly (Fig.
90C).

The expression of BEHAB in the embryo, like in the post-
natal animal, is restricted to the CNS (Fig. 10 4). BEHAB
expression is absent in dorsal root ganglia (DRG), a periph-
eral nervous system structure (Fig. 10, B and C). Tissues in
the embryo that express high levels of closely related genes,
such as the cartilage (which expresses aggrecan), also show
no hybridization signal for BEHAB (Fig. 10, B and C). The
distribution of BEHAB expression in the embryonic CNS
differs slightly from the postnatal brain. The highest levels
of BEHAB expression are found in regions that contain mi-
totically active cells, such as the ventricular zone of the
medulla, midbrain, and spinal cord (Fig. 10 A). Expression
of BEHAB is heterogeneous in the developing brain, the de-
tails of which are beyond the scope of this report and will
be described in detail elsewhere (manuscript in preparation).

Discussion

BEHAB Encodes a New Member of the PTR Family
of Proteins

The complete coding sequence of the BEHAB gene from rat
and cat is reported here. The high degree of sequence iden-
tity between rat and cat suggests that the protein encoded by
BEHAB is a functionally important element of the mam-
malian CNS. BEHAB shows sequence homology with a sub-
set of HA-binding proteins, the proteoglycan tandem repeat
(PTR) family, which includes aggrecan, versican, link pro-
tein, neurocan, and CD44,

The PTR family of HA-binding proteins is characterized
by several conserved domains in the NH, terminus (see
Fig. 11). The first 350 amino acids of these proteins contain
ten conserved cysteine residues that generate three disulfide-
bonded loops. The first loop, formed by a single disulfide
bond, has homology to proteins in the immunoglobulin su-
perfamily (Williams and Barclay, 1988; Bonnet et al., 1986).
The second and third loops, referred to as PTR 1 and PTR
2 (Perkins et al., 1989), or B and B’ (Doege et al., 1990),
are each formed by a pair of disulfide bonds. The PTR 1 loop
is the most highly conserved of the three loops, followed by
the PTR 2 loop, and then the Ig loop. The most conserved
regions of BEHAB are, as for the other family members, the
PTR 1 loop, and then the PTR 2 loop and the Ig loop. The
molecular and histological data presented here clearly show
that BEHARB is closely related to, but distinct from, all previ-
ously described members of the PTR family.

Among the members of the PTR protein family, the size
of the mRNA recognized by BEHAB is most similar to link
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Figure 10. In the embryo, as in
the adult, BEHAB mRNA is
restricted to the central ner-
vous system. In situ hybridiza-
tion was performed on E17 rat
embryos using a 33S-labeled
cRNA probe for rat clone Bl.
(A) Parasagital sections of
whole embryos demonstrates
that BEHAB expression is re-
stricted to the CNS. In the fore-
brain, BEHAB hybridization
is present in the neocortex
(NC). BEHAB is also ex-
pressed in the developing brain-
stem and spinal cord. In the
midbrain, pons and medulla,
the highest levels of expression
are found in regions that con-
tain actively mitotic cells, the
ventral ventricular zone of the
midbrain (MB) and the medial
tegmental neuroepithelium
(MT) of the medulla. (B and
C) Cross sections of the spinal
cord photographed as an auto-
radiogram (B) or a negative
image of the same section
stained with cresyl violet (C)

show in more detail the distribution of BEHAB. BEHAB hybridization is restricted to the ventral portion of the developing spinal cord,
with highest levels of expression in the ventral half of the ependymal layer, a region of mitotic activity. There is no detectable BEHAB
expression in the peripheral nervous system, as illustrated here for the dorsal root ganglia (DRG). This pair of photomicrographs also
demonstrates that cartilage (C), which expresses aggrecan, an mRNA with 60% identity to BEHAB, does not hybridize with the BEHAB
probe. The negative cresyl violet stained image was generated by projection printing directly to photographic film. Bars: (4) 1 mm;

(B and C) 200 um.

protein. However, several lines of evidence demonstrate that
BEHAB encodes a protein distinct from link protein. First,
on Northern blots, at low stringency BEHAB fails to detect
a message in chondrosarcoma RNA (data not shown). Sec-
ond, the reported location of link protein in brain is histolog-
ically distinct from that of BEHAB (Ripellino et al., 1989).
Third, we have isolated a PCR clone from cat brain that is
almost identical to cartilage link protein and is significantly
different from cat BEHAB. Therefore, BEHAB is unlikely
to encode link protein.

Two HA-binding proteins of approximately the same size
as that predicted for BEHAB have been reported in the brain,
glial hyaluronate binding protein (GHAP) and hyaluronec-
tin. BEHAB is also distinct from these neural HA-binding
proteins. GHAP is a 60-kD glycoprotein isolated from hu-
man brain white matter (Perides et al., 1989). The amino
acid sequence of GHAP is identical to the NH,-terminal
portion of versican, leading to the suggestion that GHAP
may be a proteolytic fragment of versican (Zimmermann and
Ruoslahti, 1989). Hyaluronectin is a 68-kD glycoprotein
purified from CNS white matter, for which only partial
amino acid sequence is available. The NH,-terminal 20
amino acids of hyaluronectin are virtually identical to GHAP
(Delpech et al., 1991). The sequence of BEHAB clearly
differentiates it from GHAP and hyaluronectin. Also, in con-
trast to BEHAB, which is only detected in the CNS, hyaluro-
nectin is expressed in the peripheral nervous system and in
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the kidney, as well as in the CNS (Bignami and Dahl, 1986;
Delpech and Delpech, 1984).

The Sequence of BEHAB Predicts an Extracellular
HA-binding Protein

The PTR family of HA-binding proteins can be divided into
two classes, HA receptors and extracellular HA-binding pro-
teins (Wight et al., 1991). The PTR proteins that have a
transmembrane domain, CD44 and TSG-6, act as HA recep-
tors and have only a single PTR loop. Those that lack a trans-
membrane domain, and are extracellular proteins, have two
PTR loops. The BEHAB gene encodes both a PTR 1 and a
PTR 2 loop, and lacks the COOH-terminal hydrophobic do-
main present in transmembrane proteins, indicating that
BEHAB encodes an extracellular HA-binding protein (see
Fig. 11).

A HA-binding consensus sequence has not been defini-
tively identified. Binding to HA has been demonstrated for
aggrecan (Fryer et al., 1992), versican (LeBaron et al.,
1992), GHAP (Perides et al., 1991), link protein (Goetinck
et al., 1987), CD44 (Miyake et al., 1990), TSG-6 (Lee et
al., 1992), Tl (Iwata et al., 1993), and the Cat-301 antigen
(Fryer et al., 1992). HA binding by neurocan (Rauch et al.,
1992) is predicted from deduced amino acid sequence.
Based on sequence conservation, it has been suggested that
the HA-binding region resides in the PTR loops (Doege et
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Figure 11. Schematic representation of the hypothesized interaction
of PTR proteins with HA. Two types of PTR HA-binding protein
have been described. Those with a single PTR loop (illustrated here
for CD44) and a transmembrane domain (shown at bottom right)
are called HA receptors. In contrast, extracellular HA-binding pro-
teins (illustrated here for BEHAB) lack a transmembrane domain
and contain two PTR loops. Sequence analysis of BEHAB suggests
that it is an extracellular HA-binding protein. Binding to HA
(shown as a stippled bar) is mediated either through sequences at
the tip of the PTR loops (the HAL sequence), or by clusters of basic
amino acids, including an arginine (R) in PTRI. The two clusters
of basic amino acids which have been shown to be critical for HA
binding in CD44 are indicated with arrows. The Ig loop of the ex-
tracellular HA binding proteins may permit interaction with other
Ig loop containing proteins (see text for details).

al., 1991; Fosang and Hardingham, 1989; Goetinck et al.,
1987). The most conserved region among these proteins is
a 15-amino acid sequence CDA GWL(A/S)D(Q/G)(T/S)-
VRYPI, referred to as the HAL peptide (using the nomencla-
ture of Iwata and Carlson, 1993), which appears both in
loops PTR 1 and PTR 2, of aggrecan, versican, neurocan,
and link protein. Predictions of the structure of the PTR pro-
teins suggest that the HAL sequence forms the apex of the
PTR loops (see Fig. 11), consistent with the idea that the
HAL sequence could have a role in HA binding. BEHAB
also has two copies of the HAL sequence, one in each of the
predicted PTR loops.

The HAL sequence does not exclusively define proteins
that bind HA, because several proteins that bind HA lack the
HAL sequence, including T1 (Iwata and Carlson, 1993),
CD44 (Stamenkovic et al., 1989), RHAMM (Hardwick et
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al., 1992), and TSG-6 (Lee et al., 1992). Data from several
reports suggest that HA binding may not be conferred by a
specific amino acid sequence, but rather, may be determined
by a clustering of basic amino acids (Lyon, 1986; Harding-
ham et al., 1976): peptides that inhibit link protein binding
to HA contain clusters of basic amino acids (Goetinck et al.,
1987), and the HA-binding region of CD44 contains two
clusters of basic amino acids (Peach et al., 1993). Replace-
ment of basic amino acids in CD44 with alanine using site-
directed mutagenesis reduces HA binding. Substitution of
even a single basic residue reduces HA binding, while multi-
ple substitutions have an additive effect. One substitution, at
Arg-41, almost completely abolishes HA binding. An Arg
residue is present at an equivalent position in all PTR pro-
teins, and is also present in BEHAB (Arg-166 in Fig. 4).

These sequence analyses show that BEHAB is similar to
all members of the PTR family, including CD44. BEHAB
is structurally similar to the PTR proteins, contains the HAL
sequence, and has a basic residue (Arg) at the position that
has been shown to be critical for HA binding by CD44.
These data indicate that BEHAB is a new member of the
PTR family of proteins and predict that BEHAB encodes an
extracellular HA-binding protein.

BEHAB Represents a Neural Specific

HA-binding Protein

We show here by Northern analysis that BEHAB is ex-
pressed in the mammalian CNS, but is not expressed in liver,
kidney, spleen, lung, or muscle. Many of these non-neural
tissues contain high levels of HA and express previously
characterized HA-binding proteins. Our developmental
studies using in situ hybridization demonstrate that BEHAB
expression in the embryo is, similarly, restricted to the CNS.

The distribution of BEHAB in the mature CNS demon-
strated by in situ hybridization parallels that reported for HA
(Fryer et al., 1992; Fryer, H. J. L., G. M. Kelly, R. Kalb,
and S. Hockfield, unpublished results). Biochemical assays
of HA show that the corpus callosum contains three times
the concentration of HA as the cerebral cortex. Also, the
brainstem and spinal cord have higher concentrations of HA
than the cerebral cortex (Delpech et al., 1989). Similar to
the distribution of HA, a higher level of BEHAB hybridiza-
tion is detected in the corpus callosum than in the cortex, and
the brainstem and spinal cord have higher hybridization sig-
nals than the cortex (Fig. 7). In the white matter, clusters of
silver grains from BEHAB hybridization are found over as-
trocytes, which synthesize HA (Delpech et al., 1989). This
colocalization provides further support for the possibility
that BEHAB is a HA-binding protein in brain.

While HA is abundant in the mammalian CNS, no brain
specific HA-binding protein has been reported to date. Sev-
eral HA-binding proteins are expressed in the brain as well
as in other tissues. Versican is expressed in endoneural and
endomysial contacts, kidney medulla, precartilagenous mes-
enchyma, and brain (Bignami et al., 1993). The T1 antigen,
which is distributed throughout the brain, is also present in
the electroplax and at neuromuscular junctions (Carlson et
al., 1986). CD44 is expressed in lymphocytes, epithelium,
and brain (Picker et al., 1989). The HA-binding protein neu-
rocan, isolated from brain, is not expressed in liver (Rauch
et al., 1992), but the presence of neurocan in tissues that
contain high levels of HA and HA-binding proteins, such as



kidney, spleen, lung and muscle, has not been investigated.
BEHAB represents the first reported, brain specific HA-
binding protein.

Hyaluronan is found virtually in all tissues, so the exis-
tence of a tissue-specific HA-binding protein, like BEHAB,
might not have been predicted. However the high degree of
cellular complexity in the mammalian CNS, as well as the
heterogeneity in extracellular matrix proteins in brain (see
below), might require a greater diversity in HA-binding pro-
teins than that required in other tissues. The identification of
this brain specific HA-binding protein could suggest that
other tissues also express tissue- or cell-type specific HA-
binding proteins.

The Developmental Regulation of BEHAB
Parallels the Elaboration of the Mature
CNS Extracellular Matrix

The 3.9-kb BEHAB transcript is detected in the rat CNS at
embryonic day 17 and its level of expression increases over
the first two postnatal weeks. Adult levels of expression are
reached at P21 in the spinal cord and cortex. In the spinal
cord a transient peak occurs at P14; a similar peak may also
occur in the cortex between P21 and adulthood. This would
be consistent with the delayed maturation of cortex relative
to spinal cord.

The existence of an extracellular matrix in brain has been
debated. The extracellular space in brain is electron lucent
and contains a very low abundance of laminin and collagen,
major components of most extracellular matrices. However,
studies over the last several years have shown that some ele-
ments of extracellular matrices are found in brain, including
HA, heparan sulfate proteoglycans, chondroitin sulfate pro-
teoglycans, keratan sulfate proteoglycans, and fibronectin
(Margolis and Margolis, 1993; Fryer et al., 1992; Sheppard
et al., 1991; Rauch et al., 1991; Hockfield et al., 1990;
Herndon and Lander, 1990; Stewart and Pearlman, 1987,
Margolis et al., 1975).

The composition of the brain extracellular matrix changes
over the course of development. During the embryonic pe-
riod, newly born neurons migrate to their final destinations
and undergo initial dendritic and axonal outgrowth. The cell
motility and synaptic refinement that occurs in this period re-
quires a relatively fluid extracellular environment, consis-
tent with our observations of high levels of BEHAB in
regions of mitotic activity. During later stages in develop-
ment the mature structure and synaptic relationships of neu-
rons are established and are maintained, in large measure,
throughout the life of an animal. Over the course of the early
postnatal period an insoluble extracellular matrix is elabo-
rated in the CNS. Hyaluronan becomes increasingly as-
sociated with a water insoluble fraction of brain during the
early postnatal period. Ninety percent of HA is water ex-
tractable at P7 while only 15% is water extractable in the
adult (Margolis et al., 1975). Several components of this in-
soluble matrix, including the neuronal cell surface pro-
teoglycan recognized by monoclonal antibody Cat-301, and
a variety of other cell surface proteoglycans, are initially de-
tected during the first postnatal week and do not reach adult
levels until the third or fourth postnatal week (Maeda et al.,
1992; Hockfield et al., 1990; Watanabe et al., 1989; Aquino
et al., 1984; Hockfield et al., 1983; Hockfield, S., S.
Zaremba, and G. Kelly, unpublished results).
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While the CNS contains many extracellular matrix com-
ponents, the interaction of these components needs to be ex-
plored further. The extracellular matrix of cartilage contains
large insoluble aggregates, formed by the interaction of ag-
grecan (a chondroitin sulfate proteoglycan) and HA, which
are stabilized by link protein (Neame et al., 1986). The in-
teraction between aggrecan and link protein is mediated by
the immunoglobulin loops of the two proteins. As in carti-
lage, chondroitin sulfate proteoglycans in brain could form
large aggregates through multivalent interactions with HA
and link protein or a link-like protein. The size and sequence
of BEHAB are similar, but not identical, to link protein, sug-
gesting that BEHAB could serve a link-like function in the
stabilization of proteoglycan-HA aggregates in CNS ex-
tracellular matrix. The cell surface proteoglycans in the
CNS appear more molecularly heterogeneous than in carti-
lage and are expressed on distinct populations of neurons
(Bertolotto et al., 1991; Watanabe et al., 1989; Fujita et al.,
1989; Hockfield and McKay, 1983). Cell-type specific local-
ization (and possibly function) of these proteoglycans could
be mediated through immunoglobulin loops. Many classes
of extracellular and transmembrane neural proteins contain
immunoglobulin loops, including cell adhesion molecules
(e.g., N-CAM) and signal transducing molecules (e.g., tyro-
sine phosphatases). BEHAB could associate with other im-
munoglobulin loop containing proteins and participate in
cell-cell or cell-matrix interactions.

There is a considerable degree of cellular diversity in the
mammalian CNS. The recent identification of chondroitin
sulfate proteoglycans present on different populations of neu-
rons has shown that the brain extracellular matrix is hetero-
geneous and suggest that this matrix may be an important de-
terminant of neuron specific traits. The matrix heterogeneity
in the CNS could include the expression of small HA-binding
proteins that might serve link-like functions. The gene de-
scribed here, BEHAB, encodes a neural specific protein that,
based on sequence analysis, binds HA and lacks a transmem-
brane domain. These data, along with the time course of ex-
pression, suggest that the BEHAB protein is an important
component of the CNS extracellular matrix.
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