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Interactions of neural glycosaminoglycans and proteoglycans with protein ligands:
assessment of selectivity, heterogeneity and the participation of core proteins in binding

Mary E.Herndon3, Christopher S.Stippt and proteins of the extracellular matrix, and several cell-surface
Arthur D.L ander? proteins involved in cell adhesion (Jacksbral, 1991; Lander,
Department of Experimental Pathology, Beth Israel Deaconess Medical Cente]r,g 94)' Rece,nt St,u,dles S,UQQeSt tha_t the mter_aCtlon C?f these, proteins
Harvard Medical SchooBoston, MA @215, USA 1Department of Tumor with GAGs s critically important in regulating their functions.
Virology, Dana-Farber Cancer InstituBpston, MA 02115, USA and Examples include a requirement for GAGs in the interactions of

“Department of Developmental & Cell Biology and Developmental Biology ~ fibroblast growth factors (FGFs), hepatocyte growth factor, and
Center, University of California, Irvine, CA2897, USA wnts with their tyrosine kinase receptors (Rapraetat, 1991;
Received on April 20, 1998; revised on July 2, 1998; accepted on July 6, 1998(ay0n et al., 1991; Karet al., 1993; Zioncheckt al., 1995;
Reichsmaret al., 1996; Forsteet al., 1997); a key role for GAGs
3To whom correspondence should be addressed at: Department of in controlling the rate of protease inactivation by serine protease
Experimental Pathology, BIDMC, 99 Brookline Avenue, RN-287, Boston,  ihhibitors (“serping; Potempaet al., 1994); a role for GAGs in
MA 02215 tethering molecules to the extracellular matrix (Robettal.,
The method of affinity coelectrophoresis was used to study 1988; Moscatelli, 1992; Emerling and Lander, 1997); and an
the binding of nine representative glycosaminoglycan important role for GAGs in some types of cell-cell adhesion
(GAG)-binding proteins, all thought to play roles in nervous  (Coleet al., 1985, 1986; Reyes al., 1990; Stormet al., 1996).
system development, to GAGs and proteoglycans isolated  Understanding how GAGs participate in these phenomena has
from developing rat brain. Binding to heparin and non-neu-  been hindered by the enormous chemical heterogeneity that is
ral heparan and chondroitin sulfates was also measured. All possible in GAGs, and the relatively limited number of GAGs that
nine proteins—laminin-1, fibronectin, thrombospondin-1, are available in sufficient quantity and purity for biochemical and
NCAM, L1, protease nexin-1, urokinase plasminogen activa- cell biological studies. Indeed, many GAG-binding proteins have
tor, thrombin, and fibroblast growth factor-2—bound brain primarily been identified by their ability to bind heparin, a GAG
heparan sulfate less strongly than heparin, but the degree of of the heparan sulfate (HS) class that is produced only by mast
difference in affinity varied considerably. Protease nexin-1 cells, and that is structurally distinct from other heparan sulfates.
bound brain heparan sulfate only 1.8-fold less tightly thanhe- In many cases, little is known about the interactions of
parin (K4 values of 35 vs. 20 nM, respectively), whereas GAG-binding proteins with the GAGs they actually encouinter
NCAM and L1 bound heparin well (Kq (1140 nM) but failed  vivo. Even less is known about how most of these proteins interact
to bind detectably to brain heparan sulfate (i > 3uM). Four  with intact PGs, even though GAGs are invariably found as PGs,
proteins bound brain chondroitin sulfate, with affinites  rather than as free polysaccharidesjivo.
equal to or a few fold stronger than the same proteins dis- Several years ago, we developed an electrophoretic method
played toward cartilage chondroitin sulfate. Overall, the for studying protein-GAG interactions that measures binding
highest affinities were observed with intact heparan sulfate under equilibrium conditions and requires only trace quantities of
proteoglycans: laminin-1's affinities for the proteoglycans GAGs (Lee and Lander, 1991; Liet al., 1991; Herndon and
cerebroglycan (glypican-2), glypican-1 and syndecan-3 were Lander, 1997). The method, known as affinity coelectrophoresis,
300- to 1800-fold stronger than its affinity for brain heparan  or ACE, readily detects heterogeneity in binding affinity (San
sulfate. In contrast, the affinities of fibroblast growth factor-2 ~ Antonioet al., 1993) and can also be used to study the binding of
for cerebroglycan and for brain heparan sulfate were similar.  proteins to intact PGs (Sandersenal., 1994). Additionally,
Interestingly, partial proteolysis of cerebroglycan resulted in  previous work using ACE has demonstrated its reliability,
a >400-fold loss of laminin affinity. These data support the yielding Kg values similar to those obtained by other measure-
views that (1) GAG-binding proteins can be differentially — ments of GAG-protein binding (Lee and Lander, 1991). Here we
sensitive to variations in GAG structure, and (2) core proteins  have exploited ACE to study the interactions of GAG-binding
can have dramatic, ligand-specific influences on protein—pro- proteins in a single tissue—the developing mammalian brain—
teoglycan interactions. with those GAGs and PGs that are expressed in that tissue.
The developing brain was chosen for study because it contains
Key words:cerebroglycan/chondroitin sulfate/extracellular 3 diverse set of developmentally important secreted, cell-surface
matrix/glypican/heparan sulfate and extracellular matrix proteins that bind GAGs and are thought
to be regulated by such binding, and because a considerable
amount has been learned in recent years about the composition
and localization of both GAGs and PGs in the developing brain
(for reviews, see Lander, 1993; Landeal., 1996). In particular,
Several types of proteins bind, under physiological conditions, the major HSPGs of the developing brain are the integral
glycosaminoglycans (GAGS), the polysaccharides that defimaembrane PGs glypican-1, cerebroglycan (glypican-2), and
proteoglycans (PGs). These include a subset of polypeptidgndecan-3 (Herndon and Lander, 1990; Caewnl., 1992;
growth factors, many secreted proteases and anti-proteases, nh@stder, 1993; Litwaclket al, 1994; Stipp et al 1994). All three
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are highly expressed by neurons, but with distinct temporal ar
spatial regulation (Litwackt al., 1994; Stipjet al., 1994; Carey

et al., 1997; lvingt al., 1997; Litwaclet al., 1998). The major A
chondroitin sulfate (CS) PGs are easily solubilized molecules th
appear to be components of the extracellular matrix; these inclu
several members of the aggrecan family (neurocan, brevice
versican) as well as a secreted form of a receptor protein tyrosi
phosphatase (phosphacan; LeBaron, 1996; Masgjails 1996;
Schwartzet al., 1996; Yamaguchi, 1996).

The GAG-binding proteins chosen for the present study wel
selected both for their importance in brain development, and fi B
their ability to represent the major classes of GAG-binding
proteins: laminin-1, fibronectin, and thrombospondin-1 are majc 0.6 +
extracellular matrix proteins of the developing brain, and ar
thought to influence neural cell adhesion, migration, axo R
growth, and axon guidance (Coletial., 1986, 1987; Stewart and
Pearlman, 1987; O'Shea and Dixit, 1988; O'Shkeal., 1990;
Sheppardet al., 1991; Hynes and Lander, 1992; Powell anc 021
Kleinman, 1997). NCAM and L1 are abundant cell—cell adhesio i e
molecules of the brain (reviewed in Linnemann and Bock, 198¢ 0.0 e f {

Walsh and Doherty, 1997) and null mutations in either one disru 0.1 ;. 10 100 1000

brain development (Cremet al, 1994; Batemast al., 1996). [FGF-2], nM

The serpin protease nexin-1 (PN-1), and the serine proteac.._

thrombin and uPA are thought to influence both axonal growtlig 1. affinity coelectrophoresis of PO brain HS and FGF-2. Metabolically
and neural cell survival (Farmet al., 1990; Dihaniclet al., labeled HS purified from a preparation of membrane-associated

1991; Sumet al., 1992; Denét al., 1993; Mansugt al, 1993; proteoglycans from PO rat brain was subjected to electrophoresis through
Vaughanet al 1995). The secreted growth factor FGF-2 isiones Suanng e eees soveemtons G0 0Pl
thogght .tO control processes as diverse as neural precur s from tgp to bo%tom in this and all %gﬁres. The species that isp
proliferation (DeHameet al., 1994; Palmet al., 1995) and axon  progressively shifted with increasing FGF-2 concentration is HS (open
targeting in the visual system (McFarlagteal., 1996). arrow); the faint band across the bottom of the pattern is a small amount of

In the present study, the binding of these proteins to HS and gdspompletely digested CS (solid arrow), which shows no binding to FGF-2.

; ; : S hindi (B) Calculation of affinity of HS for FGF-2. Retardation coefficiefit}
from the developlng brain was compared with their blndmg toWere determined at each FGF-2 concentration. The curve was fit to the

heparin and to HS and CS from non-neural sources. In SOM&uatiorR = Ry /[L + (Ka apd[FGF-2o)], and yields an apparek of 47
cases, binding to the HSPGs glypican-1, cerebroglycan, angM (seeMaterials and methogis

syndecan-3 was also tested. In all cases, both affinity and

selectivity (ability to fractionate GAGs into subpopulations of

different affinity) were evaluated. Among the resuilts obtained, it, ; ;15 small pieces and cultured for 16-20 h in the presence of
was observed that the range of protein affinities for brain HS W%5504. A membrane fraction was prepared, detergent solubilized,

substantially broader than the range of affinities for heparin. Tl‘h% d - -
by S ; subjected to DEAE chromatography to isolate PGs. HS
most striking example of this difference involved NCAM and Ll’lchains were prepared by chondroitinase ABC treatment, followed

which showed strong binding to heparin, but undetectab . : N
binding to brain HS. It was also found that proteins known t§y alkaline-borohydride cleavage and ethanol precipitation.

fractionate heparin into subpopulations of different affinities Binding of brain HS to a variety of different proteins—repre-

hep . popt . o senting secreted and extracellular matrix proteins that are known
generally failed to fractionate brain GAGS into similar SubpopUg,"pin i heparin and are thought to play important roles in brain
lations, or did so to a much smaller degree. Apparently, thL‘fevelopment—was measured using affinity coelectrophoresis
potential exists for variations in HS structure to give rise t

. i I . - (ACE). Figurel shows an electrophoretogram in which the
substantlal specificity in GAG-protein interactions, but I'ttle%indirzg of%o HSto FGF-2is visualizped (pangel A). The faint band
evidence was found that this potential is exploited o a largg, ino ot the bottom of the gel is incompletely digested CS, as
degree'm the <_jevelop|ng bram. In contrast, analyS's ofthe bmd"&%monstrated by the loss of this band when the HS preparation
properties of intact PGs provided strong evidence that PG car s more extensively digested with chondroitinase ABC (data

g,ggrt])isngi?]n grrgtitilr}]/s"']lfLuiggfje i@g%;ﬁ;jﬁ?gf trkm)gts ng(t:ifﬁlli ot shown). Measurements of electrophoretic retardation in each
gp X 99 P fthe FGF-2 lanes implied an apparent dissociation constgnt (K

in PG—protein interactions vivo may be achieved through an of 47 nM (units of FGF-2 concentration; panel B).

influence, direct or indirect, of core proteins on binding. Similar analyses were done for the extracellular matrix
proteins laminin-1, fibronectin, and thrombospondin-1, for the
secreted proteases thrombin and urokinase plasminogen activator
(uPA), and for the secreted serine protease inhibitor protease
Extracellular matrix and secreted heparin-binding proteins ~ nexin-1 (PN-1). Tableshows the apparent dissociation constants
expressed in the brain exhibit a broad range of affinities obtained using PO HS. Values obtained using E18 HS were not
for brain-derived HS and CS significantly different from those shown (see Talble below).

Also shown are dissociation constants that were measured for the
Metabolically labeled HS was prepared from embryonic day 1Binding of low molecular weight porcine intestinal mucosa
(E18) and postnatal day 0 (PO) rat brain that had been dissectieeparin to these proteins.

0.4 +

Results
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Binding of neural GAGs and proteoglycans to their ligands

Table |. Binding of extracellular matrix and secreted molecules to neonatal rat brain heparan sulfate and heparin

Ligand Type of molecule Kg, brain HS Kg, heparin (Kg, brain HS)/(ky, heparin)
Protease nexin-1 Serpin 35nM 20 nMe 1.8
FGF-2 Growth factor 47 nM 9 ni@ 5.2
Thrombospondin-1 Extracellular matrix glycoprotein 180 nM 41 nWR 4.4
Laminin Extracellular matrix glycoprotein 891 nM 147 nM 6.1
Thrombin Serine protease 1025 nM 123 n\P 8.3
uPA Serine protease 2310 nM 312 n\R 7.4
Fibronectin Extracellular matrix glycoprotein 6200 nM 486 n\P 12.8

Brain HS was metabolically labeled wiBSQy prior to isolation. HS tested for binding to thrombin and uPA was derived from the soluble fraction; other HS
samples were derived from the membrane fraction. Heparin was from porcine intestinal mucosa, end-labeled with tyramine, |45%)ehdittactioned to
yield a low molecular weight fraction. Binding measurements were made by affinity coelectrophoresis, as degaribees ldre from single determinations
except where noted.

ab. 4 value is mean of two, three, or five determinations, respectively.

Table Il. Binding of extracellular matrix and secreted molecules to neonatal rat brain chondroitin sulfate and to cartilage chondroitin sulfate

Ligand Type of molecule Kg, brain CS Kg, cartilage CS (Kg, brain CS)/(lg, cartilage CS)
Protease nexin-1 Serpin 158 nM 478 nM 0.33
Thrombospondin-1 Extracellular matrix glycoprotein 235 nM 487 nM 0.48
Thrombin Serine protease 2.5uM 10.3pM 0.24
uPA Serine protease 21.9uM 17.1uM 1.28

Brain CS was metabolically labeled witPSOy prior to isolation. Brain CS tested for binding to thrombin and uPA was derived from the soluble fraction; brain
CS tested for binding to PN-1 and thrombospondin-1 was from the membrane fraction. Cartilage CS was from bovine trachea (predominantly
chondroitin-4-sulfate) and was end labeled with hydroxyphenylpropionic acid, prior to radioiodination. Binding measurements were made by affinity
coelectrophoresis, as described.\lues are from single determinations except for PN-1 binding to cartilage CS (mean of four determinations).

Table Ill. Comparison of dissociation constants determined for multiple GAGs

Ligand Heparin HS HS HS HS CS CS CS CS CS
porcine E18 brain neonatal brain neonatal bovine E18 brain neonatal brain neonatal bovine shark
intestine membrane  membrane brain soluble kidney membrane  membrane brain soluble cartilage cartilage

fraction fraction fraction fraction fraction fraction (Ch-4-S) (Ch-6-S)

Protease nexin-1 204 682 35 101 62 223 158 239 478 425

uPA 312 2790 n.d. 2310 n.d. 16,400 n.d. 21900 17,100 n.d.

Thrombin 128 582 n.d. 1025 1710 4410 n.d. 2500 10,300 n.d.

Antithrombin Il 16° >10,000 n.d. n.d. n.d. >10,000 n.d. n.d. n.d. n.d.

FGF-2 162 n.d. 47 n.d. 170 n.d. >1350 n.d. >1350 n.d.

Fibronectin 488 7400 6200 n.d. 34,400 n.d. n.d. n.d. >17,900 >12,700

Laminin 147 886 891 n.d. 790 >977 >977 n.d. >1100 >1100

Thrombospondin 412 180 180 n.d. 262 235 235 n.d. 487 648

ACE was carried out and values of Keasured as described for Tables | and Il. Values are given in nM and assume first order binding (n.d., not determined).
“Soluble fraction” refers to PGs recovered in soluble form after brain homogenization in isotonic sucrose and clarification by ultracentrifugation (Herndon ar
Lander, 1990). Where data are reported as greater than a given value, it indicates that no electrophoretic retardation was observed at any protein concentr
and an estimate of the minimum value gfWas made based on the assumption that the protein concentrgtipreffeired for just detectable electrophoretic
retardation of HS or CS should occur at a value g§{R} that exceeds the highest value o 4 at which no retardation was observed when heparin was
tested under that same conditions (typically about 0.2). Thus, minimum values are typi¢atigs the highest ligand concentration testegvues are from

single determinations except where noted.

ab.c.K 4 value is mean of two, three, four, or five determinations, respectively.

€The value for heparin binding to antithrombin Il is that reported by Lee and Lander (1991) for the high affinity fraction of heparin.

Although the order of ligand affinities was nearly identical for  In addition to being tested for binding to labeled brain HS, the
both brain HS and heparin, heparin binding was stronger in evepyotein ligands described above were also tested for binding to the
case. The factor by which heparin affinity exceeded HS affinityotal metabolically labeled GAG population that had been isolated
(i.e., K4(HS)/K4(heparin)) was not constant, but varied betweerfrom the brain. Figur@A shows the results obtained with E18 brain
1.8 and 13, depending on the ligand. This implies that there mGAGs and PN-1. In this case, two populations of GAGs with
be differences among these proteins in their preferences fdifferent apparent affinities were clearly resolved by the electro-
particular oligosaccharide structures found within GAGs of thghoretogram (arrows). Pretreatment with either chondroitinase ABC
HS/heparin class. (to degrade CS) or heparitinase (to degrade HS) showed that the
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(data not shown). Because many of the studies that have
implicated GAGs in NCAM function have focused on retinal,
rather than brain, cell adhesion, we also tested HS preparations
from E18 whole retina for binding to NCAM. Again, no
measurable binding was seen (FigB#@. In contrast, the same
retinal HS preparation bound PN-1 with gdfose to that of brain

HS (K4 = 75 nM; data not shown).

As a control, heparin was tested for binding to identical NCAM
preparations (Figur@B), and a relatively strong affinity ¢ 126
nM) was measured. This value is reasonably close to a previously
reported value obtained using heparin-agarose bindigg- (B2
nM; Nybroeet al, 1989). Interestingly, the ACE pattern indicated
that not all heparin molecules bind to NCAM: a significant fraction
of the heparin((b0% of total; data not shown) exhibited the same
migration as unbound heparin, at all tested NCAM concentrations
(arrow in Figure 3B). Thus, approximately half of heparin
molecules exhibit little or no binding to NCAM.

At embryonic and early postnatal ages, a significant fraction of
NCAM molecules are substituted with large amounts of
a2,8-polysialic acid (PSA; Finrgt al, 1983). This large N-linked
glycan is thought to interfere sterically with the binding interac-
tions of NCAM, as well as with the binding interactions of other
_ LA e HF cell surface receptors localized to the same plasma membrane as
1112 278 70 14 0 NCAM (Rutishauser, 1988, 1992; Zhaetgal, 1992). Since PSA
556 139 28 6.5 is polyanionic, PSA moieties on NCAM might be expected to
electrostatically hinder the binding of NCAM to GAGs, perhaps
explaining our failure to detect NCAM-HS binding. To test this

Fig. 2. Binding of brain GAGs to protease nexin-1. Multiple ACE gels were

cast with lanes containing PN-1 at the indicated concentrations (nM). possibility, we also examined the pinding of heparin and HS to the
Electrophoresis was then carried out with total GAGs from metabolically ~ adult form of NCAM, which has little PSA; to postnatal NCAM
labeled E18 rat brain membrane-associated PGs (A), purified };16r(B that had been treated with endoneuraminidase N (endo-N) to

_purified CS ), the I_atter two being Qerived from the GAG preparation_ u_sed remove PSA: and to endo-N treated adult NCAM. All three
in (A). Gels were dried and autoradiographed. HS and CS produce distinct ! .
mobility shift patterns, which can be distinguished evedn&n open NCAM forms demonstrated appareny ¥alues for heparin that
arrow marks the HS, while a solid arrow marks the CS. were not significantly different from those seen with untreated
postnatal NCAM, yet these forms continued to show no detectable
i e ) binding to brain HS (TabléV). Additional experiments (not
tighter binding species was HS(KI72 nM), whereas the weaker shown) also showed that PSA itself (as colominic acid, the form in
was CS (i 11287 nM; Figure?B,C). By similar experiments, UPA, \hich it is produced by bacteria), does not bind detectably to
thrombin, and thrombospondin-1, but not FGF-2, were also foungcam (K4 > 2240 nM), suggesting that PSA on NCAM does not
to bind to brain CS. Tabld shows the apparent dissociation compete for binding of GAGs to NCAM's heparin binding site.
constants for CS from PO brain. Values obtained with CS from E18 Interestingly, another cell adhesion molecule, L1, behaved
brain were not significantly different (Tablét). For comparison, quite similarly to NCAM in its interactions both with heparin and
measurements were also made using CS from bovine trachgghin HS. L1 is structurally related to NCAM, is abundant in the
cartilage (Table )land shark cartilage (Table). o developing nervous system, and appears to mediate both
As with brain HS, the range of affinities exhibited bypnomophilic and heterophilic cell adhesion (reviewed in Linne-
heparin-binding proteins for brain CS was broad (139-fold)mann and Bock, 1989). Unlike NCAM, L1 molecules do not bear
Thrombospondin-1, PN-1, and thrombin each bound brain GSga chains and binding to heparin has not previously been shown
with a somewhat higher affinity than cartilage CS (2.1-, 3.0-, angyy 1. When membrane-associated HS from both E18 and PO
4.2-fold higher, respectively), while uPA bound both GAGS t0 gain were tested for binding to L1, no binding was seen (Table
similar extent (Tablel). These differences most likely reflect IV). However, L1, like NCAM, bound heparin quite welly(&
structural differences between brain and cartilage CS, and impjyg nm: Figure3C). As with NCAM, not all heparin molecules

that these proteins can be selective, to some degree, for structy@hng to L1: a nonbinding heparin subpopulation, representing

variations within GAGs of the chondroitin sulfate class. [50% of total heparin, was readily detected (arrow in FigGle
The cell adhesion molecules NCAM and L1 bind well to Subpopulations of brain HSPGs can bear HS chains with
heparin, but poorly, if at all, to brain HS moderately different affinities

The developmentally important neural cell adhesion molecul&CE is well suited for detecting heterogeneity in binding affinity
NCAM is known to bind heparin, and several studies have argu&dthin populations of GAGs, since such heterogeneity manifests
that interactions of NCAM with heparin-like molecules on neuraitself on electrophoretograms as smearing or splitting of bands,
cell surfaces (i.e., HS) are important for biological activity (Colearticularly in lanes with ligand concentrations near the (average)
et al, 1985, 1986; Cole and Glaser, 1986; Cole and Burg, 1988alue of Ky (San Antonicet al, 1993, 1994). In some cases, such
Kallapur and Akeson, 1992; Storetal., 1996). When we tested as those shown in FiguBB,C, individual binding and nonbind-
the interactions of E18 and PO brain membrane HS with postnatafj populations may be clearly seen; in other cases only a
mouse NCAM, however, no evidence for binding was obtainedontinuum of molecules with differing affinities is observed.
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Fig. 3. Affinity coelectrophoresis of the cell adhesion molecules NCAM and L1. ACE gels were prepared with lanes containing NCatNherihdicated
concentrations (in nM). InY), E18 retina-derived>SOy-labeled HS was subjected to electrophoresis through lanes containing early postnatal brain-derived
NCAM. In (B), 123-labeled low molecular weight heparin was subjected to electrophoresis through the same NCAM sar@plé33uabeled low molecular
weight heparin was subjected to electrophoresis through lanes containing L1. No evidence of retardation of HS mobility isydsi@aed inA), whereas
progressive retardation of mobility is seen with both NCAM and L1, when heparin waBu&3dArrows in 8) and C) point out heparin subpopulations that
fail to bind NCAM and L1 at the highest protein concentrations te®@dRdtardation coefficients were determined for the bound heparin populati@)saimd(
(C), and were plotted against protein concentration. The curves imply apparent aygrayee&of 126 nM and 108 nM for heparin binding to NCAM and L1,
respectively (seMaterials and methods

Table IV. Binding of NCAM and L1 to heparin and neonatal rat brain membrane-associated heparan sulfate

Ligand Treatment Kgheparin Kgbrain HS
Postnatal NCAM (PSA) Untreated 126 nM >3.15uM
Postnatal NCAM (PSA) Endo-N treated 88 nM >4.68uM
Adult NCAM (PSA) Untreated 104 nM >5.25uM
Adult NCAM (PSA) Endo-N treated 119 nM >5.28uM
L1 Untreated 108 nM >2.75 M

Heparin and HS were labeled as in Table I, and binding to NCAM and L1 tested by ACE. Where indicated, NCAM samples haeateehvyite
endoneuraminidase-N (endo-N) to remove polysialic acid (PSA). Heparin affinities were calculated assuming first order binding (n = 1, in the equation giver
Materials and methodsin some cases, curves based on second order binding (n = 2) also fit the data well, but valuekolaied from those curves

differed by less than 30% from those calculated for n=1, and are not shown here. Valyés dd&are presented as minimum values, since no electrophoretic
retardation was detected over the full range of protein concentrations that were tested. Minimum values were calculabdel ldis iy Values are from

single determinations except for untreated postnatal NCAM binding to heparin (mean of three determinations).

It is interesting that, in the experiments in which we measuretie degree of heterogeneity is relatively small, or the populations
the binding of brain HS and CS individually to secreted anthat exhibit unusually high or low affinities are relatively rare.
extracellular matrix proteins, no such smearing or splitting was As an alternative approach for looking for subsets of brain
seen in any case (Figute2 and data not shown). This contrastsGAGs with different protein affinities, we used affinity chroma-
with earlier observations that two of the proteins tested hertggraphy to prefractionate brain PGs prior to isolating GAGs
laminin and fibronectin, cause marked smearing of heparifom them. PN-1 was chosen for this experiment because it binds
fractionating it into subpopulations that vary more than 10-foldvell to brain HS, and because there is some evidence that it can
in affinity (San Antonioet al., 1993). The data suggest that, iffractionate heparin (Rovedit al, 1992), suggesting that it might
brain GAGs are heterogeneous in their binding properties, eithee able to recognize distinct HS subpopulations. In addition,
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—e—HeS5, 0.15 M eluate
--a--HeS§, 0.3 M eluate
—& -HeS§, 0.5 M eluate

5 14 28 06
e k. Tl i 7

Fig. 4. Binding to protease nexin-1 (PN-1) of HS chains derived from PN-1-binding proteoglycans. Metabolically labeled PGs derived from E18 forebrain were
fractionated by affinity chromatography on immobilized PN-1, and eluted with various salt concentration. HS was derived from each of the fractions, and
subjected to electrophoresis in ACE gels containing PN-1 at the indicated concentrations (nM). Autoradiograms of théifh@hitigrss obtained with HS

isolated from three different salt eluates of the PN-1 column are sh®16 M (column flow through) &) 0.3 M, and €) 0.5 M NaCl. D) Retardation

coefficients were determined and plotted against PN-1 concentration for each gel. The curves imply appaiters ¢f 162, 114, and 71 nM in the 0.15 M, 0.3

M, and 0.5 M eluates, respectively.

PN-1 is related to antithrombin Ill, a protein that has so far showBrain HSPGs exhibit an unexpectedly high affinity for
the greatest ability to distinguish among heparin/HS subspeciksninin-1
(Lamet al., 1976; Jacobssen al., 1986).

3550y and129-labeled E18 brain PGs were adsorbed (inn vivo, molecules typically interact with PGs, not isolated GAGs.
parallel experiments) to a PN-1-agarose column in 0.15 M NaG, is conceivable that, in some cases, the core proteins of those
and eluted using salt steps of 0.3 M, 0.5 M, 1 M, 1.5 M, and 3 MGs influence the strength or specificity of binding. Indeed,
NacCl. In both case$,B0% of the radioactivity passed through several PG cores are known to bind ligands directly, i.e.,
column, with (16% eluting at 0.3 M sal;8.5% at 0.5 M, and independent of the presence of GAG chains (Vegel, 1984;
1.3% at 1 M (data not shown). Whéffl-labeled PGs were Andreset al., 1989; Heremareg al., 1990; Hayasleit al, 1992;
used, GAG lyase digestion and SDS-PAGE analysis showed thaBaron et al., 1992; Doege, 1993; Schonherr et al., 1995;
the PG species in the 0.3 M, 0.5 M, and 1 M fractions were th&spberget al., 1997; Milev et al., 1998). It was therefore decided
same, and consisted mainly of glypican-1 (Litwatkl., 1994) to measure some of the binding properties of brain HSPGs
and cerebroglycan (Stipgt al, 1994), the major glycosylphos- directly, using ACE. In the developing nervous system, the major
phatidylinositol-anchored HSPGs of the developing brain (HerrHSPGs are glypican-1, cerebroglycan and syndecan-3 (Herndon
don and Lander, 1990; data not shown). Interestingly, thend Lander, 1990; Stipgt al., 1994; Gould et al., 1995). Each
abundant HSPG syndecan-3 was found mainly in the PNwasimmunopurified from PG preparations that had been isolated
column flow through (0.15 M salt; data not shown). either from embryonic brain membranes or from embryonic brain

Using alkaline elimination and chondroitinase digestiongrowth cone particles (a fraction in which they are enriched; Ivins
isolated HS chains were obtained from #80y-labeled PGs et al., 1997), and radiolabeled wil#% (see Materials and
that were recovered in the unbound and eluted fractions, and thesethods Because of the large size and lower overall charge
chains were tested for binding to PN-1 by ACE. The resultglensities of HSPGs, when compared with HS, some measure-
shown in Figured, indicate that the HS in the unbound fractionments of protein affinity could not be made. For example, NCAM
binds PN-1 with a somewhat lower affinity than HS in the 0.3 Mand HSPGs exhibited nearly identical electrophoretic mobilities,
eluate, which in turn is not as high as the affinity of HS from thenaking it very difficult to use electrophoretic retardation to
0.5 M eluate (i§values were 162, 114, and 71 nM, respectivelyguantify binding.
Figure4D). Insufficient material was present in the 1 M eluate to One molecule for which ACE analysis worked well was
permit testing. Overall, the data indicate that some intrinsiminin-1. As shown in Figur®A, binding of123-cerebroglycan
heterogeneity in binding properties does exist among HS chaitts laminin-1 was readily visualized as a series of shifts in
in the developing brain, but that large differences are nalectrophoretic mobility with increasing laminin concentration.
common, at least not when considering binding to the moleculéilike what had been seen with brain HS, substantial binding
studied here. heterogeneity was apparent, as evidenced by smearing of the
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Fig. 5. Binding of cerebroglycan and trypsin-digested cerebroglycan to laminin-1 and FGF-2. Immundp@rifisbled cerebroglycan from embryonic day 16

rat brain was digested exhaustively with trypsin as describeldterials andmethodsIntact cerebroglycarA(andC) and trypsin-treated cerebroglycadhand

D) were tested for binding to laminin-A @ndB) and FGF-2€ andD) using affinity coelectrophoresis. Concentrations of laminin-1 and FGF-2 are given in nM.
Like heparin and HS, intact cerebroglycan migrates with a rapid intrinsic mobility, but is progressively retarded by icorezsitgitions of laminin-1 or

FGF-2. Trypsin-treated cerebroglycan consists of two species, one that shows little mobility and presumably represeits fralypepits that contain no

GAG, and another that exhibits a rapid intrinsic mobility, consistent with the presence of GAG (aBoavglD). The latter species behaves as a homogenous
population whose mobility is only shifted by concentrations of laminin-1 much higher than are needed to shift intact careraglyB). In contrast, similar
patterns of retardation are seen when binding to FGF-2 is tested itGtead}. The data imply that trypsin-digestion greatly reduces the affinity of
cerebroglycan for laminin-1, but not for FGF-2. Calculated valueg @& given in Table V

migrating front in many of the lanes. Overall, analysis of théoroad smear at an apparent molecular sizd@kDa. Following
average behavior of the labeled cerebroglycan molecules impliegparitinase digestion, the smear resolved to a single labeled band
an apparent dissociation constant®f5 nM. When analogous of 7.5 kDa (data not shown). Thus, trypsin digestion apparently
experiments were carried out ustgi-labeled glypican-1 and produces a single HS-bearing fragment of cerebroglycan which
syndecan-3, values ofgkof 2.2 nM and 2.7 nM, respectively, contains<7.5 kDa of polypeptide.
were obtained (Tablé). These data imply that all three of these  When the same trypsin digesié#i-cerebroglycan was tested
PGs bind to laminin-1 with much higher affinity than brain HSfor binding to laminin-1 using ACE, the pattern shown in Figure
(3890 nM) or even heparin{50 nM). 5B was obtained. As expected, much of the radiolabeled material
Because these PGs had been labeled on their core protdiasl low electrophoretic mobility (broad smear near the top of the
(with 129), it was not possible to study the binding of their HSgel in all lanes), consistent with the expected behavior of short
chains after chemical release of those chains. However, becapsgtides no longer attached to GAG. However, one distinct,
the GAG chains of glypican-1 and cerebroglycan are all attachédmogeneous species exhibited a rapid mobility, typical of brain
at a single serine-glycine dipeptide cluster on the core proteidS (arrow). This species showed mobility retardation in the
(Mertenset al., 1996; S. E. Paine-Saunders and A. D. Landepresence of laminin-1, but only at relatively high laminin
unpublished observations), it should be possible to obtaitobncentrations. The data are consistent with an apparent dissocia-
proteolytic fragments of these PGs that contain all of the GAGon constant of ZIL5 nM (TableV), a value in between those
chains attached to a short peptide segment. Since the amino awielviously observed for the binding of heparin and isolated brain
sequence of cerebroglycan shows the presence of a tyrosine dfly to laminin-1. Thus, tryptic digestion lowers the apparent
five residues C-terminal to the GAG attachment site, it seemexfinity of cerebroglycan for laminin-1 by more than two orders
likely that proteolytic digestion o¥23-labeled cerebroglycan of magnitude. In other experiments, reduction and alkylation of
could produce a fragment that not only contained all of the H$he disulfide bonds in cerebroglycan also lowered affinity for
but also contained radiolabel. Indeed, autoradiograms of SD&minin, in this case by 15- to 150-fold (data not shown),
PAGE gels of trypsin-digestet¥3-cerebroglycan showed the suggesting that core protein tertiary structure is also required for
presence of numerous, low molecular weight bands and a singjligh affinity binding.
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Table V. Binding of neuronal cell-surface HSPGs to laminin-1, FGF-2, and thrombospondin-1

LN-1 FGF-2 TSP-1
PG or GAG Kg (nM) (Ka,HS)/(Kqg) Kg (M) (Ka,HS)/(Kqg) Kg (nM) (Kg,HS)/(Kq)
Cerebroglycan, 0.49 1818 50 0.9 33 5.5
E16 rat brain membrane fraction
Cerebroglycan, 0¥ 1273 n.d — n.d —
neonatal rat brain growth cone particles
Trypsin-digested cerebroglycan, 215 4.1 20 2.4 n.d —
E16 rat brain membrane fraction
Glypican, 2.2 405 n.d — n.d —
neonatal rat brain growth cone particles
Syndecan-3, 2.7 330 n.d — 48 3.8

neonatal rat brain growth cone particles

Cerebroglycan, glypican, and syndecan-3 were isolated and labeled, and cerebroglycan samples subjected to trypsin digestion, as described (see Material
method$ Binding was tested by ACE (see Figfe and values of K.calculated assuming first order binding (n.d., not determined). Also shown for each
protein is the ratio of the value ofjlobtained with PO brain HS to the value obtained with the PGs shown here. Note that intact PGs show binding to laminin-1
that is 300- to 1800-fold stronger than HG. \@lues are from single determinations except where noted.

alK 4 value is mean of two or three determinations, respectively.

The influence of HSPG core proteins on affinity is than to heparin (Tablg IIl). In other tissues it is commonly
ligand-specific observed that HS is 2-3 times less sulfated than heparin
(Gallagher and Walker, 1985), with trisulfated disaccharides

The trypsin-sensitive, high affinity interaction between Iaminin-]a

. . “accounting fortB% of the structure, as opposed to being the
and brain HSPGs suggests that the presence of a core proteln.r%%rjnor structural unit in heparin (Turnbull and Gallagher, 1990).

substantially enhance binding between PGs and heparin—bindu:[lﬁe relative difference in affinity between heparin and HS

molecules. Interestingly, this enhancement does not apply to 8 L .

. Al ' ; served in this study was not the same for each protein, however
PG ligands. As shown in Figus€,D and summarized in Table ; : L ; -
V, the binding of-23-cerebroglycan to FGF-2 was not substan-120I€!, V), implying that affinity is not simply a function of

tially different from the binding of isolated brain HS to FGF-2,GAG charge.

A . Although the values of Kreported here are given in units of
S?eds\évr?tss n%ta?;fe%tﬁd ?getrygﬁgigégeggg?cgfrégfozggﬁuﬁﬁ d protein concentration, it is interesting to compare them with the

128_syndecan-3 to thrombospondin-1. In this case, both PGs dﬁ@ncentratlons of HS and CS that are present in the developing

bind with apparent affinities higher than had been seen Witg't rvous system. In the newborn rat brain, HS and CS are present
isolated HS, but only modestly so (4- to 5-fold higher). (460 and 1200g/ml of tissue volume, respectively (Margolis

Laminin-1 is a very large, multidomain glycoprotein, and i%al” 1975). Assuming an average GAG chain size of 20 kDa,

. - d — . these values correspond to concentrations ofi3HS and
thought to possess multiple GAG-binding sites. The major sit .
of GAG binding are thought to reside in the large globule, or * MM CS. If one assumes that most of these GAGs are restricted

domain’ at the C-terminus of thel chain (Ottet al., 1982; o the extracellular space or the cell surface, then local concentra-

: . . tions 5- to 10-fold higher are likely to exist in those locations. If
Skubitzet al., 1991; Sungt al., 1993). Recently, the G domain ; ) o
has been expressed in a functionally active form as a recombin GAG chains have the potential to bind ligands at more than

protein in insect cells (Yurchenebal., 1993). Interestingly, ACE one site along their length, then the effective concentration of

analysis revealed that the apparent dissociation constant Ypding sites will be higher still. Clearly, GAG concentrations are
129.cerebroglycan for this recombinant protein Wz9 nM sufficiently high in the brain that many of the proteins tested here

(data not shown). This is 40- to 60-fold weaker than the bindirﬂt"omd be expected to exist in a GAG-bound state a large fraction

. o : the time. Moreover, the data reported here make useful
of cerebroglycan to intact laminin, suggesting that structur L e S .
elements in laminin-1 outside of the G domain contribute to highredictions about which type of GAG a protein is more likely to
affinity binding. e associated with in the brain. For example, based on the binding

of thrombospondin-1 to heparin i 41 nM) and commercially
available CS (li§ = 490-650 nM), one might expect this
Discussion extracellular matrix protein to associate mainly with HSPGs in
the brain. Yet its affinities for brain HS and CS (180 and 235 nM,
respectively) are remarkably close. Given the nearly 3-fold higher
The present study focuses on nine GAG-binding proteins that ambundance of CS in the brain, it is reasonable to predict that most
thought to play important roles in neural development, and theinrombospondin-1 in the brain will be found to be associated with
binding under physiological conditions of pH and ionic strengtftCSPGs. These sorts of conclusions have important implications
to the major GAGs of the developing nervous system. At thiar how experiments ought to be designed to test the biological
concentrations tested, seven of these proteins bound brain HS &mtttions of the GAG-binding proteins discussed here.

four of those seven bound brain CS. Apparent dissociation A surprising observation in this study was the failure to
constants for brain HS varied from about 36 nM tq®2while  observe binding of NCAM or L1 to brain HS (Tatié). Both
those for brain CS varied from about 160 nM tquR2(Tablel,  bind heparin, and in some studies of NCAM function evidence
[1. Not surprisingly, protein binding to HS was invariably weakehas pointed to an important role for interactions with HSPGs

Protein affinities for neural GAGs
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(Coleet al., 1985, 1986; Cole and Glaser, 1986; Cole and Burthe fact that they tether multiple GAG chains together, making
1989; Reyeet al, 1990; Kallapur and Akeson, 1992; Stormhs possible a greater avidity of binding. One could imagine that, with
al., 1996). Given the high concentrations of HS present in tharge ligands such as laminin-1 which have multiple heparin-
brain, and the high concentrations of NCAM and L1 present thekénding sites (Sungt al, 1993; Colognato-Pyket al., 1995),

as well (Finneet al, 1983), it is possible that interactions weakersimply tethering multiple HS chains together so they span a very
than those detectable here could be biologically importanitarge distance could potentially lead to a stronger ligand
Additionally, it is possible that the affinity of NCAM and L1 for interaction. In the case of cerebroglycan, however, this hypothesis
HSPGs is improved by the participation of core proteins iis unlikely to explain the data, since the GAG chains of

binding (see below). cerebroglycan (and of members of the glypican family in general)
appear to be concentrated at a single location on the core protein
Selectivity based on GAG fine structure and would not be separated by trypsin treatment (Lastcr,

) . ) . . 1996; Mertens et al., 1996; S. E. Paine-Saunders and A. D.
Previous studies have shown that fibronectin and laminin-1, bugnder, unpublished observations). Another possibility is that
not FGF-2 and thrombospondin-1, are capable of fractionatingyre proteins do more than merely tether GAG chains, but also
size-selected heparin into subpopulations that differ more thagsition them is such a way as to enhance ligand binding.
10-fold in affinity (Lee and Lander, 1991; San Antoeioal., Although evidence for core protein participation in binding
1993). Data presented here (Fig8BC) indicate that NCAM 55 directly sought for only a few ligands in this study (laminin-1,
and L1 also fractionate heparin into distinct subpopulations thgirombospondin-1, FGF-2), there are reasons to suspect that this
differ considerably in affinity. Such results imply that the bindingyhenomenon is more widespread. For example, in the experiment
of these proteins is sensitive to variations in heparin structure, agdscribed in Figurd, it was noted that the major HSPGs that
raise the possibility that these proteins might also discriminaiggynd to a PN-1 affinity column were glypican-1 and cerebrogly-
among structural variants of HS. While this may well be true iRan whereas the abundant HSPG syndecan-3 mostly flowed
principle, brain HS was found to contain species that varied onfyirough the column. Since the data in Figteindicate that the
slightly in their affinities for the proteins tested in the presenpp-1 affinities of the HS in the flow-through and eluted fractions
study (Figured). Itis possible that “high affinityHS species are yere only slightly different from each other, the differential
present in the brain but occur too infrequently to be detected jpyctionation of glypican-1 and cerebroglycan vs. syndecan-3 is
these assays, or occur at developmental stages other than the qres to depend on differences in the core proteins of these PGs.
studied here (see Nurcomeeal., 1993). It is also possible that Another possible example of core proteins playing a role in ligand
such species are not found in this tissue, and that the specifigiding may be the observation that a single HSPG with a core
of protein-PG binding is controlled in other ways, or notyrotein size of 120 kDa copurifies through many fractionation
controlled at all. Identification of the precise oI|gosr:1cchar|d%tepS with NCAM isolated from chick retinal tissue(Cole and
sequences that are preferred by these proteins, such as has g 1989). Given our results that the interaction of NCAM with
done for antithrombin Il (Rosenbeggal., 1978; Rosenberg and prain HS was too weak to detect, it is possible that NCAM binds
Lam, 1979), and more recently for FGFs -1 and -2 (Halaielhi,  thjs HSPG because a weak interaction with HS is supplemented
1992; Turnbullet al., 1992; Mactet al., 1993), should aid in py additional interactions with a core protein. If core proteins do

resolving this issue. play widespread roles in many types of PG—protein interactions,
o o _ it may help explain the high degree of evolutionary conservation
Role of core proteins in PG—protein interactions of core protein structure that is observed in some HSPG families,

An unanticipated finding in the present study was the high a1‘finit§uch as the syndecans and the glypicans (Landdy, 1996).

observed when cerebroglycan, glypican-1 and syndecan-3 were

tested for binding to laminin-1 (Figuke TableV). Since these Materials and methods
three molecules represent the major HSPGs of the developi
brain (Lander, 1993), it is reasonable to assume that their
chains would be representative of HS derived from the develo@everal researchers generously provided molecules from their
ing brain as a whole. Indeed, when cerebroglycan was subjectatioratories: Jack Lawler (Harvard Medical School, Boston, MA)
to proteolysis, its affinity for laminin fell from nearly 2000-fold provided human platelet thrombospondin-1; Denis Monard
over that of brain HS to only 4-fold. The data imply that thgFreidrich Miescher Institute, Basel, Switzerland) provided
cerebroglycan core protein plays a major role in laminin bindingecombinant rat protease nexin-1 (produced in yeast); four forms
but how it does so is not yet clear. It is possible that the com mouse NCAM (untreated NCAM from adult and from
protein binds directly to laminin-1. Other examples of PG corpostnatal (up to 7 day old) mice, and endoneuraminidase
proteins that bind to ligands independent of their GAG chainN-treated forms of the same preparations) were provided by Carl
have been documented (e.g., binding of betaglycan to ffGFLagenauer (University of Pittsburgh School of Medicine, Pitts-
(Andreset al., 1989); decorin and biglycan to collagens (Vogel eburgh, PA); mouse brain L1 was the generous gift of Vance
al.,, 1984; Schonheret al., 1995); perlecan to integrins andLemmon (Case Western Reserve University, Cleveland, OH).
fibronectin (Heremanest al., 1990; Hayastat al., 1992; ); and Bob Rosenberg (MIT, Cambridge, MA) provided antithrombin
members of the aggrecan family to hyaluronan and tenascinii® Jack Henken (Abbott Labs, Abbott Park, IL) provided human
(LeBaronet al., 1992; Doege, 1993; Aspbertal., 1997; Milev  recombinant uPA (produced i coli); and the recombinant G

et al., 1998). In the case of binding to laminin-1, theoreticatlomain (rG) of laminin-1 was the gift of Peter Yurchenco,
considerations indicate that core protein-laminin interaction€JMDNJ-Robert Wood Johnson Medical School, Piscataway,
would not need to be of very high intrinsic affinity in order toNJ). FGF-2 was purified from bovine brain (Lobb and Fett,
increase the affinity of an intact HSPG by a few thousand folti984). Human plasma thrombin was from Enzyme Research
over that of HS alone (Creighton, 1984). Alternatively, the role of aboratories, Inc. (South Bend, IN). Fibronectin was from New
core proteins in binding may be more indirect, relying solely oryork Blood Supply (New York, NY). Laminin-1 was purified

terials
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from Engelbreth-Holm-Swarm (EHS) sarcoma (Kleinreaial,  Purification of proteoglycans and glycosaminoglycans

1982; Timplet al.,, 1982). The concentrations of thrombin, S . .

fibronectin, uPA, protease nexin-1, NCAM, L1, antithrombin III,E’%S uls%d Im dtB'S.StUdé/ W?.re |solateg from E(lef rat brain, :‘rcl)m .

thrombospondin-1, and laminin-1 stocks were verified by amin Qy-labeled brain and retina (see above), an 1 from neéonatal ra
rain growth cone particles, prepared according to Pfenninger

acid analysis (MIT Biopolymers Laboratory). rG and FGF- 4 ; X
concentrations were measured by amido-black binding, usirfy cningeet al., 1983). E16 rat brain a5 Qy-labeled brain
sue were subjected to subcellular fractionation and PGs

crystalline bovine serum albumin (BSA) as a standard (SChaﬁnassociated with a soluble fraction and a membrane fraction

and Weissman, 1973). : - >
Porcine intestinal heparin, bovine tracheal chondroitin sulfal aterial solubilized in 0.3 M sucrose/4 mM HEPES, pH 7.4 and

o : ; : - 0.15 M NaCl/1.0% CHAPS/50 mM Tris—HCI, pH 8.0, respect-
(chondroitin 4-sulfate), hyaluronic acid, heparinase I, insulin ) 3 . i
transferrin, progesterone, putrescine, selenium, tyramine, and I%ISIK) Waesreézggtigggy ?(Iazv’?\oisslep(rl]-la:rer:d(sr?a;m?cll_?n%herronggg)
protease inhibitors phenylmethylsulfonyl fluoride (PMSF), phy P y ' :

g : 3550y-labeled retinal cells (see above) were resuspended in
N_-ethylmaleumlde (NEM), Pepsta’qn A, and EDTA were from50 mM Tris—HCl, pH 8.0, 150 mM NaCl, 1.0% CHAPS,
S'grl?a'.3'[(3(;%&'298‘;0”"?') démeLhY'amm,vcl’”'olr'll'.progﬁ”' 25 mg/ml NEM, 400uM PMSF, 1 mM EDTA, 1ug/ml
esulfonic aci was from Boehringer Mannheim. Shar d Y > S ¥
chondroitin sulfate (chondroitin 6-sulfate) was from Fluka. epstatin A, at #C, and placed in ice water in a bath-type

. X . sonicator for 5 min. Insoluble material was removed by
Bovine kidney heparan sulfate and crystalline BSA were fronclentrifugation at 13,000¢ 25 min 4T, and PGs were extracted

ICN. Colominic acid was from Calbiochem. Triton X-114, Triton . o
o ’ from the supernatant and chromatographed as with brain tissue.
X-100, Sulfo-SHPP (sulfosuccinimidyl-3(4-hydroxyphenylpro- isolatg PGs from growth cone? pa?rticles, such particles at

prionate), and lodogen were from Pierce Chemical Co. Cho L

droitinase ABC was from S.eikagaku,.USA. Heparitinase V\/_alggc??s/? wgzzlrﬁggtsgolgl\lﬂ m I\-I{lrg_El_?C'l[pT{'\gz/]lgé’:lltg i\aSin'\l/\llaCI

prepared from FIavobactgnum heparmum .by hydroxyapatlt%nd 1.0‘;/0 in CHAPS, and vortexed for 1 min. A,fter centrifuging’

chromatography as described previously (Linker and Hovmg%r 3 min at 12 000; g, the supernatant was recovered and

1_972). This preparat_iqn demonstrated _specificity for HS d_ige?)'epstatin A and’ PMSF’ were added tug/ml and 0.4 mM

tion under the conditions used (43. Tissue culture media, ragpectively. The supernatant was then loaded onto a DEAE-Se-

balanced salt solutions, growth supplements, and enzy.mesjg{acd column, and PGs were isolated as described previously

cell dissociation were obtained from GIBCO/BRL. An antlbod (Herndon and Lander, 1990).

to rodent syndecan-3 (MSE-3; Kiet al., 1994) was kindly * o1 S or HS purification35S0Oy-labeled brain and retinal

provided by Merton Bernfield (Harvard Medical School, Bostonpgs \ere first subjected to GAG lyase digestions (Herndon and

MA). Lander, 1990): For HS purification, PGs were subjected to
chondroitinase ABC at 0.05-0.1 U/ml for 4-20 h at@7To
obtain CS, PGs were treated sequentially with heparinase II
(0.05U/ ml, 4-6 h, 30C) then heparitinase (gg/ml, 43C,

Metabolic labeling of neural tissue witiSQ, in vitro 4-20 h). Intact GAGs were then cleaved from PG cores by
incubation for 1 h at 45C in 90 mM NaOH and 9 mM NaBH

. The reaction was stopped by restoration of the gH 10, using
Embryonic day 18 (E18) and neonatal (PO) Sprague Dawley r@% M acetic acid. To precipitate cleaved GAGs, reactions were

bralns were dissected and meninges removeo! as descrIQﬁ ught to 0.2 mg/ml in hyaluronic acid, mixed with 3.2 volumes
previously (Herndon and Lander, 1990) cut into prisms (roughlynf ethanol, incubated at <ZD for 1 h, and centrifuged at
1.0-5.0mm> mmx 0.35 mm) with a Mcliwain Tissue Chopper, 13 600 g for 30 min at 4C. Because hyaluronic acid is a very
then allowed to settle through calcium- and magnesium-frgqe ynsulfated GAG, its migration in ACE is significantly less
Hank's balanced salt solution (HBSS). Sulfate-free Dulbeccofap, gyifated GAGS; as a result, it does not interfere with the ACE
modification of Eagle's Medium (SF-DMEM) was formulated paitem demonstrated by radiolabeled HS or CS (data not shown).
from concentrated culture supplements, with Mg@placing  after removal of the supernatant liquid, the pellets were briefly
MgSQy. Labeling medium was SF-DMEM supplemented 10yr gried, and resuspended in ACE electrophoresis buffer (50 mM

S0pM with unlabeled NgSOy, 10 pg/ml insulin, 5 mg/ml 3 (N.morpholino)-2-hydroxypropanesulfonic acid (MOPSO),
crystalline BSA, 10ug/ml transferrin, 20 nM progesterone, 125 mm sodium acetate, pH 7.0).

100uM putrescine, 30 nM selenium, and 100-2%Ci/ml
Nap3°SQy (Dupont/NEN). The addition of 5AM unlabeled
NapSQOy to the culture medium was found to be required fo
optimal incorporation of°SQy into ethanol-precipitable GAGs Intact PGs were radioiodinated on their core proteins using the
(data not shown). Labeling medium was added to tissue prismsgifioramine-T method (Herndon and Lander, 1990). Heparin was
20 ml per ml of tissue (settled volume) and cultured 16-20 h idlerivatized with tyramine, radioiodinated, and chromatographed
5% CQ, 37°C, with gentle gyratory rocking. on Sephadex G-100 to produce a low molecular weight fraction
To obtain labeled retinal tissue, eyes from E18 Spragu@l, <6000) as described previously (San Antcetial., 1993).
Dawley rats were removed while submerged under DMEMBovine kidney HS was alkaline cleaved to remove attached
Retinas were detached in fresh medium, transferred to Speptides (1 mg HS in 10 of 50% DMSO, 10% ethanol, 0.17 M
DMEM and cut into pieces(l mn¥) using a tungsten KOH for 1.5 h at 48C, then pH adjusted d7.0 by adding il
microknife. Tissue pieces were treated with 1 mg/ml trypsin fot M Tris—HCI, pH 7.0 and 12l freshly prepared 1 M HCI),
20 min at 37C, then soybean trypsin inhibitor was added taexchanged into water using a 0.9 ml G25 Sephadex spin column,
1.4 mg/ml. Cells were dissociated by trituration and incubated fand then vacuum dried prior to derivatization with tyramine as
17 h at 37C in labeling medium in untreated tissue culturedescribed for heparin (San Antoibal., 1993). Bovine tracheal
dishes, during which time the cells reassociated. CS and shark CS were derivatized with hydroxyphenylpropionic

rRadioiodination of proteoglycans and glycosaminoglycans
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acid: 3 ml of 1 mg/ml CS in O.15 M sodium borate pH 8.5 washen fit, using a nonlinear least squares approach (Kaleidagraph,
added to 33@Ql sulfosuccinimidyl-3(4-hydroxyphenyl)proprio- Synergy Software), to the equation R z RL + (K¢/[Piod M1,

nate (Sulfo-SHPP, 25 mg/ml in dimethylformamide), incubateavhere R is the retardation coefficient,fPis the protein

4 h at room temperature, dialyzed exhaustively against wat@oncentration in a given lane of an ACE gel, and n is the number
lyophilized, and resuspended in 1 ml gfH Derivatized GAGs of protein molecules binding to each PG or GAG molecule, i.e.,
were radioiodinated using the lodogen method (San Antgnio the order of binding. In most cases, the data were best fit using n
al., 1993). Labeled GAGs and PGs were radioprotected by thel. The predicted effects of multiple protein binding sites in ACE
addition of crystalline BSA to 0.25 mg/ml, and stored af€80 are small (see Lirat al., 1991), and in no cases dightalues vary

The purity of botH23 and35SQy-labeled GAGs was confirmed by more than 2-fold from the n = 1 value when n = 2 was used.
by susceptibility to and resistance to digestion by appropriaigecause GAGs and PGs are labeled to high specific activity and

GAG lyases followed by PAGE analysis. only trace amounts are used in the gel, their concentrations do not
enter into the calculation off{Lee and Lander, 1991; Ligt al.,

|mmunopuriﬁcation of Cerebrog|ycan, g|ypican’ and 1991, Herndon and Lander,.1997_). The variables that were fit

syndecan-3 simultaneously were K the dissociation constant, angd,Rhe

o . ) ) . maximum value of R. In cases where the highest valuegif [P
Affinity purified anti-cerebroglycan (521-2) and anti-glypican-1ltested was not > K the data were sometimes insufficient to
(343-1) polyclonal antibodies (lvires al., 1997) were bound to accurately determine bothylénd R,. However in many cases an
protein A-Sepharose and crosslinked with dimethyl-pimelimiindependent estimate of ,Rcould be supplied from other
date using an Immunopure Protein A IgG Orientation Kitexperiments involving the same protein ligand, and the above

(Pierce)123-labeled PGs from E16 rat brain or from PO rat brainequation could then be solved fof #lone (Herndon and Lander,
growth cone particles were diluted 5-fold with 50 mM Tris—HCI,1997).

0.5% CHAPS, and crystalline BSA was added to a final
Conce.n'tl’ation Of 0.1 mg/ml, 0.05 to 0.1 volumes (packed be.aqs)actionation of PGs by protease nexin-1
of affinity matrix were added, and PGs were allowed to bind _ _ .
overnight at 4C. Beads were washed for 20—60 min with rotatiorf’rotease nexin-1 (PN-1) was coupled to Affigel-10 (Bio-Rad) at
at room temperature with 1 ml each of (1) 50 mM Tris—HCI& concentration of 15M PN-1 (packed column volume) and
0.15M NaCl, 0.5% CHAPS and (2) 0.5M NaCl, 50 mMmUsed to fractionate whole E18 rat forebrain F380y-labeled
Tris—HCI, 0.5% CHAPS, and then briefly with 10 mM Tris—HCI, PGS were prepared from cultured whole E18 rat forebrain tissue
0.5% CHAPS. Bound PGs were eluted with 100 mn@s described above, and a small fraction of the purified PGs were
NaH,POy/H3POy [pH 2.5], 0.5% CHAPS for 10 min and ‘2-labeled on their core proteind?-labeled PGs3*SQy-
immediately neutralized with 0.2 volumes of 0.5 MpbNRQ,.  labeled PGs, antP3-labeled heparin were then applied to three
Syndecan-3 was immunoprecipitated fré#f-labeled PGs identical PN-1 affinity columns run in parallel. PGs were eluted
derived from postnatal day 0 (PO) rat brain growth cone particl&§epwise with buffers containing 50 mM Tris—HCI pH 8.0, 0.5%
using MSE-3 antibody (K"'ret a|_' 1994) and immobilized CHAPS, and NaCl at Concentra_tlons of 0.15 M, 0.3 M, 0.5 M,
protein A beads. Bound material was eluted with 0.05 M sodiurh M. 1.5 M, and 3 M. To see which core proteins were eluted at
formate, 6 M urea, 0.2 M NaCl, 0.1% Triton X-100, pH 3.5. €ach salt concentration, eluates from the column loaded with
129 labeled PGs were subjected to GAG lyase digestion and
SDS—PAGE (Herndon and Lander, 1990) The corresponding
fractions from the column that had been loaded WAS0Oy-
To prepare tryptic fragments of labeled cerebroglycap) 6 labeled PGs were chondroitinase ABC-treated and subjected to
(36 ug) of freshly prepared trypsin (TRTPCK grade, Worthingtoralkaline borohydride cleavage to release HS chains, which were
Biochemical Co.) in phosphate buffered saline was addedti 30then tested by ACE for binding to PN-1.
(CP0,000 c.p.m.) of?3-labeled cerebroglycan, immunopurified
as described above, and the sample was incubated for 2’iCat 3
12l (72 ug) of soy bean trypsin inhibitor in phosphate-buffere
saline was added, and the sample was incubated an additional\Weé are grateful for the expert technical advice and assistance

Trypsin digestion of cerebroglycan
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