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Interaction of agrin with laminin requires a coiled-
coil conformation of the agrin-binding site within
the laminin γ1 chain
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Coiled-coil domains are found in a wide variety of
proteins, where they typically specify subunit oligo-
merization. Recently, we have demonstrated that agrin,
a multidomain heparan sulfate proteoglycan with a
crucial role in the development of the nerve–muscle
synapse, binds to the three-stranded coiled-coil domain
of laminin-1. The interaction with laminin mediates
the integration of agrin into basement membranes.
Here we characterize the binding site within the
laminin-1 coiled coil in detail. Binding assays with
individual laminin-1 full-length chains and fragments
revealed that agrin specifically interacts with the γ1
subunit of laminin-1, whereas no binding to α1 and β1
chains was detected. By using recombinant γ1 chain
fragments, we mapped the binding site to a sequence
of 20 residues. Furthermore, we demonstrate that a
coiled-coil conformation of this binding site is required
for its interaction with agrin. The finding that recom-
binant γ1 fragments bound at least 10-fold less than
native laminin-1 indicates that the structure of the
three-stranded coiled-coil domain of laminin is
required for high-affinity agrin binding. Interestingly,
no binding to a chimeric γ2 fragment was observed,
indicating that the interaction of agrin with laminin is
isoform specific.
Keywords: agrin/coiled-coil domain/extracellular matrix/
laminin isoforms/protein–protein interactions

Introduction

The α-helical coiled coil is probably the most widespread
subunit oligomerization motif found in proteins (Lupas,
1996; Kammerer, 1997). This protein structure consists of
2–5 right-handed amphipathic α-helices that ‘coil’ around
each other in a left-handed supertwist (Crick, 1953; O’Shea
et al., 1991). The protein sequences of coiled coils are
characterized by a heptad repeat of seven residues denoted
a–g, with a 3,4-hydrophobic repeat of mostly apolar amino
acids at positions a and d (Sodek et al., 1972; McLachlan
and Stewart, 1975; Cohen and Parry, 1990). Coiled-coil
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proteins fulfill a variety of biological functions (Lupas,
1996; Kammerer, 1997). In several families of transcrip-
tional activators, for example, short coiled coils mediate
dimerization and the combinatorial arrangement of factors
by selective heterodimerization (in bZip proteins), position
the DNA-binding regions on DNA and even bind to the
DNA themselves (in serum response factor; Landschulz
et al., 1988; Alber, 1992).

Laminins are major extracellular glycoproteins com-
posed of three different polypeptide chains α, β and γ.
Chain selection and association into native molecules is
mediated by an extended three-stranded coiled-coil domain
leading to asymmetric heterotrimers. To date, 11 genetic-
ally distinct laminin chains (α1–α5, β1–β3 and γ1–γ3)
and 12 different isoforms (laminins-1 to -12) have been
reported (Timpl and Brown, 1994; Maurer and Engel,
1996; Miner et al., 1997; Koch et al., 1999). The existence
of multiple chains that oligomerize with a defined
stoichiometry provides a means to generate functional
diversity. In higher vertebrates, laminins play essential
roles. Several lines of evidence indicate that these proteins
are crucial structural elements forming one of the two
self-assembling and independent networks of basement
membranes; the other one is composed of collagen IV
(Yurchenco and Cheng, 1993; Yurchenco and O’Rear,
1994). Linkage of the two distinct networks via nidogen/
entactin provides a primary scaffold to which other glyco-
proteins and proteoglycans such as perlecan attach (for
review, see Yurchenco and O’Rear, 1994). Further-
more, laminins interact with cell surface receptors such
as α-dystroglycan, a member of the large dystrophin
glycoprotein complex, and the integrins. These interactions
attach cells to the extracellular matrix and propagate
morphogenetic information to the cell’s interior (for
review, see Timpl and Brown, 1994; Clark and Brugge,
1995; Henry and Campbell, 1996). The distinct molecular
composition of basement membranes is thought to be
important for these processes.

Recently, we have demonstrated that agrin, a large
multidomain heparan sulfate proteoglycan essential for
synapse formation at the neuromuscular junction (for
review, see McMahan, 1990; Denzer et al., 1996), binds
to laminin-1 (Denzer et al., 1997, 1998). This high-affinity
interaction (Kd ~5 nM) is mediated by the N-terminal
domain of agrin (NtA) and appears to be required for the
localization of the molecule to the synaptic basal lamina at
the nerve–muscle contact and other basement membranes
(Denzer et al., 1995, 1997, 1998). Biochemical and
electron microscopic data indicated that agrin binds near
to the center of the laminin-1 coiled-coil. This region
extends from the cysteine-rich loop α to the N-terminus
of the E8 fragment (Figure 1; Denzer et al., 1998).

Besides the binding of agrin to laminin, only a few
interactions between coiled coils and other protein struc-
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tures have been described in the literature. To our
knowledge, no detailed description of this type of inter-
action exists. Therefore, a detailed characterization of a
coiled-coil–non-coiled-coil interaction should be of
particular importance as it assigns a novel function
besides oligomerization to coiled-coil domains. Here we
characterize the agrin-binding site in the central region of
the coiled-coil domain of laminin-1 in detail. We have
addressed the requirement of individual laminin-1 subunits
for the agrin–laminin-1 interaction by transfecting COS
cells with cDNAs coding for full-length α1, β1 and γ1
chains. We demonstrate that the γ1 subunit is sufficient to
mediate specific binding to the NtA domain of agrin.
These results were corroborated with recombinant coiled-
coil polypeptide chain fragments produced by heterologous
gene expression in Escherichia coli. Furthermore, by
deletion mapping, we located the agrin-binding site within
laminin γ1 to a sequence of 20 residues. Notably, a coiled-
coil conformation of this site is required for its binding to
the NtA domain. No significant binding of the homologous
amino acid sequence from laminin γ2 was found, sug-
gesting that the distinct molecular composition of basement
membranes specifies intercellular interactions.

Results

Specific binding of agrin to recombinant laminin γ1

chains

We have reported previously that agrin binds to a central
region within the coiled-coil domain of laminin-1, which
spans ~130 residues in each subunit (shaded region A
shown in Figure 1; Denzer et al., 1998). Accordingly,
one, two or all three subunits may be involved in the
interaction with agrin. In order to address the subunit
requirement of this interaction, we individually expressed
full-length laminin α1, β1 and γ1 polypeptide chains in
COS cells. The binding activities of individual laminin
chains were tested by using the fragment cN25Fc, which
is a chimera comprising the NtA domain and the first
follistatin-like domain of agrin, and the constant region
of a mouse IgG (Denzer et al., 1997). Because β1 and
γ1 subunits are not secreted (Yurchenco et al., 1997),

Fig. 1. Schematic representation of the domain organization of
laminin-1 and recombinant coiled-coil fragments used in this study.
Domain symbols and designations are according to Bork and Bairoch
(1995). Amino acid positions of the agrin-binding region (shaded area;
Denzer et al., 1998), the elastase-derived fragment E8 and the
cysteine-rich α-domain within the β1 subunit are indicated according
to the numbering of Sasaki and Yamada (1987) and Sasaki et al.
(1987, 1988). A, agrin-binding region; E, E8 sequence.
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transfected cells were fixed and permeabilized to allow
cN25Fc to penetrate the cell membrane and to interact
with the intracellular pool of recombinant laminin chains.
The binding of cN25Fc to laminin polypeptide chains
was visualized by immunostaining using a first antibody
recognizing the IgG part of the chimeric fragment. In
contrast to cells transfected with the laminin α1 or β1
subunits, intracellular staining was observed for cells
expressing the recombinant γ1 chain (Figure 2A). The
binding of cN25Fc to the γ1 subunit was inhibited by
co-incubation with the bacterially expressed coiled-coil
fragment γ1_AE (Figure 1), indicating a specific inter-
action between the two components (Figure 2A). As the
failure to observe binding to laminin α1 and β1 subunits
could potentially result from low-level expression of the
proteins, Western blot analysis was performed. Analysis
of transfected cells using anti-laminin antibodies revealed,
however, that comparable amounts of each full-length
subunit were synthesized (Figure 2B). Notably, the
apparent molecular masses of all three recombinant full-
length polypeptide chains were reduced compared with
those of the constituent chains from purified laminin-1
(e.g. 400 kDa band for α1, 220 kDa band for β1, and
200 kDa band for γ1), suggesting different glycosylation
of the recombinant polypeptides (Figure 2B). Furthermore,
Western blot analysis of cells transfected with laminin γ1
revealed additional bands, which probably correspond to
degradation products.

To confirm our findings that the laminin γ1 subunit is
sufficient to mediate specific binding to agrin and to
exclude the possibility of interference by endogenous
laminin expressed by COS cells, we performed solid-
phase radioligand-binding assays with purified proteins
and recombinant polypeptide chain fragments produced
in E.coli. Fragments α1_AE, β1_AE and γ1_AE were
designed, which comprise those sequences of the laminin-1
coiled-coil domain downstream from loop α that contain
the agrin-binding region (Figure 1). Full-length chicken
agrin (cAgrin; Denzer et al., 1995) was immobilized on
microtiter plates and incubated with 8 nM iodinated
laminin-1 in the presence of 10 mM EDTA to prevent
network formation by the self-assembly of laminin
molecules (Yurchenco and Cheng, 1993). To inhibit the
binding of [125I]laminin-1 to cAgrin, either 500 nM
laminin-1 or 1 µM recombinant coiled-coil polypeptide
chain fragments were included during incubation. As
expected, only unlabeled laminin-1 and γ1_AE inhibited
the interaction of iodinated laminin-1 with agrin
(Figure 2C), which is consistent with the results obtained
in COS cells (Figure 2A). Consistent results were also
obtained when α1_AE, β1_AE or γ1_AE were immobil-
ized on microtiter plates and the binding of [125I]cAgrin
was competed with purified laminin-1 (data not shown).
The finding that the inhibition with γ1_AE was only
partial may be explained in terms of a lower agrin-binding
affinity of single γ1 chains compared with native laminin-1
and/or the presence of an additional laminin-1-binding
site within agrin. To address the first possibility, maximal
inhibition of the competitor was measured. As shown in
Figure 3, maximal response was reached at a γ1_AE
concentration of 10 µM. Dose–response measurements
in which γ1_AE was immobilized and incubated with
iodinated agrin further supported our finding that the
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binding affinities of individual γ1 subunits are significantly
lower than for laminin-1 (data not shown). The residual
fraction of bound laminin-1 (~20%) at γ1_AE concentra-
tions of maximal inhibition (Figure 3) indicates that agrin
probably also contains an additional laminin-binding site.
As this binding could be inhibited efficiently by heparin
(data not shown), the most likely candidates for such an
interaction are the heparan sulfate glycosaminoglycan side
chains of agrin.

Taken together, our findings demonstrate that the laminin
γ1 subunit contains a sequence of maximally 128 residues
within its coiled-coil domain that is sufficient for the
specific interaction with agrin.
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Mapping of the agrin-binding site within the

laminin γ1 coiled-coil domain

To locate the agrin-binding site precisely within the
laminin coiled-coil domain, we produced a number of
γ1 chain fragments by successive removal of residues
from the N-terminus of γ1_AE (Figure 4A) and assessed
their ability to bind to agrin by solid-phase radioligand-
binding assays. As depicted in Figure 4B, deletion of
�95 residues from γ1_AE completely abolished binding
activity, indicating that residues downstream of amino
acid 95 are necessary for the interaction with agrin. Based
on this result, we next focused our attention on the
remaining 33 C-terminal residues of the agrin-binding
region.

First, we designed a γ1 chain variant, γ1_A, in which
the E8 part was deleted. This fragment corresponds to the
128 residues of the agrin-binding region (Figure 5A) but
contains a C-terminal Gly-Gly-Cys extension to stabilize
an eventual coiled-coil structure by intermolecular di-
sulfide bond formation. Complete loss of binding activity
was observed for this fragment (data not shown). This
rather unexpected result prompted us to hypothesize that
the E8 part of the fragments derived from γ1_AE induces
a coiled-coil conformation within the binding site, which
is required for the interaction with agrin. Indeed, our
hypothesis was supported by CD spectroscopy and
analytical ultracentrifugation analysis of γ1_∆N95AE, the
shortest fragment with binding activity, and the γ1_A
peptide (Figure 5A). The CD spectra recorded from
γ1_∆N95AE and γ1_A were characteristic for α-helical
proteins with minima near 208 and 222 nm (Figure 5B).
The thermal stability of the two fragments was assessed
by temperature-induced denaturation profiles recorded by
CD at 221 nm. γ1_∆N95AE exhibited a profile with
a sigmoid shape typical for coiled coils, which was
monophasic and reversible, with �90% of the starting
signal regained upon cooling (Figure 5C). However, the
thermal stability of γ1_∆N95AE was relatively low as
revealed by its midpoint of thermal unfolding (Tm) at
~25°C. In contrast, the thermal melting profile recorded
from γ1_A showed a broad, non-cooperative transition

Fig. 2. Specific binding of agrin to recombinant laminin-1 full-length
chains and fragments. (A) Binding of 45 nM cN25Fc to individual
full-length laminin-1 chains expressed in transiently transfected COS
cells was visualized by intracellular immunofluorescence staining
using a first antibody recognizing the IgG portion of the chimeric
agrin fragment. Binding was only observed in cells transfected with
the γ1 chain (γ1). The binding of cN25Fc to the laminin γ1 chain
could be inhibited by competition with 10 µM of the recombinant
coiled-coil fragment γ1_AE (γ1 � γ1_AE), demonstrating the
specificity of this interaction. Bar, 150 µm. (B) Western blot of mouse
laminin-1 (Ln-1) or total proteins of COS cells transfected with the
cDNAs coding for individual laminin-1 subunits (α1, β1 and γ1) after
separation by 3–12% SDS–PAGE under reducing conditions and
transfer to nitrocellulose. Laminin α1 (400 kDa), β1 (220 kDa) and γ1
(200 kDa) chains were detected with an antiserum raised against the
mouse laminin-1–nidogen complex. Comparable amounts of each
chain were produced by the transfected cells. N, nidogen.
(C) Inhibition of the binding of radiolabeled laminin-1 to agrin by
unlabeled laminin-1 or bacterially expressed coiled-coil fragments
monitored by solid-phase radioligand-binding assays. Full-length agrin
was immobilized on microtiter plates and incubated with 8 nM
[125I]laminin-1 in the presence or absence of competitors. Each value
is the mean � SD of three measurements and represents binding after
subtraction of the counts to BSA-coated wells (3.7 � 0.4% of the total
laminin-1 binding).
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Table I. Sedimentation coefficients (s20,w) and average molecular
masses of recombinant polypeptide chain fragments

Fragment s20,w (S) Molecular mass (kDa)

Observed Calculateda

γ1_A 1.58 32 30.4b

γ1_A (RA) 1.32 13.8 15.2
β1_A 2.47 63 � 3 30.7b

β1_A (RA) 1.95 30.6 15.4
α1_A 2.9 70 � 3 14.3
γ1_∆N95AE 3.0 62 � 79c 62.2b

32 � 83c

γ1_∆N95AE (RA) 2.3 35 � 84c 31.1
67

γ1_G∆N93AE∆C219 1.55 25.4 10.6

All fragments were analyzed at 20°C in 5 mM sodium phosphate
buffer (pH 7.4) containing 150 mM sodium chloride.
aMolecular mass of the monomer based on its amino acid sequence.
bMolecular mass of the disulfide-linked dimer based on its amino acid
sequence.
cNon-homogeneous molecular mass distributions were observed. The
lower number is the minimum weight average near the meniscus and
the second number is an estimate for the weight average near the
bottom of the cell.
RA, reduced and alkylated.

(Figure 5C). Consistent results were also obtained with
γ1_∆N95AE and γ1_A fragments in which the C-terminal
Cys sulfhydryl group had been alkylated with N-ethyl-
maleimide (data not shown).

The oligomeric state of the recombinant proteins was
assessed by analytical ultracentrifugation (Table I).
Sedimentation equilibrium of disulfide-linked and
alkylated γ1_∆N95AE yielded average molecular masses
indicative of a mixture of oligomerization states, which
is consistent with the thermal instability of the polypeptide
chain fragments as well as the degree of α-helicity
of only ~50%. The sedimentation equilibrium profile
suggested that at 20°C and a total chain concentration of
5 µM (the conditions used in the inhibition assays), the
protein is present predominantly in an aggregated form. For
disulfide-linked and alkylated γ1_A peptides, molecular
masses corresponding to dimers and monomers, respec-
tively, were obtained. Based on these findings, we con-
cluded that isolated γ1_∆N95AE, in contrast to γ1_A,
forms relatively unstable coiled-coil structures. It should
be noted that similar results were also obtained with the
γ1_∆N110AE fragment (data not shown) for which no
agrin-binding activity was observed. These findings
suggest that the oligomerization specificity of the N-
terminally truncated γ1 fragments resides within their
E8 region.

Based on the above findings, we could not exclude the
possibility that the lack of agrin binding observed for
individual α1 and β1 full-length chains (Figure 2A) and
chain fragments (Figure 2C) is due to a loss of structure
of the binding site. Thus, and because the α1_AE fragment
was not suitable for structural characterization due to its
low solubility, we produced the recombinant α1_A and
β1_A polypeptide chain fragments, which, according to
their electron microscopic localization (Denzer et al.,
1998; Figure 1), are candidates for an agrin-binding site.
The structures of α1_A and both disulfide-linked and
alkylated β1_A differ from that of the γ1_A peptide. In
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Fig. 3. Concentration-dependent inhibition of the laminin–agrin
interaction by the recombinant laminin γ1_AE coiled-coil fragment.
Maximal inhibition of the binding of 8 nM [125I]laminin-1 to
immobilized full-length agrin was reached with 10 µM γ1_AE. Note
that 250 nM of unlabeled laminin-1 were sufficient for complete
inhibition, indicating that the binding of agrin to the individual γ1
chain fragment is of significantly lower affinity. Values represent the
mean � SD of three measurements after subtraction of the background
signal (BSA-coated wells). Background values were 9.2 � 0.3% of
total laminin-1 binding.

Fig. 4. Localization of the N-terminal boundary of the agrin-binding
site on laminin γ1. (A) Schematic representation of the N-terminally
truncated laminin γ1 fragments used in the solid-phase radioligand-
binding assay. The agrin-binding region (A; shaded) and the E8
sequence (E; white) are indicated. (B) Solid-phase radioligand-binding
assay. Unlabeled laminin-1 efficiently inhibited the binding of 8 nM
[125I]laminin-1 to immobilized full-length agrin. Complete loss of
inhibition activity was observed for γ1 coiled-coil fragments in which
�95 N-terminal residues of the agrin-binding region were removed.
Values are the mean � SD of one representative experiment with two
independent measurements after subtraction of the background signal
(BSA-coated wells; 5.1 � 0.3% of total laminin-1 binding).

contrast to γ1_A (Figure 5C; Table I), α1_A and disulfide-
linked and alkylated β1_A folded into homotypic coiled-
coil structures, as shown by their helical content, their
reversible CD unfolding profiles and their oligomeriza-
tion states (Table I). At 5°C and a chain concentration of
10 µM, the fragments were ~60–70% helical and revealed
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Fig. 5. (A) Recombinant γ1 fragments analyzed by CD spectroscopy.
(B) Far-UV CD spectra recorded from γ1_A (s), γ1_∆N95AE (m)
and γ1_G∆N93AE∆C219 (d) at 5°C. Polypeptide chain concentrations
were 35 µM in 5 mM sodium phosphate buffer (pH 7.4) containing
150 mM sodium chloride. The spectra are characteristic of α-helical
proteins with minima near 208 and 222 nm. (C) Temperature-induced
unfolding profiles of the recombinant polypeptide chain fragments
(same symbols) monitored by the change of the CD signal at 222 nm.
Peptide concentrations and buffer conditions were as in (B).

Tms at ~30°C (data not shown). Analytical ultracentrifuga-
tion sedimentation equilibrium measurements yielded
average molecular masses that are consistent with penta-
meric, tetrameric and dimeric structures of α1_A, disul-
fide-linked β1_A and alkylated β1_A, respectively (Table
I). The fragments were inactive in competition or solid-
phase binding assays (data not shown), demonstrating that
the coiled-coil property of laminin chains alone is not
sufficient for the interaction with agrin.

To challenge further our hypothesis that the agrin-
binding site requires a coiled-coil conformation for activity,
coiled-coil formation of the 33 C-terminal residues of the
agrin-binding region was ‘triggered’ by in-register heptad
repeat fusion to the C-terminus of the dimeric leucine
zipper from the yeast transcriptional activator GCN4
(Figure 6A; Landschulz et al., 1988). This chimeric
polypeptide chain fragment, γ1_G∆N93AE∆C219
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Fig. 6. Localization of the C-terminal boundary of the agrin-binding
site on laminin γ1. (A) Schematic representation of the chimeric γ1
peptides. In-register heptad repeat fusion to the C-terminus of the
dimeric GCN4 leucine zipper (G; white) was used to trigger coiled-
coil formation of the γ1 fragments (A; shaded). (B) Binding activities
of the chimeric coiled-coil fragments analyzed by solid-phase
radioligand-binding assays. Only peptides in which �13 residues were
removed from the C-terminus revealed partial inhibition of the binding
of 8 nM [125I]laminin-1 to immobilized full-length agrin. Each value is
the mean � SD of three measurements of one representative
experiment after subtraction of the background value (BSA-coated
wells; 6.7 � 0.4% of total laminin-1 binding).

(Figure 5A), had features characteristic of a two-stranded
coiled coil as revealed by its high degree of α-helicity
(Figure 5B), high thermal stability (Figure 5C), analytical
ultracentrifugation sedimentation velocity profiles and
sedimentation equilibrium boundaries typical of elongated
dimeric molecules (Table I). As shown in Figure 6B, this
fragment was partially active in the inhibition assay,
demonstrating that a coiled-coil conformation of the bind-
ing site is required for the interaction with agrin.

To estimate the C-terminal border of the agrin-binding
site, we prepared C-terminal deletion constructs from
γ1_G∆N93AE∆C219 (Figure 6A). When these peptides
were tested for inhibition (Figure 6B), only γ1_G-
∆N93A∆C3, γ1_G∆N93A∆C8 and γ1_G∆N93A∆C13
were partially effective, whereas γ1_G∆N93A∆C18,
γ1_G∆N93A∆C23 and γ1_G∆N93A∆C28 showed no
significant inhibition. Importantly, the GCN4 leucine
zipper by itself did not interact with agrin (data not
shown). Taken together, these results demonstrate that the
agrin-binding site resides within a sequence comprising
20 residues (box in Figure 7A).

No significant agrin-binding activity of a laminin

γ2 chimera

A comparison of the agrin-binding site of γ1 with
known mammalian species and isoforms of laminin γ
subunits is illustrated in the sequence alignment of
Figure 7A. The agrin-binding sites of γ1 chains from
mammals are 100% identical, whereas only a low
degree of conservation is found between mouse γ1 and
γ2 chains (55%), between human γ1 and γ2 chains
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Fig. 7. Isoform specificity of agrin binding to laminin. (A) Sequence
alignment of the agrin-binding site within the mouse laminin γ1 chain
and other known mammalian γ sequences. The experimentally
determined agrin-binding site comprises the boxed 20 residue
sequence. Homologous sequences in laminin γ2 and γ3 chains are
represented by the shaded area and conserved residues are indicated by
dots. The mouse γ3 chain lacks 12 residues of our identified agrin-
binding site, suggesting that the γ3 subunit of this species does not
interact with agrin. M, mouse; R, rat; H, human. (B) Schematic
representation of the chimeric γ2/γ1 fragment tested in the solid-phase
radioligand-binding assay. (C) In contrast to unlabeled laminin-1
(black bars) and γ1_∆N90AE (gray bars), no significant inhibition of
the binding of 8 nM [125I]laminin-1 to immobilized agrin was
observed by the γ2_∆N90A/γ1_E chimera (white bars). Values
represent the mean � SD of three measurements after subtraction
of the background (BSA-coated wells). Background values were
2.3 � 0.5% of total laminin-1 binding.

(45%), or between human γ1 and γ3 chains (35%).
Interestingly, mouse γ3 lacks 12 residues of our identified
agrin-binding site, suggesting that the γ3 subunit of this
species does not interact with agrin.

In order to assess the agrin-binding property of the
laminin γ2 chain, a chimeric protein, γ2_∆N90A/γ1_E,
was prepared that comprises a minimal γ2 sequence
containing the potential agrin-binding site, fused to the
coiled-coil-inducing E8 part from the γ1 subunit
(Figure 7B). The degree of α-helicity, the thermal stability
and the oligomerization state of the chimeric fragment as
monitored by CD spectroscopy and analytical ultracentri-
fugation were similar to those of γ1_∆N95AE (data not
shown). However, the γ2_∆N90A/γ1_E fragment, even at
a concentration of 10 µM, did not inhibit the binding of
iodinated laminin-1 to immobilized agrin (Figure 7C).
This finding suggests that agrin binds selectively to specific
laminin isoforms.

Discussion

Binding of agrin to the coiled-coil domain of

laminin γ1

Several lines of evidence suggest that coiled-coil domains,
in addition to their oligomerizing function, contain
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binding sites for other domains of the same or other
proteins. Laminin-1 fragment E8, for example, contains
sites that mediate interactions between cells and laminin
(Deutzmann et al., 1992). Furthermore, peptides derived
from the coiled-coil regions of single laminin subunits
show binding to a variety of cell types (peptide Ile-Lys-
Val-Ala-Val from α1 chain; Yamada, 1991) or were
reported to inhibit outgrowth of motor neurons (peptide
containing Leu-Arg-Glu from chicken β2 chain; Porter
et al., 1995). We have reported recently that the three-
stranded coiled-coil domain of laminin-1 binds to agrin
(Denzer et al., 1998).

In this study, we have characterized the agrin-binding
site in the coiled-coil domain of laminin-1 in detail. We
have used both in vivo and in vitro experimental approaches
to address whether one, two or all three chains of the
heterotrimeric laminin-1 coiled coil are involved in the
interaction with agrin. By performing binding studies with
individual laminin-1 chains and recombinant coiled-coil
fragments thereof, we found that the γ1 subunit is sufficient
to mediate this interaction.

Our finding that the agrin-binding site resides within
the laminin γ1 chain is supported further by the following
unpublished observations. First, immunofluorescence
studies revealed that interaction of agrin with full-length
laminin-1 (Figure 2) was detected only in cells transfected
with cDNA combinations containing the γ1 chain (e.g. γ1,
α1/γ1, β1/γ1 and α1/β1/γ1), whereas no binding could be
observed in cells transfected with α1, β1 or α1/β1 cDNAs.
Furthermore, dose–response curves determined by solid-
phase radioligand-binding assays yielded identical binding
affinities of agrin for chick laminin-2 (chain combination:
α2, β1 and γ1), chick laminin-4 (α2, β2 and γ1) and
mouse laminin-1 (α1, β1 and γ1). As only the γ1 chain is
common to all these isoforms of laminin, this subunit
is likely to provide the amino acids essential for this
interaction.

A coiled-coil conformation of the binding site is

required for the interaction with agrin

Our findings demonstrate that although the γ1 chain is
sufficient for the interaction with agrin, a coiled-coil
structure of the agrin-binding site is required for the
binding. The localization of the agrin-binding site within
γ1 was assisted by the fact that recombinant γ1_AE-
derived fragments tend to fold into weak homotypic
coiled-coil structures that lack a unique chain stoichio-
ometry (Figure 5; Table I). Intracellular immunofluores-
cence staining of COS cells transfected with γ1 cDNA
(Figure 2) indicates that this weak interaction probably
also occurs among full-length γ1 chains.

The presence of weak coiled-coil interactions among
γ1_AE-derived fragments was supported further by solid-
phase radioligand-binding assays of γ1_AE, γ1_A,
γ1_G∆N93AE∆C219 and laminin-1 carried out at different
temperatures (data not shown). The binding affinity of
γ1_AE for agrin was increased at 4°C and significantly
decreased at 37°C compared with 20°C. In contrast, the
binding activities of γ1_G∆N93AE∆C219 and laminin-1,
which fold into stable coiled-coil structures, did not vary
significantly over this temperature range. As expected, the
γ1_A peptide did not bind agrin significantly at any
temperature tested.
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The strongest evidence for a coiled-coil conformation
of the binding site, however, is provided by the chimeric
GCN4_γ1 fragments, in which the agrin-binding activity
of inactive γ1 fragments has been rescued by in-register
heptad repeat fusion to the GCN4 leucine zipper coiled
coil (Figure 6A and B). The rather continuous loss of
binding activity observed for the chimeric fragments
(Figure 6A and B) may be understood in terms of weak
cooperativity of the chimeric coiled coil. The CD thermal
unfolding profile of the chimeric GCN4 fragment
γ1_G∆N93AE∆C219 suggests that the dimeric fragments
progressively melt from one or both ends. The shortest
chimeric peptide, γ1_G∆N93A∆C13, which still showed
agrin-binding activity, contains only 22 residues of the γ1
sequence and is almost identical to our identified agrin-
binding site (Figure 7A). It should be emphasized that the
chimeric GCN4_γ1 fragments were only used to delimit
the C-terminal border of the agrin-binding site.

Clearly, the coiled-coil property of laminin chains by
itself is not sufficient for an interaction with agrin.
Although recombinant α1 and β1 polypeptide chain frag-
ments, which are candidates for an agrin-binding site
according to their electron microscopic localization
(Denzer et al., 1998), fold into homotypic coiled-coil
structures (Table I), no binding of these fragments to agrin
was observed in competition and solid-phase binding
assays. In addition, for the individual recombinant full-
length α1 chain, there is electron microscopic-based
evidence for a compact self-folded state of the coiled coil
(Yurchenco et al., 1997). Clearly, no interaction of the
recombinant full-length α1 chain with agrin was detected
(Figure 2A).

Influence of the coiled-coil structure on the

binding to agrin

A decrease in binding affinity of the recombinant γ1
chains and the chimeric GCN4 fusion proteins compared
with native laminin-1 may be explained in terms of
different coiled-coil structures in these molecules: the
GCN4_γ1 chimera folds into homotypic coiled-coil dimers
and the γ1_∆N95AE fragments into a mixture of different
oligomers, whereas the coiled-coil domain of native
laminin-1 is a heterotrimer composed of α1, β1 and γ1
chains. A comparison of the crystal structures of wild-type
and mutant GCN4 leucine zipper peptides has revealed that
particular parameters, such as the supercoil radius (4.9 Å
in the dimer versus 6.7 Å in the trimer) and the supercoil
pitch (148 Å in the dimer versus 175 Å in the trimer),
differ markedly between two- and three-stranded coiled
coils (O’Shea et al., 1991; Harbury et al., 1994). In
addition, these parameters can vary significantly between
different coiled-coils of the same oligomerization state
(see Tao et al., 1997). Consequently, the conformation of
the binding site in the chimeric GCN4_γ1 fragments and
the fragments derived from γ1_∆N95AE may be similar
but not identical to that in the native laminin-1 coiled-
coil heterotrimer. It is conceivable that α1 and β1 chains
may have a supporting structural function and may provide
the coiled-coil framework necessary for high-affinity bind-
ing to agrin, although they alone are not sufficient for the
interaction with agrin. However, we can not exclude that
single side chains of α1 and β1 chains contribute to agrin
binding, although the main binding site resides within the
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Fig. 8. Helical wheel representation of residues comprising the agrin-
binding site. The sequence starts with Glu96 (Glu1296; Sasaki and
Yamada, 1987) in a heptad d position and ends with Glu115
(Glu1315) in a heptad b position. View is from the N-terminus, and
heptad repeat positions are labeled a–g. The seven surface-exposed
residues of the γ1 chain that are not conserved in the γ2 chain are
indicated in bold.

γ1 chain. We conclude that structural differences between
the native molecule and the recombinant fragments account
for the decrease in binding affinity.

Residues potentially involved in the interaction

with agrin

With the exception of the residues at heptad positions a
and d, which form the hydrophobic core of a coiled coil,
all the other residues are surface exposed and therefore
possibly involved in contacts with other proteins. The
seven surface-exposed residues of the binding site that
are not conserved in the inactive homologous γ2 sequence
(Figure 7) are candidate residues for the interaction with
agrin. Of these, Gln97 (Gln1297; Sasaki and Yamada,
1987) is particularly interesting because it is contained in
the shortest N-terminal fragment that still shows agrin-
binding activity. In the γ2 chain, this position is occupied
by a charged Arg residue. A helical wheel projection
of the residues of the agrin-binding site reveals that
hydrophobic and polar γ1-specific residues fall on separate
sides of the coiled-coil α-helix surface (Figure 8). Notably,
such stripes of residues ideally could interact with a
groove in the NtA domain of agrin. With the help of the
recently solved crystal structure of the NtA domain at
1.6 Å resolution (J.Stetefeld, J.Engel and R.A.Kammerer,
in preparation), characterization of the laminin-1–agrin
interaction now appears feasible in atomic detail.

Distribution of laminin γ chains

To date, 12 laminin isoforms have been characterized (i.e.
laminin-1 to -12; Miner et al., 1997, and references
therein; Koch et al., 1999), and more are expected to
exist. Ten of these isoforms contain the γ1 chain.
Laminin-5 is the only isoform composed of the γ2 subunit
(Kallunki et al., 1992) and laminin-12 contains the recently
described γ3 chain (Koch et al., 1999). Based on our
finding that the agrin-binding site resides within the γ1
chain, agrin is expected to bind to 10 of these laminin
isoforms.
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The tissue distribution of the three laminin γ chains
differs markedly. Whereas the γ1 subunit shows a wide-
spread distribution in all cellular basement membranes,
the γ2 and γ3 chains are restricted predominantly to the
dermal–epidermal junction of the skin (Rousselle et al.,
1991) and to nerve-associated, non-basement membrane
structures of different locations in the brain (Koch et al.,
1999), respectively. It is not known whether agrin co-
localizes with the laminin γ2 and γ3 chains. However,
the presence of agrin in several distinct basement
membranes indicates a co-distribution with laminin iso-
forms containing the γ1 subunit. Taken together, our
findings support the notion that laminin isoforms play an
important role in the distinct molecular composition of
basement membranes.

Materials and methods

Construction of expression plasmids
Constructs pcAgrin and pcN25Fc are described elsewhere (Denzer et al.,
1995, 1997). The full-length cDNA constructs encoding the α1, β1 and
γ1 subunits of mouse laminin-1 are described by Yurchenco et al. (1997).

cDNA inserts for the expression of the recombinant mouse α1_AE
(residues Leu1767–Gln2133), β1_AE (Leu1412–Leu1765) and γ1_AE
(Tyr1201–Pro1574) laminin polypeptide chain fragments (for numbering,
refer to Sasaki and Yamada, 1987; Sasaki et al., 1987, 1988) were
prepared from the published cDNA clones (Sasaki and Yamada, 1987;
Sasaki et al., 1987, 1988) by PCR using Pfu DNA polymerase
(Stratagene). Specific primers were designed to obtain an NdeI site at
the 5� end and two TAA translation stop codons followed by a BamHI
at the 3� end. The amplified products were ligated into the NdeI–BamHI
site of the bacterial expression vector pET-15 (Novagen).

γ1_AE was used to prepare the N-terminal γ1 deletion constructs
γ1_∆N50AE (from Ala1251), γ1_∆N60AE (Leu1261), γ1_∆N70AE
(Asp1271), γ1_∆N80AE (Gly1281), γ1_∆N90AE (Glu1291), γ1_∆N95AE
(Glu1296), γ1_∆N100AE (Asp1301), γ1_∆N105AE (Arg1306), γ1_∆N110AE
(Lys1311), γ1_∆N120AE (Gly1321) and γ1_E (Asn1329). Sense primers
were designed to contain an NdeI site at the 5� end and antisense primers
were designed to span unique XhoI or EcoRI restriction sites within
γ1_AE. For all PCR experiments, Ampli-Taq DNA polymerase (Roche
Molecular Systems) was used. Subsequently, the original NdeI–XhoI or
NdeI–EcoRI fragments of γ1_AE were replaced by the PCR products,
yielding the N-terminally truncated γ1 fragments. For the NdeI–EcoRI
constructs, a pET-15b variant was used in which the original EcoRI site
of the vector had been removed by DNA fill-in synthesis.

Mouse cDNA (Sasaki and Yamada, 1987; Sasaki et al., 1987, 1988)
was used as a template for the PCR amplification of DNA fragments
encoding peptides α1_A (residues Leu1767–Ala1886), β1_A (Leu1412–
Ile1539) and γ1_A (Tyr1201–Ala1328) of the agrin-binding region.
Primer sets were used that introduce a BamHI site at the 5� end and two
TAA translation stop codons and an EcoRI site at the 3� end. In addition,
β1_A and γ1_A were designed to contain a C-terminal Gly-Gly-Cys
linker sequence. The amplified products were ligated into the bacterial
expression vector pPEP-T (Kammerer et al., 1998a) at BamHI–EcoRI
sites.

The designed chimeric polypeptide chain fragment γ1_G∆N93A-
E∆C219 [Met2–Val30 of the GCN4 leucine zipper GCN4p-wt peptide
(Kammerer et al., 1998b) joined in-heptad repeat register to the N-
terminus of Lys1294–Ile1356 of γ1] was generated by the gene splicing
method described by Horton et al. (1989). Specific oligonucleotides
were designed to obtain a BamHI site at the 5� end and two TAA
translation stop codons and an EcoRI at the 3� end.

γ1_G∆N93AE∆C219 was used for the construction of the C-terminally
truncated chimeras γ1_G∆N93A∆C3 (to Leu1325), γ1_G∆N93A∆C8
(Lys1320), γ1_G∆N93A∆C13 (Glu1315), γ1_G∆N93A∆C18 (Ala1310),
γ1_G∆N93A∆C23 (Ala1305) and γ1_G∆N93A∆C28 (Ala1300). For
PCR amplification, the sense primer for the generation of γ1_G∆N-
93AE∆C219 and antisense primers containing two TAA translation stop
codons followed by an EcoRI site were used. The PCR products were
ligated into the BamHI–EcoRI site of pPEP-T.

The chimeric polypeptide chain fragment γ2_∆N90A/γ1_E was con-
structed from γ1_AE. A DNA fragment encoding the mouse γ2 sequence
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corresponding to the homologous sequence in γ1 (Glu1291–Arg1354)
was amplified by PCR from a randomly primed mouse keratinocyte
cDNA library. Specific primers were used to obtain an NdeI site at the
5� end and the authentic EcoRI site of γ1_AE at the 3� end. Subsequently,
the original NdeI–EcoRI fragment of γ1_AE was replaced by the PCR
product, yielding the chimeric construct in the above-mentioned pET-
15b vector.

PCR and DNA manipulations for cloning were performed according
to standard protocols. All constructs were verified by DNA sequencing.

Expression and purification of recombinant polypeptide
chain fragments
The full-length laminin-1 chains were expressed transiently in transfected
COS-7 cells. The intracellular pool of laminin subunits was examined
by lysing the transfected cells with SDS–PAGE sample buffer and
subjecting the total extract to Western blot analysis using the anti-
laminin antibody 143 (Aeschlimann and Paulsson, 1991) as described
in detail by Denzer et al. (1995). The recombinant proteins cAgrin and
cN25Fc were purified from conditioned medium of stably transfected
HEK 293 and transiently transfected COS-7 cells as described by Denzer
et al. (1998). Mouse laminin-1 was purified from mouse Engelbreth–
Holm–Swarm sarcoma according to Timpl et al. (1979).

The E.coli JM109(DE3) host strain (Promega) was used for all
bacterial expression experiments. Production and purification of His6-
tagged fusion proteins by immobilized metal affinity chromatography
on Ni2�–Sepharose (Novagen) was performed under denaturing condi-
tions as described in the manufacturer’s instructions. Separation of
recombinant polypeptide chain fragments from the His6 tag (pET-15b
constructs) or the His6-tagged carrier protein (pPEP-T constructs) by
thrombin cleavage was carried out as described by Kammerer et al.
(1998a). Recombinant polypeptide chain fragments were dialyzed against
5 mM sodium phosphate buffer (pH 7.4) supplemented with 150 mM
sodium chloride and stored at –20°C. For α1_AE, the addition of 1 M
urea was necessary to prevent precipitation. Alkylation of polypeptide
chains by N-ethylmaleimide was performed as described by Denzer et al.
(1998). Concentrations of bacterially expressed proteins were determined
by tyrosine absorbance in 6 M GuHCl (Edelhoch, 1967) or the BCA
assay (Pierce).

Solid-phase radioligand-binding assay
Iodination of laminin-1 was performed as described by Denzer et al.
(1997). cAgrin was diluted to 2.5–5 µg/ml with 50 mM sodium
bicarbonate (pH 9.6) and immobilized on microtiter plates (Becton
Dickinson) by overnight incubation at 4°C. Remaining binding sites
were blocked for 1 h with Tris-buffered saline (TBS) (pH 7.4) containing
3% bovine serum albumin (BSA) and 10 mM EDTA (blocking solution).
Iodinated laminin-1 diluted in blocking solution was added and incubated
for 2 h at room temperature. At this step, the recombinant laminin chain
fragments were included as competitors. After washing four times with
TBS (pH 7.4) containing 10 mM EDTA, radioactivity in each well was
counted with a gamma counter.

Intracellular binding assay
COS-7 cells transiently transfected with cDNAs encoding individual
laminin-1 subunits were processed for intracellular protein staining as
follows: after washing with phosphate-buffered saline (PBS), the cells
were fixed for 30 min at room temperature with 4% paraformaldehyde,
11% sucrose in 0.1 M potassium phosphate buffer (pH 7.2). After rinsing
with PBS and 20 mM glycine in PBS, cells were permeabilized with
0.1% saponin in PBS (PBSS). cN25Fc (45 nM) in PBSS containing
10% horse serum was incubated for 2 h at room temperature. At this
step, γ1_AE was added as competitor to a final concentration of 10 µM.
After four washes with PBSS, cells were incubated for 1 h at room
temperature with biotinylated horse anti-mouse IgG (5 µg/ml; Vector
Laboratories, Inc.), followed by a 1 h incubation at room temperature
with Cy3-conjugated streptavidin (2 µg/ml; Jackson ImmunoResearch
Laboratories, Inc.). After washing, cultures were mounted on glass
coverslips with citifluor and examined with a microscope equipped for
epifluorescence (Leica, Inc.).

CD spectroscopy
Analysis of the recombinant polypeptide chain fragments was performed
as described by Kammerer et al. (1998a).

Analytical ultracentrifugation
Sedimentation equilibrium and sedimentation velocity experiments were
performed at 20°C on a Beckman Optima XL-A analytical ultracentrifuge
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equipped with 4 and/or 12 mm Epon double-sector cells in an An-60 Ti
rotor. Recombinant polypeptide chain fragments were analyzed in 5 mM
sodium phosphate buffer (pH 7.4) supplemented with 150 mM sodium
chloride with protein concentrations adjusted to 0.25–1.2 mg/ml. Sedi-
mentation velocity runs were performed at rotor speeds of 56 000 r.p.m.
Sedimenting material was assayed by its absorbance at 234 or 278 nm.
Sedimentation coefficients were corrected to standard conditions (water,
20°C) (van Holde, 1985). Sedimentation equilibrium scans were carried
out at 16 000–32 000 r.p.m. depending on the molecular mass. Average
molecular masses were evaluated by the best linear fit of lnA versus r 2,
where A is the absorbance and r the distance from the rotor center
(van Holde, 1985). A partial specific volume of 0.73 ml/g was used for
all calculations.
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