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ABSTRACT. Agrin is a key heparan sulfate proteoglycan involved in the development and maintenance of
synaptic junctions between nerves and muscles. Agrin’s important functions include clustering acetylcholine
receptors on the postsynaptic membranes of muscles and binding to the muscle gsinoglycan
through its glycan chains. ITC and NMR were used to study the interactions of the C-terminal domain,
agrin-G3, with carbohydrates implicated in agrin’s functions. Sialic acid caps the glycan chains of
a-dystroglycan and occurs as a posttranslational modification on the muscle-specific kinase component
of the agrin receptor. We found that agrin-G3 binds sialic acid in &-@apendent manner. ITC data
indicate that binding is exothermic and occurs with a 1:1 stoichiometry. NMR chemical shift changes
map the sialic acid binding site to the loops that control the domain’s acetylcholine receptor clustering
activity. By contrast, the glycosaminoglycans heparin and heparan sulfate bind independently.of Ca
Binding is endothermic, and the binding site spans about 12 saccharide units. The binding site for heparin
occupies a similar location but is distinct from that for sialic acid. NMR translational diffusion experiments
show that agrin-G3 binds heparin with a 2:1 stoichiometry. Comparisons between the muscle (BO) and
neuronal (B8) isoforms of the agrin domain showed very simil&*@ad carbohydrate binding properties.

Our work identifies agrin-G3 as a functional analogue of the concanavalin A-type lectins, highlights
functional similarities between agrin and laminin G domains, and provides mechanistic clues about the
roles of carbohydrates in agrin’s functions.

The heparan sulfate proteoglycan agrin is a critical proteins with folds structurally related to the agrin G-domains
component of neuromuscular junctions (NMJ). It has have carbohydrate binding functions, including the laminin
additional less well understood roles in the central nervous G-domains, pentraxins, and C-type lectins. Carbohydrates
system 2, 3), nonneural tissuegl), immunological synapses have also been implicated in the functions of the agrin
(5), and amyloid disease$,(7). The agrin core protein  G-domains, prompting our efforts to characterize the ther-
consists of 22 domains. At the C-terminus are three globular modynamic and structural aspects of their binding.

G-domains separated by epidermal growth factor-like do-  onpe function of agrin is to form a structural bridge

mains. The G-domains have fjellyroll folding_ motif_ between the NMJ basal lamina and musde 10). This
structure §) that belongs to the LNS superfamily, which  interaction is mediated by the binding of the agrin G-domains
includes domains fromaminin, neurexin, andsteroid- to the glycan chains ad-dystroglycan ¢-DG). Defects in

hormone binding globuledf. Beyond the LNS family, the  the dystrophyr-glycoprotein complex, of whic-DG is a
closest structural relatives are the pentraxins: serum amyI0|dpart, lead to the most common types of muscular dystrophy
P component and C-reactive protein. More distantly related (11, 12). Interactions between agrin andDG may also be
folds include the concanavalin A-type lectins. Many of the jmportant in synapse remodeling during the lifetime of the

NMJ (1, 13).
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gradient longitudinal encodedecode. The neurotransmitter ACh disperses AChRs, while agrin is
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involved in the counteracting pathway to restore the receptor N-acetylneuraminc acid (sialic acid)
clusters 15, 16). The AChR clustering activity requires the HO OH

neural B"/zt isoforms of agrin, which contain-819 residue
sequence inserts betwegstrands 2 and 3 of the G3 domain,
derived from alternative mRNA splicing of the agrin gene.

The insertless BO isoform fails to aggregate AChR receptors. AN
Agrin does not induce aggregation of AChRs directly. Its o0 rin/Heparan suifate *
signal is mediated through a muscle-specific kinase (MuSK), CHZ0805°
which in turn acts on a second messenger tyrosine kinase

(17). Phosphorylation of the AChR subunits triggers the
aggregation of the receptors, together with additional proteins
such as rapsyrl@, 14). AChR clustering can be induced by
C-terminal fragments of agrin as small as the 21 kDa agrin-
G3 domain, albeit with a potency several hundred times gaj 31.3 GalNAc
lower than the full-length proteiri( 18). A key question in o

OH HO OH
understanding the mechanism by which agrin exerts its o o
AChR clustering function is “what constitutes the receptor
that leads to the activation of MuSK”? The agrin receptor is " 5 ° \/
OH 1 3 AcHN 1

believed to be a complex, in which MuSK is the signaling B1,3
component17). Cross-linking experiments suggest that agrin

binds (L7) and activates MuSK in myotubes. It fails to do oH

. HO
so, however, when expressed in other types of cells. These AcHN 1
observations led to the hypothesis) of a coreceptor called 2 HO
myotube-associated specificity component (MASC). It has Ho /NAO . o
been suggested that MASC may be a carbohydrate, either 2 o ; P14 Ho 0
displayed on the surfaces of myotubes or attached to a9MNEGuRe 1: Structures of the carbohydrates investigated in this study.
(19-21). The structure for heparin/heparan sulfate shows the most common

Here we describe an investigation of the binding of E_ldOA(ZhS)-thﬁNS(%Sz]tdiS?CChaéide_;Jr:lit- TﬂedaStge@Hn?((s ShﬁV\{ posi-
carbohydrates likely to play a role in agrin’s functions (Figure 700S W! e[reh ‘;SU f”; “erl‘ r‘:]ar; ien‘?]' rerha y/ilrom i?ir su r?eh
1) to the agrin G3 domain: the domain _that initiates the &o?gssglfateegrc?ﬁ;s thgg Kepear;n sglfgte??'hgpoggd 2%r?ir?diczstes
AChR clustering cascade. We show that, in the presence ofthat the carboxyl group on the 5-carbon can exist in multiple
C&*, agrin binds sialic acid, a carbohydrate likely to be epimerization states.
attached to the extracellular domains of MuSK and at the . .
ends of the glycan chains @-DG. Heparin and heparan domain boundary extended by 10 residues compared to
sulfate, on the other hand, bind to the agrin-G3 domain in a €arlier fragments8, 20, 23, 24). The newer construct is
Cat-independent manner. The carbohydrate affinities in- More stable to precipitation, a factor that was critical in
vestigated in this work are similar for the BO and B8 isoforms determining the NMR structure of the domain. Genes
of agrin-G3, indicating that the B-inserts required for agrin’s €ncoding the agrin-G3 domains were incorporated into the
AChR clustering function are not determinants of carbohy- PGSTHis vector, a derivative of pGEX-1 (Amersham Bio-
drate binding, in spite of the fact that the carbohydrate Sciences) that encodes a glutathicBéransferase (GST)
binding sites on the agrin-G3 domain are close to thiz8  carrier protein, followed by a Higag, a thrombin cleavage

insert loops. site, and the agrin-G3 domain of intere26). Unlabeled
domains were expressed in BLE&cherichia colicells using
EXPERIMENTAL PROCEDURES the overnight express autoinduction system 1 (Novagen),

supplemented with 5@g/mL ampicillin (26). *>N-Labeled

Materials. Sialic acid (N-acetylneuraminic acid IV-S,  G3 domains for NMR studies were expressed in MOPS
catalog no. A0812), Ga#,3)GalNAc (A0167), Gaf1,4)- minimal media plus the autoinduction system, with buffer 2
GIcNAc (A7791), heparin (MW 46 kDa, sodium salt,  replaced g 1 g of [2*NJammonium chloride/L of culture.
H8537), and CaGlI(C3881) were all from Sigma-Aldrich  Following expression, cells were harvested by centrifugation
(St. Louis, MO). Heparin I-S disaccharide-p-deoxy: - at 2100 rpm and a temperature of@ and resuspended in
threo-hex-4-enopyranosyluronic acid 2-sulfate—4)-N- 20 mM phosphate and 150 mM NaCl, pH 7.3 (PBS),
sulfo-D-glucosamine 6-sulfate, H1001] was from V-labs containing 20 mM EDTA and 1 tablet of Complete protease
(Covington, LA). Heparan sulfate (sodium salt from porcine inhibitor (Roche) per 50 mL of buffer. The cell suspension
intestinal mucosa, MW 1% 2 kDa, HO 03102) was from  was sonicated at 50% power for 3 min using six pulses of
Celsus Laboratories (Cincinnati, OH). 30 s. Cell debris was removed by centrifugation for 15 min

Expression and Purification of Agrin-G3(B0) and -G3- at 10900 rpm and 4C. The supernatant was loaded onto a
(B8) DomainsThe agrin-G3(B0) domain comprises residues 100 mL glutathione-Sepharose 4 fast-flow affinity column
Glul752-Lys1944 of the chicken agrin protein (Swissprot: (Amersham Biosciences) and washed with PBS. The G3
P31696, BO splice form). The neural B8 isoform contains domain was then cleaved from the GST carrier on-column
the specific eight-residue splice insert HLSNEIPA following for 16 h using bovine thrombin (Amersham Biosciences) and
Serl782. The 21 kDa agrin-G3 fragment used for the presenteluted with PBS. Thrombin was removed by incubation at
work is based on a constru@, 22) that has the N-terminal ~ room temperature for 30 min with benzamidin®epharose
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Table 1: ITC Results for Binding of Ligands to the Agrin-G3 Donfain

ligand—agrin-G3 isoform Ka (uM) n AG (kcal/mol) AH (kcal/mol) AS[cal/(mokK)]
Ca™—BO0 260+ 8 1.23+0.14 —4.884+ 0.02 —8.04+0.9 —10.5+£3.0
Ca"—B8 503+ 25 1 —4.494 0.03 —7.2+0.2 —9.1+ 0.7
sialic acid—B0 928+ 84 1.054-0.26 —4.134+0.05 —3.94+1.0 0.8+ 3.4
sialic acid—B8 1472+ 80 0.68+ 0.46 —3.86+ 0.03 —-9.3+6.5 —18+ 22
heparif—B0 12.8£ 0.6 0.784+0.01 —6.66+ 0.03 24.0£ 0.5 103+ 2
heparif—B8 9.6+0.4 0.82+0.01 —6.83+ 0.03 18.2+0.3 84+ 1
heparan sulfate-BO 6.7+ 0.6 0.25+ 0.01 —7.04+0.05 22.4+ 1.3 99+ 4
heparan sulfate-B8 21.14+6.5 0.154+0.10 —6.364+0.18 43.84+ 33.0 170+ 110

a All experiments were done at a temperature of 25 Protein and ligand concentrations for the experiments are given in the ITC section of the
Experimental Procedure3The stoichiometry was fixed to = 1 since it is known that agrin-G3 binds one calcium i8nZ8). The parameters
obtained in this fit withn as a free variable wene = 0.33 £ 1.51,Ky = 526 + 76 uM, and AH = —22 + 10. ¢ Experiments were done in the
presence of a saturating concentration of 17 mM GaSlhlic acid does not bind the agrin-G3 domain in the absence of. €&he experiments
with heparin and heparan sulfate where done in the absence*ofwltha protein that was pretreated with EDTA.

(Amersham Biosciences). Agrin-G3 domain concentrations
were determined usingeso extinction coefficient of 24750
M~tcmL

To prepare Cd-free samples, the domain was incubated
for 30 min at 4°C in 10 mM imidazole buffer (pH 6.2)
containing 10 mM EDTA. To remove the EDTA, the
samples were dialyzed at 4C overnight against the
imidazole buffer prepared with MilliQ water.

ITC Data Acquisition and Analysigefore use, samples
and buffers were passed through 022 syringe filters.
Agrin-G3 samples were loaded into the well of a VP-ITC
microcalorimeter (MicroCal). Ligand was injected in at least
25 increments to the desired final molar ratio, using an
injection rate of 1ulL/2 s and an equilibration delay of 6
min between injections. For the calcium binding experiments,
samples contained 60M agrin-G3(B0) or 48uM agrin-
G3(B8). For the sialic acid binding experiments, protein
concentrations were 31M agrin-G3(B0) or 16Q«M agrin-

G3(B8). For the heparin and heparan sulfate binding experi-

ments, samples had (M protein. The calcium, heparin,
and heparan sulfate binding experiments were done éhCa
free agrin samples. For the sialic acid binding experiments,
both the sialic acid and agrin-G3 solutions were maintained
at 17 mM CaCJ. This C&" concentration was determined

a Bruker 500 MHz spectrometer using samples of 0.5 mM
agrin-G3(B0) in a 99.96% D solution of 5 mM CaGland

10 mM imidazole, pH 6.2. Although binding of BO to heparin
is independent of G4, 5 mM CaC} was included to stabilize
protein solutions against aggregation during-ttieday PFG-
LED experiments 42, 25). Samples also included AL of

1% dioxane, which was used as a diffusion reference
standard. To look at the effects of heparin binding, samples
were prepared the same way except including 4 mg of
heparin/30QuL of protein solution 2.6 mM heparin).

RESULTS

Thermodynamics of Ca Binding. Binding of C&" to
agrin-G3 has been studied previously by NMR,(25) and
CD (28). NMR gaveKy values for Ca+ of 600uM for BO
and 10Q«M for B8 (8). In contrast, CD experiments indicated
a much weakeKy of 10 mM for the neural B8 domain and
pointed to a large conformational change accompanyirfg Ca
binding by the B8 variant but not B@8). NMR data showed
no evidence for a conformational transition but indicated a
significant reduction in the mobility of the loops surrounding
the C&" binding site in the bound states of both BO and B8
(8).

We further characterized €abinding by ITC (Table 1).

to be saturating for both the protein and sugar. In separateThe dissociation constants of 2@/ for BO and 500uM

experiments ligands were injected into 10 mM imidazole
buffer (pH 6.2) without the protein, and the data were used
for ligand-to-buffer background subtraction. ITC data were
analyzed with Origin 5.0 software and with the curve-fitting
program Igor Pro (Wavemetrics, Lake Oswego, OR). All
experiments were done at 28&.

NMR Spectroscop¥xcept where indicated, NMR experi-

for B8 that we obtained by ITC are in reasonable agreement
with those from NMR. The change in enthalpy from ITC is
similar for BO and B8 and indicates that €abinding is
exothermic. The change in entropy is unfavorable, a facet
probably related to the “freezing out” of conformational
dynamics in the Cd-bound state detected ByN NMR
relaxation experiment§).

ments were done on a Varian 600 MHz instrument equipped Binding of Sialic AcidWe next looked at binding of the

with a cryoprobe. All NMR data were acquired at a
temperature of 28C, and all agrin-G3 samples were in 10
mM imidazole buffer, pH 6.2. To monitor binding;1—*°N
HSQC experiments were recorded with spectral widths of
8000 x 1700 Hz digitized into matrices of 2048 128
complex points in théH x >N dimensions. NMR assign-
ments for agrin-G3 were published previousB2). Sialic

agrin-G3 domain tdN-acetylneuraminic acid (Neu5Ac), the
simplest sialic acidZ9). Although the unique role of neural
agrin isoforms is to stimulate AChR clustering, the likely
function of the muscle-derived B0 isoform is to bindDG

at the NMJ synapselg, 23). Agrin bindsa-DG through its
glycan chains, which in myotubes and in skeletal muscle
are capped by sialic acid®@, 31). Moreover, sialic acid is

acid NMR titrations used 0.45 mM agrin-G3(B0) and sialic found on at least two other molecules that interact with
acid concentrations of 0, 0.05, 0.14, 0.27, 0.90, 2.25, andagrin: NCAM 32) and MuSK @3). Finally, considerable

4.5 mM. Heparin NMR titrations used 0.15 mM agrin-G3-

evidence supports a role for sialic acid as a modulator of

(BO) and heparin concentrations of 0, 0.05, 0.1, 0.2, 0.4, 1.0 agrin’s AChR clustering activity. Neuraminidase, an enzyme

and 2.0 mM.
Pulse Field Gradient Diffusion Experimentdne-dimen-
sional PFG-LED NMR experiment27) were performed on

that removes terminal sialic acid residues, activates AChR

clustering. Conversely, free sialic acid inhibits clustering at
millimolar concentrations20, 34—36).
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Ficure 2: Representative ITC data for binding of sialic acid (A) and heparin (B) to agrin-G3. The top panels show the raw ITC data, and

the bottom panels show fits of the data after subtraction of background heats determined in ligand-to-buffer experiments. Thermodynamic
parameters derived from the ITC data are given in Table 1.

Sialic acid itself binds Ca weakly, with aKy of 8 mM followed by attenuation of most resonances from the protein
(37). To ensure that we were measuring the thermodynamicsat saturating concentrations of the glycosaminoglycan (Figure
of sialic acid binding to agrin-G3, rather than heat changes 3B). As described below, this is due to a combination of the
associated with Ga binding to sialic acid, we did the free and heparin-bound forms of the agrin-G3 domain being
experiments at a fixed €& concentration of 17 mM. We  in intermediate exchange and the large size of the agrin
determined by ITC that a 17 mM concentration offCé heparin complex. ITC data for heparin binding are shown
saturating for both the G3 domain and sialic acid (not shown). in Figure 2B, and thermodynamic parameters for heparin and
Representative ITC data are shown in Figure 2A, and the heparan sulfate binding are summarized in Table 1. The ITC
thermodynamic parameters characterizing binding to BO and experiments were done in the absence of'Casing agrin-

B8 are summarized in Table 1. Sialic acid binds the agrin- G3 pretreated with EDTA to remove metal ions. In contrast
G3 domain with a 1:1 stoichiometry and with a weak to sialic acid, C&" is not needed for binding of heparin or
dissociation constant in the 1 mM range. The ITC parametersheparan sulfate to the agrin-G3 domain. Binding of heparin
for the BO and B8 isoforms are similar, which leads us to and heparan sulfate is endothern86)( a feature that appears
conclude that the insert site in the neural B8 isoform has ato have been previously observed in ITC of other heparin
negligible impact on affinity for sialic acid. Importantly, we binding proteins 40—42). The K4 values for both heparin
did not observe binding of sialic acid in the absence 6ffCa and heparan sulfate are in the 1®1 range (Table 1),
indicating that the metal ion is required. NMR signals of consistent with intermediate exchange on the NMR time
the agrin-G3 domain showed gradual changes in chemicalscale. There is little difference in binding affinity, in
shifts as the concentration of sialic acid increased. The freestoichiometry, or in the thermodynamics of binding between
and sialic acid bound states of agrin-G3 (Figure 3A) are thus the B0 and B8 isoforms of agrin-G3 (Table 1).

in fast exchange on the NMR time scale, consistent with NMR failed to detect binding of the most heavily sulfated
the weak binding (g ~ 1 mM) observed by ITC. I-S disaccharide unit of heparin48 even when the

Heparin and Heparan Sulfate Bindingeparin is a highly carbohydrate was held at a 10 mM concentration, a large
sulfated glycosaminoglycan that occurs mainly in mast cells excess over the protein (not shown). This suggests that the
but is commonly used as a model for the glycan chains of recognition epitope for agrin is larger than a disaccharide.
heparan sulfate proteoglycans found in the extracellular The low MW heparin fraction we used had a MW range of
matrix (7). In addition to heparin we also characterized the 5 + 1 kDa. The molecular mass of an average glycosami-
binding of agrin-G3 to heparan sulfate, since the two noglycan disaccharide uniti8640 Da, so the average degree
glycosaminoglycans do not always give analogous resultsof polymerization (dp) for the heparin employed in this work
(38). The latter is more relevant to the heparan sulfate was ~16 saccharides. The heparan sulfate fraction had a
proteoglycans agrin would encounter in the extracellular larger mean MW of 15t 2 kDa, corresponding to an average
matrix, and agrin itself is a heparan sulfate proteoglycan. dp of 48 saccharides. The ITC experiments revealed @n

Binding of heparin leads to initial differential decreases ~0.8 for heparin titrated into agrin-G3. This indicates that
of cross-peaks intH—'N HSQC spectra of agrin-G3, ~1.2 agrin-G3 molecules are bound for every €pl6
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Ficure 3: Ligand-induced changes #i—1N HSQC spectra of agrin-G3. Superposition of spectra showing (A) 0.33 mM BO alone and

in the presence of 5 mM sialic acid and (B) 0.15 mM BO alone and in the presene2 ofM heparin. Spectra of the free protein are

shown in black; those with ligand are in red. The panels on the right are expansions of the regions shown in the blue boxes. Cross-peaks
in the expansions are labeled according to residue position in the amino acid sequence. The cross-peak marked s.c. is from side-chain
amide resonances of GIn117.

heparin chain. With heparan sulfate, which had average 50-fold excess over the 0.15 mM agrin-G3 domain. The
glycosaminoglycan chains three times as long {d@8), experiments were done for the G3 domain in the presence
then-value of~0.25 was correspondingly smaller, suggesting of 5 mM CaC}, since C&" could conceivably be required
that on average-4 agrin molecules bound each of the longer for binding. The discrepancy between the solid-phase assay
heparan sulfate chains. Thevalues obtained from ITC  and NMR results may be due to the disaccharides having
therefore indicate a binding site 612 saccharide mono-  been immobilized on a solid-phase support in the former
mers, for both heparin and heparan sulfate. study @0).

Agrin-G3 Fails To Bind to Carbohydrate Moieties of the Structural Mapping of the Sialic Acid Binding Sit€he
CT Antigen in SolutionThe disaccharides G&I(,3)GalNAc residues that experience the largest chemical shift differences
and Galf1,4)GIcNAc are subunits of the CT antigen, a between the free and sialic acid bound forms of the protein
carbohydrate antigen specifically expressed at the NI@J ( (Figure 4A) map to the interaction interface loops in the
20) and proposed as a candidate for the MASC componentNMR structure of the agrin-G3 domain (Figure 4C). These
of the agrin receptor20). Both sugars bound MuSK, in an include residues from loop 23 (Asn29, Ala30, Ser34,
assay where the disaccharides were immobilized on a resinGlu35, Ala37), loop L45 (Gly62, Leu63, Asp67, Tyr68),
and MuSK was detected with antibodies to a FLAG t20) ( loop L6—7 (Asp83, Gly85), loop L1611 (Gly131, Alal32,
The neural B8 isoform of agrin-G3 was reported to bind to Asp136, Thr137, Gly139, Ala140), and His153 in théoop
Gal(31,3)GalNAc but not to Gal{1,4)GIcNAc based on the  outside of the interaction interface. Roughly the same regions
same immobilized assay2@), whereas the inactive BO  of the structure show the largest perturbations whefi Ca
isoform failed to bind either disaccharide. We did not detect binds @), an observation that further supports an obligatory
binding of Gal31,3)GalNAc or Gal§1,4)GIcNAc to either role for the metal in sialic acid binding. Chemical shift
the BO or B8 isoforms of the agrin-G3 domain by NMR, changes when sialic acid binds are very similar for the BO
even at disaccharide concentrations as high as 7.5 mM, aand B8 isoforms (not shown), which together with the ITC
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Ficure 4: Mapping of ligand-induced changes®ii—*N HSQC spectra on the NMR structure of the agrin-G3 dom@&jin(f) Weighted

chemical shift changes accompanying sialic acid binding, calculatédas= (Adx2 + 0.1A5\?)Y2 (B) Decay constants for NMR signals
accompanying heparin binding, obtained using the equatienA exp Kherainl 4- C, wherek is an empirical decay constant a@ds the

baseline intensity at saturating heparin concentratigf). (C) Structural mapping of the largest chemical shift changes accompanying
sialic acid binding: green, values above 0.10 ppm; red, values above 0.15 ppm. (D) Structural mapping of the largest decay constants for
heparin-induced line broadening: green, values above 19.5'mkd, values above 20.0 mM Loops with residues that experience large

NMR signal perturbations when ligands bind are designated according fbstiands they connect. The £%, L6—7, and L10-11 loops

contribute ligands to the Gaion bound by agrin-G3. The L:23 loop bears the B8, B11, and B19 sequence inserts in the neural isoform

of agrin and contributes to @abinding through a bridging water molecul@)(

data indicate that the eight-residue B8 insert has little bearing changes accompanying heparin binding are in agreement with
on sialic acid binding. a mutagenesis study of a homologous LG5 domains from
Structural Mapping of the Heparin Binding Site. order laminin, where mutations in thg8—39 and $12—(13
to characterize heparin binding, we determined rates of cross-hairpins of the conve)s-sheet had the largest impact on
peak decays ifH—'N HSQC spectra of agrin-G3 as a heparin binding 46). The mutagenesis study identified a
function of increasing glycosaminoglycan concentratiéf) ( secondary heparin binding site in laminin domain LG4 that
45). In contrast to the chemical shift changes with sialic acid, included two residues from the beginning of loop E11,
heparin affects cross-peaks throughout #He->N HSQC which is also perturbed by heparin in agrin (Figure 4B,D).
spectrum of agrin-G3 (Figure 4B). Nevertheless, the residues Although NMR signals from the interface loops are
that experience the largest decay constants, the sites that araffected by both sialic acid and heparin, indicating partially
most sensitive to heparin concentration, map to a similar overlapping binding sites, there are important differences
region of the structure as the residues most affected by sialichetween the two ligands. The perturbations of residues in
acid (Figure 4D). ThéH—N HSQC peaks with the largest the convex3-sheet are only seen with heparin binding, and
perturbations when heparin binds are from the two loops two of the loops L2-3 and L6-7 involved in sialic acid
L4—5 (Gly62, Arg65, lle69) and L1611 (Gly131, Gly139) binding appear not to be strongly affected by heparin. Most
that provide ligands for Ca and the hairpin loops connecting  notably, C&" is required for sialic acid binding but not for
strand$38—/9 (Tyr108, Val110, Glu113, Val118) aniil2- heparin. We therefore conclude that the two binding sites
p13 (Aspl73, Argl74) in the convek-sheet (Figure 4D).  are distinct.
Three additional residues outside the interaction interface also Oligomerization State of Heparin-Bound Agrimif-
show large decay constants on heparin binding: Thr94, ferential line broadening is observed #—N HSQC
Alal22, and Leul79 in the shanthelix following -strand spectra of the G3 domain upon addition of heparin. At
13. Two of the loops strongly affected by sialic acid, the saturating concentrations of heparin, most of the agrin-G3
Ca&*-ligand loop L6-7 and the insert-bearing loop EB, cross-peaks have undergone significant decreases in intensity
are relatively unperturbed by heparin binding. The NMR (Figure 3B). Line broadening could be due to exchange
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Ficure 5: PFG diffusion data for BO alone (A) and in the presence of heparin (B)y¥Ehés data are on a logarithmic scale. Peak decays
as a function of the square of gradient strength were fit to a single exponential for the protein (solid line) and to a double exgahential (
for the dioxane standard (dashed line).

processes on the microsecond to millisecond intermediate Sialic Acid BindingSialic acid binds the agrin-G3 domain
time scale, due to agrin-G3 binding heparin as a large weakly with aKy in the ~1 mM range (Table 1). Affinity
molecular weight oligomer with shoft transverse relaxation  could be enhanced considerably, however, in the full-length
times, or both mechanisms. proteoglycan where multiple agrin G-domains participate

To test for the molecular size of the complex, we cooperatively in binding or when additional cofactors
conducted 1D PFG-LED2{) experiments on the agrin-G3  participate in complex formation. In vivo, botkDG binding
domain in the absence and presence of heparin (Figure 5)and MuSK activation require multiple G-domains for opti-
In the 1D PFG-LED experiments, NMR signals decay with mum efficiency b4). Moreover, while we studied binding
increasing gradient strength. The decay rate is proportionalto a single sialic acid monomer, the physiologically relevant
to the molecular diffusion coefficientdf). The hydrated interactions may involve sialic acid moieties as part of more
radius of the proteiiR, , can be obtained from the measured complex molecules or polymers with higher avidity for agrin.
diffusion coefficients of the protein, the internal standard 1,4- The experiments with the isolated G3 domain establish that
dioxane ¢l5), and the known hydrated radiug,() of dioxane sialic acid binds with a 1:1 stoichiometry and that binding
according to the equatioR,p = (do/dp)Rnq (47). requires C& and the location of the sialic acid binding site

Using this method we obtained &g value of 21.2 A for in the structure. The binding site based on NMR chemical
the agrin-G3 domain alone (Figure 5A) and 29.0 A for the shift perturbation data involves the three calcium binding
agrin-G3 domain in the presence of heparin (Figure 5B). The loops L4-5, L6—7, and L16-11 from the “interaction
R, for the protein alone is consistent with a prediction of interface” region of thgg-sandwich structure and loop L23
21.9 A for a 195-residue domain, obtained using the which in neural isoforms of agrin has the*Bsequence
empirically derived formuldR, = 4.79N%2° whereN is the inserts. The location of the sialic acid binding site and the
number of residuesA). For the domain in the presence of Ca&* requirement for binding argue for an important role
heparin, the appareR, of 29 A is consistent with a complex ~ for the carbohydrate since &ais needed for the AChR
about 2.5 times the size of the agrin-G3 monord&).(This clustering activity 28, 55) as well as for binding of agrin to
would roughly correspond to two agrin domains (21 kDa o-DG (56).

each) and one heparin molecutey kDa). We therefore The presence of Binserts has little effect on the binding
conclude that the agrin-G3 domain binds heparin with a 2:1 of the G3 domain to sialic acid. It is of interest to note in
stoichiometry. this regard that a recent mutagenesis study found that of the
eight residues in the B8 insert only three are critically
DISCUSSION important for activating MuSKg7). Presumably, this Asp-
The classical biology approaches used to identify the Glu-lle triplet in the B8 insert sequence forms the key
molecular components of neuromuscular junctiohsi, defining interactions that are necessary to activate the muscle-

13, 14, 17, 21) have recently begun to be complemented by specific kinase.

biophysical and structural studies which provide mechanistic Possible Roles for Sialic Acid in Interactions between
information about molecular functior2$, 46, 48—53). In Agrin and MuSK.There is considerable circumstantial
the case of the agrin-G3 domain, it has been established thatvidence supporting a role for sialic acid in agrin’s AChR
the domain adopts an LN&jellyroll fold structure @), that clustering function. Removal of cell surface sialic acid from
the insert loops required for AChR clustering activity occur C2 myotubes with neuraminidase induces MuSK phospho-
in a dynamically flexible region of the protein between rylation and simulates AChR clustering as much as agrin,
strands$2 andj3 (8), and that the agrin-G3 domain binds but in a mechanism that is apparently independent of either
C&" (22, 28) which reduces but does not eliminate the agrin or laminin R0, 34—36). By contrast, millimolar
mobility of the surface loops that mediate the domain’s concentrations of free sialic acid, similar to the concentrations
activities @). In the present work we have used structural used in this study, inhibit both MuSK phosphorylation and
and biophysical methods to examine the binding of the agrin- AChR clustering 82). It has been proposed that sialic acid
G3 domain to carbohydrates that are likely to play key roles affects AChR clustering downstream of MuSK. This conclu-
in agrin’s functions. sion, however, was based on colocalization of agrin with
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AChRs at sialic acid concentrations that inhibited the
majority of AChR clusters. The clusters that survived may
be those that escaped sialic acid inhibitioB2)( The
observation that sialic acid binds to the G3 domain in & Ca
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affinity for heparin than the G3 domain, although no
guantitative binding affinity data are available from the
heparin column experimentd g, 23, 24).

The structural mapping of the heparin binding site in agrin

dependent manner suggests a simpler alternative mechanisngualitatively agrees with results from a mutational analysis

in which the carbohydrate interferes directly with the
interactions between agrin and MuSK.
MuSK, the critical component of the receptor that trans-

of heparin binding to the laminin G5 domaid6). The
mutagenesis study found that the sites with the greatest effect
on heparin affinity are located in loops £3, L8—9, and

duces agrin’s AChR aggregating activity, appears to be L12—13 of the LG5 domain46, 53). In agrin-G3, heparin
sialylated itself since neuraminidase treatment decreases thetrongly perturbs NMR signals from loops £8 and L12-

apparent size of the kinase on immunoblot g88) é&nd since
lectins specific to sialic acid bind to glycosylated MuS33)
Sialic acid is thought to be attached to MuSK through two
conserved N-linked glycosylation sites, one of which is on
the second of three extracellular immunoglobulin domains
that are involved in agrin binding. The agrin-G3 domain
could bind sialic acid on MuSK, unmasking kinase activity
by relieving the inhibition caused by the carbohydrate.
Alternatively, a molecular analogue of sialic acid may
represent a functionally relevant binding partner of the agrin-
G3 domain such as MASC. While identifying sialic acid as
a binding partner for the agrin-G3 domain, we found that
the Galf1,3)GalNAc disaccharide component of the CT

13. We did not see an effect on loop £3, but resonances
from this loop are weak because of NMR exchange broaden-
ing. The NMR results point to a more extended binding site
that also includes loop L45. The interaction interface loops

of agrin-G3 are more negatively charged than those in the
laminin LG5 domain (Figure 4 of re25), which probably
accounts for the weaker affinity of agrin-G3 for negatively
charged substrates like heparin andG. Nevertheless, in
spite of the weak sequence homology of only 20% between
the LG5 and agrin-G3 domains, and the unfavorable nega-
tively charged surface in the agrin-G3 domain, some of the
residues that have been shown by mutagend&s53) to

be important for binding of heparin to LG5 (Lys3028 and

antigen which was previously suggested as a candidate forLys3030 in loop L8-9, Lys3095 in loop L12-13) appear

MASC (20) does not bind to the neural B8 variant of the
agrin-G3 domain in solution, although it may do so when
presented in an immobilized form.

Additional Roles for Sialic Acid in Agrin Functio®ialic
acid caps the glycan chains @fDG and could be involved
in the binding of agrin tax-DG, in analogy to the roles of
the G-domains in laminin30). In contrast to the neural
isoforms, the agrin BO isoform is inactive in AChR cluster-
ing, and its primary role at the NMJ is to form part of the
link between the basal lamina andDG emanating from
the muscle ). In addition toa-DG, sialic acid moieties also

to have analogues in agrin-G3 (Arg109 and Arg112 in-L8
9, Argl74 in L12-13) that are perturbed by heparin binding
based on the NMR data (Figure 4B,D). These residues may
in part account for the ability of agrin-G3 to bind heparin.
Functional Implications of Glycosaminoglycan Binding.
While heparin is a model for the glycan chainswDG,
there are important differences in the interactions of the two
molecules with agrin. First, binding ofDG to agrin is C&'-
dependent, while heparin binding is ndt8( 23). This is
consistent with the Ga-independent binding of heparin to
the agrin-G3 domain observed in this study. Second, the

occur in other potential agrin interaction partners such as presence of the Binserts in agrin greatly diminishes the

the neural cell adhesion molecule (NCANBRf and in GM1
gangliosides, sphingolipids found in high concentrations at

affinity for a-DG but not for heparini8, 23). Consistently,
we found no change in affinity for heparin or heparan sulfate

synaptic membranes where they have roles in synapticbetween the BO and B8 isoforms of the G3 domain (Table

transmission 45).
Glycosaminoglycan BindingVe have shown that both

1). Binding toa-DG must involve additional interactions
compared to heparin or heparan sulfate that discriminate

heparin and heparan sulfate bind to the agrin-G3 domain with between the BO and B8 isoforms.

Kq values in the~10 uM range (Table 1). Binding is
independent of G4, and we find that the agrin-G3 domain
binds the low MW heparin (46 kDa) used in this study
with a 2:1 stoichiometry, which may reflect the native
preference for binding a pair of agrin G-domains. The
binding site recognized by agrin corresponds~tb2 sac-

Because the properties of heparin and heparan sulfate are
not always equivalent, we decided to test for the binding of
heparan sulfate to the G3 domain, since this glycosami-
noglycan is more relevant to the extracellular mat88)(
Heparan sulfate binds the G3 domain with an affinity similar
to that of heparin (Table 1). Agrin itself is a heparan sulfate

charide monomers for both heparin and heparan sulfate. Theproteoglycan so the binding of the agrin-G3 domain to
heparin binding site partially overlaps but shows important heparan sulfate raises the possibility that the domain could
differences from that for sialic acid (Figure 4C,D). The most interact with its own glycan chains in the N-terminal half of
compelling evidence for distinct binding sites is that while the molecule §). Yet another possibility is that agrin-G3
sialic acid requires Ca for binding, heparin does not. These heparan sulfate interaction could cross-link proteoglycan
results are similar to observations for the homologous laminin molecules. Agrin and other heparan sulfate proteoglycans
G-domains, where Cawas shown to be required for binding are found attached to Alzheimer’'s amyloid deposits through
to a-DG but not for binding to heparirdg, 58). Heparin their heparan sulfate chain§, (7, 59), and intermolecular
was previously reported to bind only to variants of the G2 cross-linking could conceivably aggravate amyloid deposi-
domain that contained the four-residue A-splice insert tion.

sequence KSRKI1@, 23, 24). The agrin-G3 domain was not

retained on heparin affinity columns and was thought not to ACKNOWLEDGMENT
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