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Clustering or overexpression of the transmembrane form of
the extracellular matrix proteoglycan agrin in neurons results in
the formation of numerous highly motile filopodia-like pro-
cesses extending from axons and dendrites. Here we show that
similar processes can be induced by overexpression of trans-
membrane-agrin in several non-neuronal cell lines. Mapping of
the process-inducing activity in neurons and non-neuronal cells
demonstrates that the cytoplasmic part of transmembrane agrin
is dispensable and that the extracellular region is necessary for
process formation. Site-directed mutagenesis reveals an essen-
tial role for the loop between f3-sheets 3 and 4 within the Kazal
subdomain of the seventh follistatin-like domain of TM-agrin.
An aspartic acid residue within this loop is critical for process
formation. The seventh follistatin-like domain could be func-
tionally replaced by the first and sixth but not by the eighth
follistatin-like domain, demonstrating a functional redundancy
among some follistatin-like domains of agrin. Moreover, a crit-
ical distance of the seventh follistatin-like domain to the plasma
membrane appears to be required for process formation. These
results demonstrate that different regions within the agrin pro-
tein are responsible for synapse formation at the neuromuscular
junction and for process formation in central nervous system
neurons and suggest a role for agrin’s follistatin-like domains in
the developing central nervous system.

Agrin is a proteoglycan with a molecular mass of >500 kDa
that is expressed in many tissues (1, 2). The function of agrin is
best characterized in skeletal muscle where it is a key organizer
during formation, maintenance, and regeneration of the neuro-
muscular junction (2—4). Accordingly, mice with an inactiva-
tion of the agrn gene die at birth due to non-functional neuro-
muscular junctions and consequent respiratory failure (5).

Little is known about the role of agrin in tissues other than
skeletal muscle, in particular in the central nervous system (for
review see Refs. 1, 2, 6). Although neurons from mice with a
targeted deletion of the agrn gene form synaptic specializations
invitro and in vivo (7, 8), the acute suppression of agrin expres-
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sion or function by antisense oligonucleotides or antibodies
influences the formation and function of interneuronal syn-
apses (9, 10). Likewise, brains of agrin-deficient mice, whose
perinatal death was prevented by the re-expression of agrin in
motor neurons, have a severely reduced number of pre- and
postsynaptic specializations as well as functional deficits at
excitatory synapses in the CNS? (11). Although these data are
consistent with a role of agrin during CNS synaptogenesis, the
precise function of agrin during CNS development remains
unclear.

Agrin has been cloned from several species, and the
sequences are highly homologous. The agrin cDNAs predict a
number of domains with similarity to other extracellular matrix
proteins, including four EGF-like repeats and three domains
with similarity to globular domain of the laminin a-chain (LG
domain) within the C-terminal half of the protein. In skeletal
muscle fibers the C-terminal LG domains of agrin bind to
a-dystroglycan (12-14) and to the low density lipoprotein
receptor-like protein 4 (LRP4 (15, 16)). The binding of agrin to
LRP4 activates the tyrosine kinase MuSK and initiates a com-
plexintracellular signaling cascade resulting in the formation of
most if not all pre- and postsynaptic specializations (1, 2). The
functions of the other domains, particularly of the 9 follistatin-
like domains within the N-terminal half of the agrin protein are
unknown.

Alternative first exon usage generates either a secreted solu-
ble agrin molecule (NtA-agrin) or a transmembrane form of
agrin (TM-agrin (17, 18)). The secreted form of agrin binds to
the laminin yl-chain via its NtA domain resulting in stable
association of this agrin isoform with basal laminae (19). In
contrast, in TM-agrin the NtA domain is replaced by a non-
cleaved signal anchor that converts agrin into a type II trans-
membrane protein and localizes the agrin protein in N,/Ce,
orientation in the plasma membrane (17, 18).

TM-agrin is primarily expressed on axons and dendrites of
CNS neurons (20-22), and it has been hypothesized that neu-
rite-associated TM-agrin might serve as a receptor or co-recep-
tor (21). In agreement with this hypothesis, it was recently
shown that clustering or overexpression of TM-agrin in neu-
rons during the phase of active neurite growth reorganizes the
actin cytoskeleton and induces the rapid formation of numer-

3 The abbreviations used are: CNS, central nervous system; E, embryonic day;
LRP4, low density lipoprotein-like receptor 4; TM-agrin, transmembrane
form of agrin; HEK, human embryonic kidney cell; GAG, glycosaminogly-
can; EGF, epidermal growth factor; GFP, green fluorescent protein; NtA-
agrin, NtA domain-containing agrin isoform.
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ous filopodia-like processes extending from the primary neu-
rite (21, 22). The formation of these processes is caused by the
initiation of a complex signaling cascade, which involves lipid
rafts, as well as the activation of mitogen-activated protein
kinase, Fyn, and Cdc42 (22, 23). The function of the filopodia-
like processes in the developing CNS is unknown, but they
might represent initial stages during the formation of excitatory
spine synapses (24). Consistent with this idea, mice that lack
CNS agrin develop 30% fewer glutamatergic synapses (11).

In this study we demonstrate that overexpression of TM-
agrin in non-neuronal cell lines can induce processes similar to
those induced in CNS neurites, suggesting that the process-
inducing activity of TM-agrin is not limited to nerve cells. We
also investigated the structural requirements for the process-
inducing activity of TM-agrin by mapping the region necessary
for this activity. Our results show that an aspartic acid residue
within the seventh follistatin-like domain is essential for proc-
ess induction. This particular amino acid is highly conserved in
other follistatin-like domains of TM-agrin. Accordingly, the
seventh follistatin-like domain could functionally be replaced
by the first or sixth follistatin-like domain. These data show that
follistatin-like domains are critical for process formation and
support a role for TM-agrin as a receptor or co-receptor in the
developing CNS.

EXPERIMENTAL PROCEDURES

Animals—Fertile White Leghorn (Gallus gallus domesticus)
chicken eggs were purchased from a local hatchery and incu-
bated at 38 °C in a humid atmosphere. The age of the embryos
was expressed as embryonic day (E). All experiments were con-
ducted in accordance with the guidelines for the welfare of
experimental animals issued by the Federal Government of
Germany.

Antibodies—The following antibodies against agrin were
used: rabbit anti-agrin antiserum #46 (25-27). This antiserum
was generated against the C-terminal half of agrin and, thus,
specifically reacts with the extracellular part of all TM-agrin
and NtA-agrin isoforms in Western blotting and immunohis-
tochemistry. In contrast, sheep anti-TM-agrin (generated
against a peptide of the intracellular domain of TM-agrin)
reacts only with TM-agrin but not with NtA-agrin (21, 23).
Actin filaments were stained with Alexa594-conjugated phal-
loidin (Molecular Probes, Eugene, OR (21)). Tectal neurons
were stained with the monoclonal antibody against 3-tubulin
(Clone TUB 2.1, Sigma). GFP was stained with a rabbit anti-
GFP antiserum (Molecular Probes, Leiden, Netherlands).

Expression Constructs—The cDNA sequence for chick TM-
agrin has been described elsewhere (18). Deletion constructs
from these sequences were generated using the PCR and
Phusion high fidelity DNA-polymerase (BioCat, Heidelberg,
Germany). The constructs were cloned via EcoRI and Xbal
or via HindIIl and EcoRI restriction sites into the pcDNA4TO
expression vector (Invitrogen). The following primers were used:
TM-agrin A IC: 5'-GTGCGCGAATTCATGATCCCGTGCAA-
CATT-3' (sense) and 5'-CGGGCCCTCTAGAAGGGAAGGA-
GAAGGAA-3' (antisense); TMFD9: 5'-GGTGGAATTCAC-
AGCATGACGGCTTGCCAGTA-3' (sense) and 5'-CGTGT-
GAGTTCTAGACTCGTGGCATTGCCCC-3" (antisense);
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TMFD8: 5'-GTGTGGTGGAATTCACAGCATGACGGC-3'
(sense) and 5'-GCTCTAGACTGACTGCAGTGCACAAC-
TGG-3' (antisense); TMFD6: 5 -GTGTGGTGGAATTCACAG-
CATGACGGC-3' (sense) and 5'-GCTCTAGAGTCATAGGT-
GAGGCCATCGGTGC-3' (antisense); TMFD7-572: 5'-
ATAAAGCTTAGCATGACGGCTTGCCAGTACC-3" (sense)
and 5'-AATGAATTCTTAGCCACATTCGTCCTCACACG-3'
(antisense); TMFD7-568: 5'-ATAAAGCTTAGCATGACGGC-
TTGCCAGTACC-3' (sense) and 5'-AATGAATTCTTACTCA-
CACGGCCCCATCTTGG-3' (antisense); and TMFD7-566: 5'-
ATAAAGCTTAGCATGACGGCTTGCCAGTACC-3" (sense)
and 5'-AATGAATTCTTACGGCCCCATCTTGGCCACC-3'
(antisense).

To obtain a GFP tag at the C terminus the TMFD8 and
TMEDG constructs were cloned via EcoRI and BamHI restric-
tion sites into the pEGFP-N1 expression vector (Clontech,
Mountain View, CA) using the following primers: TMFD8-
GFP:  5'-GTGTGGTGGAATTCACAGCATGACGGC-3’
(sense) and 5'-CGCGGATCCGTCTGACTGCAGTGC-3’
(antisense); and TMFD6-GFP: 5'-GTGTGGTGGAATTCA-
CAGCATGACGGC-3’ (sense) and 5'-CGCGGATCCTCA-
TAGGTGAGGCCATCG-3' (antisense).

To generate the constructs with an altered order of the fol-
listatin-like domains, an intermediate called TMFD6 —503 was
created and cloned via HindIII and EcoRI restriction sites into
the pEGFP-N1 vector. Other follistatin-like domains were
added at the 3'-end via EcoRI and BamHI restriction sites. For
this, the following primers were used: TMFD6-503: 5'-ATA-
AAGCTTAGCATGACGGCTTGCCAGTACC-3’ (sense) and
5"-TAGAATTCTTGCAGTCGCCTTGGGCAGC-3" (anti-
sense); TMFD6+FD1-GFP: 5'-ATGAATTCAGATGCCT-
GCCGAGGGATGC-3' (sense) and 5'-ATGGATCCGTGC-
TGCCAAAGCTGC-3" (antisense); TMFD6+FD6-GFP:
5"-ATGAATTCCGACCGCTGTGGCAAGTGC-3" (sense)
and 5 -ATGGATCCAAGGAGCACACCGTCGTGC-3' (anti-
sense); and TMFD6+FD8-GFP: 5'-ATGAATTCTGAGGACG-
AATGTGGCTCAGG-3’ (sense) and 5'-CGCGGATCCGTCT-
GACTGCAGTGC-3' (antisense).

To generate the constructs containing successively less
N-terminal follistatin-like domains an intermediate called
intTM-Linker was created and cloned via Nhel and Xhol
restriction sites into the pEGFP-N1 vector, using the endoge-
nous Xhol restriction site in the TM-agrin cDNA sequence at
amino acid position 209. Other follistatin-like domains were
then added at the 3'-end via Xhol and BamHI restriction sites
using the following primers: intTM-Linker: 5'-ATAGCTA-
GCAGCATGACGGCTTGCCAGTACC-3' (sense) and 5'-
ATTGAATTCATCTCGAGGGGTCGGCGG-3'  (antisense);
TMFD2-8-GFP: 5'-ATACTCGAGGACCATGTGGCTCCAA-
GGACC-3’ (sense) and 5'-CGCGGATCCGTCTGACTGCA-
GTGC-3’ (antisense); and TMFD3-8-GFP: 5'-ATACTCGAGT-
CTTCAAGAAGTTTGATGGAGCC-3' (sense) and 5'-CGCG-
GATCCGTCTGACTGCAGTGC-3' (antisense).

Site-directed mutagenesis was performed using the
QuikChange XL site-directed mutagenesis kit (Stratagene,
La Jolla, CA) and the TMFD8-GFP construct as template.
The point mutations were introduced successively using the
following oligonucleotides (mutated bases are shown in low-
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ercase letters). Only the sense primers are shown as the anti-
sense primers had the reverse complementary sequence
TMFD8 C535G: 5'-CCTGGCCCAGGTCgGTGGCACCGAT-
GGC-3'; TMFD8C567G: 5'-CCAAGATGGGGCCGEGTGA-
GGACGAATGTGG-3'; TMFD8 N544D: 5'-GGCCTCACCT-
ATGACgACCGCTGCGAGCTCCG-3'; TMFD8 C470G: 5'-
CCTCCCAGCCTGTCgGTGGCACAGATGGCAACACC-3';
TMEFD8 QQ555,556EE: 5'-GCAGCCTCCTGCCAAGAGgaG-
AAGAGCATCG-3'; TMFD8 C553A: 5'-CTCCGAGCAGCC-
TCCgcCCAACAGCAGAAGAG-3'; TMFD8 C546A: 5" -CCT-
ATGACAACCGCgcCGAGCTCCGAGCAG-3’;  TMFDS
P530A: 5'-GTGAGCAGCAGgCCCTGGCCCAG-3'; TMFDS
G539P: 5'-GGTCTGTGGCACCGATccCCTCACCTATG-
ACA-3'; TMFD8 V561N: 5'-GCAGAAGAGCATCGAGaacG-
CCAAGATGGGGCCT-3'; TMFD8 D538N: 5'-CAGGTCTG-
TGGCACCaacGGCCTCACCTATGAC-3'; and TMFDS8
D538G: 5'-AGGTCTGTGGCACCGgcGGCCTCACCTAT-
GAC-3'. The exact sequences of all mutated and non-mutated
expression constructs were verified by sequencing.

Cell Culture, Transfections, and Immunohistochemistry—
Human embryonic kidney cells (HEK293), COS cells and PC12
cells were grown as described previously (18) and transfected
using the SuperFect transfection reagent (Qiagen). Expression
and correct insertion of the protein into the plasma membrane
were verified by live staining prior to fixation with antibodies
against the extracellular part of agrin (antiserum #46), or with anti-
bodies against the extracellular GFP tag. When necessary,
antibodies against the intracellular part of TM-agrin (sheep anti-
TM-agrin (18)) were used to verify TM-agrin expression and
membrane orientation. Processes were analyzed by manual
counting them after fixation and staining. Neurons were iden-
tified by staining with antibodies against 8-tubulin. For quan-
tification, only isolated neurons where the filopodia-like pro-
cesses clearly emanated from identified neurites were evaluated
and scored according to the criteria defined previously (21-24,
28, 29). Briefly, non-neuronal cells were scored “process-con-
taining” if they had at least 10 processes or alternatively 2 or
more processes each with a length of more than twice the cell’s
diameter. Neurons were scored process-containing if their neu-
rites had at least 2 segments of at least 40 wm in length with >2
filopodia-like processes per 10-um neurite. Only processes
with a length of >3 um were scored. Although these criteria
allowed the unambiguous identification of neurons being either
process-containing or “not process-containing,” they do not
reveal minor differences between neurons transfected with the
various constructs. One-tailed ¢-tests were conducted to evalu-
ate the significance of differences in the mean values of process
density using GraphPad Prism version 4.03 for Windows
(GraphPad Software, San Diego, CA).

Chick tectal neurons from E7 embryos were prepared as
described (30) with minor modifications. The tecta were dis-
sected free of meningeal tissue, cut into small pieces, and incu-
bated in cell dissociation buffer (Sigma) containing 0.002%
Trypsin for 15 min at 37 °C. Cells were dissociated using fire-
polished Pasteur pipettes and separated from debris by centri-
fugation. Constructs were transfected into chick neurons using
the Nucleofector System according to the protocol provided by
the manufacturer (Lonza, Cologne, Germany). Briefly, 3 X 10°
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cells were resuspended in 100 ul of Chicken Neuron Nucleo-
fector Solution (Lonza) with 8 ug of plasmid DNA. The cell
suspension was electroporated using the G-13 program
(Lonza). After transfection, the cell suspension was diluted with
RPMI 1640 supplemented with 10% fetal calf serum, penicillin
(100 units/ml), streptomycin (100 pg/ml), and Glutamax (2
mwm, Invitrogen). Approximately 5— 6 X 10° cells were plated on
a 1-cm? poly-L-lysine/laminin-coated coverslips placed in a
35-mm cell culture dish. Four hours after electroporation, the
medium was removed and replaced with Neurobasal A medium
containing 2% B27 supplement (Invitrogen), 0.5 mm L-gluta-
mine, penicillin, and streptomycin. Cultures were maintained
at 37 °C with 5% CO.,. After 1 or 3 days in vitro cells were fixed,
and the transfected cells were selectively stained with rabbit-
anti-GFP antiserum (Molecular Probes) and co-stained with
the neuron-specific monoclonal anti-B-tubulin antibody
(Sigma) or with Alexa594-conjugated phalloidin to reveal the
actin cytoskeleton (21). The cultures were subsequently incu-
bated with the appropriate Alexa594- or Alexa488-conjugated
secondary antibodies (donkey anti-sheep, goat anti-mouse, or
goat anti-rabbit; Molecular Probes; 24 ug/ml final concentra-
tion). All secondary antibodies were pre-absorbed against IgG
of other species, eliminating cross-reactivity. After 1.5 h the
cultures were again washed in phosphate-buffered saline con-
taining 0.1% Triton X-100, and embedded in Citifluor mount-
ing medium (Plano, Wetzlar, Germany). Specimens were ana-
lyzed with a photomicroscope (DMRA, Leica, Solms, Germany)
equipped with epifluorescence optics using fluorescence filters
of the appropriate wavelength for the complete separation of
the different chromophores. Pictures were acquired with a dig-
ital camera (DC200, Leica) using the Leica data acquisition soft-
ware. Contrast and brightness of entire images were adjusted
using Photoshop (version 7.0, Adobe, Mountain View, CA).

SDS-PAGE and Immunoblotting—Transiently transfected
HEK293 cells expressing various TM-agrin deletion and muta-
tion constructs were scraped into-cold lysis buffer containing
1% Nonidet P-40, 1% Triton X-100, 50 mm Tris (pH 7,4), 500
mM NaCl, 2 mm EDTA, and complete-EDTA free-protease
inhibitor mixture (Roche Diagnostics, Penzberg, Germany).
After 30-min incubation on ice, the cell lysate was passed
through a 22- and a 26-gauge needle (6 times both). Insoluble
material was removed by centrifugation at 20,000 X g for 3 min
at 4 °C, and the supernatant was dissolved in Tris-HCI buffer
containing 4% SDS, 10% B-mercaptoethanol, and 20% glycerol.
Proteins were resolved by SDS-PAGE and transferred to poly-
vinylidene difluoride membranes (Millipore, Schwalbach, Ger-
many) by electroblotting. The membranes were blocked with
4% nonfat milk in Tris-buffered saline containing 0.1% Tween
20 for 1 h at room temperature, blots were probed either with
rabbit anti-GFP antiserum (Molecular Probes) or sheep anti-
TM-agrin antiserum and co-probed with a monoclonal anti-
body against B-actin (MAB1501, Chemicon) overnight at 4 °C.
Horseradish peroxidase-conjugated secondary antibodies were
from Jackson ImmunoResearch (West Grove, PA). Peroxidase-
associated signals were detected using the enhanced chemilu-
minescence method (SuperSignal West Pico, Pierce, Bonn,
Germany), followed by exposure to BioMax HyperFilm ECL
(Amersham Biosciences).
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Protein bands in Western blots were quantified, and densi-
tometric analysis was performed using the AIDA Image Ana-
lyzer Software (version 3.28, Raytest, Straubenhardt, Germany)
according to the manufacturer’s instructions and as described
previously (23). Protein expression of the constructs with point
mutations was monitored and quantified using the Li-Cor
Odyssey infrared system (Li-Cor Bioscience, Bad Homburg,
Germany). To this end, Western blot membranes were incu-
bated with the primary rabbit anti-GFP antibody (Molecular
Probes) and subsequently with Alexa680-conjugated anti-rab-
bit IgG secondary antibodies (Molecular Probes). The signal
was visualized and quantified after washing the blot by scanning
with the Li-Cor Odyssey infrared imager and the Odyssey
application software (version 3.0). Mean normalized values
from the indicated number of experiments were plotted and
compared statistically as previously described (31). Two-tailed
Student ¢-tests were performed to evaluate the significance of
differences in mean values using GraphPad Prism version 4.03
for Windows (GraphPad Software).

The molecular model of follistatin-like domains is based
on the data specified in Refs. 32 and 33. For supplemental Fig.
S4 the crystal structure of the follistatin-like domain 1, the hep-
arin-binding domain of follistatin, was used (PDB identifier
code: 1LR9). The display style, the viewing angle, and the color
code of specific amino acid residues were modified using the
ViewerPro program (version 4.2, Accelrys).

RESULTS

Expression of TM-agrin in Non-neuronal Cells Induces Filo-
podia-like Processes—Overexpression of TM-agrin in skeletal
muscle cells, hippocampal neurons, and in SY5Y neuroblas-
toma cells results in the formation of numerous filopodia-like
processes (21, 22, 34). To determine if these processes can also
be observed in human cells and in other non-neuronal cell lines,
we transfected HEK293 cells with full-length cDNA coding for
either chick NtA-agrin or chick TM-agrin. As shown in Fig. 1,
expression of NtA-agrin had no obvious effect on the overall
cell shape and on the cytoskeleton of the transfected cell, as
revealed by staining with antibodies against agrin (Fig. 1B) or
with phalloidin (Fig. 1A4). In contrast, expression of TM-agrin
changed the morphology of the transfected cell. TM-agrin-
transfected cells extended numerous processes, which con-
tained actin filaments (Fig. 1C) and also displayed agrin immu-
noreactivity on their surface (Fig. 1D). Quantification showed
that >85% of the cells transfected with the TM-agrin cDNA
had extended processes, whereas <2% of the NtA-agrin-ex-
pressing cells showed processes (Fig. 2). In contrast to the tran-
siently forming filopodia-like processes induced on neurons
(21, 22), the processes extended by the transfected non-neuro-
nal cells had no visible growth cone at their tips, were much less
dynamic and did not collapse and retract, but instead continued
to grow for several days (Fig. 1, E and F) and eventually covered
the entire surface of the culture dish. However, similar to the
processes extended by axons and dendrites, the processes
formed by HEK293 cells contained a complex cytoskeleton,
including actin indicated by their staining with phalloidin (Fig.
1C and data not shown). The actin filaments were present
within the entire length of the processes, extending almost to
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FIGURE 1. Expression of TM-agrin induces processes in non-neuronal
cells. Human embryonic kidney cells (A-D) or COS-7 cells (E and F) were
transiently transfected with a cDNA coding for either NtA-agrin (A and B)
or for TM-agrin (C-F). Cells were stained with Alexa594-conjugated phal-
loidin to reveal the actin filaments (A and C) and with anti-agrin antibodies
(B, D, E, and F). Although the expression of NtA-agrin did not apparently
affect the morphology of the transfected HEK293 cells (A and B), expres-
sion of TM-agrin induced the formation of numerous actin filament-con-
taining processes by the transfected cells (C). The actin filaments
extended until close to the tip of the processes (arrows in C and D). The
processes did not collapse and retract but instead continued to grow in
culture (A-D show cells 24 h after transfection; £ and F show cells 48 h post
transfection). Scale barsin A, C, E, and F: 10 um.

their tips (arrows in Fig. 1 (C and D)). Similar actin-containing
processes were observed after expression of full-length chick
TM-agrin (but not of NtA-agrin) cDNA in monkey COS-7 cells,
in primary chick myoblasts, in rat PC12 cells or in Chinese
hamster ovary cells (data not shown). These results demon-
strate that overexpression of TM-agrin induces the formation
of filopodia-like process not only in neurons but also in non-
neuronal cells and that this effect is independent of the type and
species of the transfected cell.

The Extracellular Part of TM-agrin Is Necessary for Process
Formation—To identify the region in TM-agrin responsible for
process formation HEK293 cells were transfected with TM-
agrin cDNA deletion and mutation constructs (see Fig. 2 for a
schematic representation of the constructs). In agreement with
previous results (22), deletion of the intracellular domain of
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deletion of follistatin-like domains 7 and 8 (TM-agrin-FD6 construct) abolished process-inducing activity. The bars represent the mean = S.E. with n = 3.

TM-agrin (TM-agrinAIC in Fig. 2) did not abolish the process-
inducing activity. Because replacement of the entire extracellu-
lar part of TM-agrin by GFP resulted in the loss of the process-
inducing activity (data not shown but see Ref. 22) our results
confirm that the intracellular 34 amino acids are not required
for this effect and suggest an essential role for the extracellular
part of TM-agrin. Because the sequences of the extracellular
parts of TM-agrin and NtA-agrin are identical, our results also
show that membrane association of TM-agrin is required for
the process-inducing activity.

We next mapped the region within the extracellular part of
TM-agrin responsible for the induction of the filopodia-like
processes. To this end, we successively deleted parts of the TM-
agrin cDNA and expressed the corresponding constructs in
HEK293 cells. Deletion of the three C-terminal LG domains
together with the four epidermal growth factor-like repeats
(EGF-like repeats) did not influence the process-inducing
activity (data not shown, but see Ref. 22), demonstrating that
the region involved in binding to the agrin receptor LRP4 and
responsible for the formation of the postsynaptic specializa-
tions at the neuromuscular junction is dispensable for process
formation. Likewise, additional deletion of the two serine/thre-
onine-rich regions together with the SEA domain (a module
first identified in sea urchin sperm protein, enterokinase, and
agrin) did not alter the process-inducing activity of TM-agrin
(construct TM-agrin-FD9 in Fig. 2). Similarly, overexpression
of a construct in which the two laminin-EGF-like domains were
deleted together with the C-terminal ninth follistatin-like
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domain (construct TM-agrin-FD8 in Fig. 2) in HEK cells
resulted in >80% of the transfected cells extending processes.
In contrast, subsequent deletion of follistatin domains 7 and 8
(construct TM-agrin-FD6) completely abolished the process-
inducing activity of the corresponding TM-agrin protein,
despite comparable expression levels and appropriate insertion
and orientation of the transfected protein into the membrane
(data not shown; see supplemental Figs. S1 and S2). In sum-
mary, these results demonstrate that the C-terminal half of
TM-agrin is not required for process induction, and, therefore,
the region involved in process induction and the domains
responsible for the synaptogenic role of agrin at the neuromus-
cular junction are localized within different parts of the agrin
protein.

The Seventh Follistatin-like Domain Is Essential for Process
Formation—The results suggested that either follistatin-like
domains 7 or 8 or the glycosaminoglycan (GAG) side chains,
which are attached to the core protein between the two follista-
tin-like domains 7 and 8 (35, 36), are responsible for the induc-
tion of the processes. To determine, if GAG side chains are
involved in the formation of the filopodia-like processes, all
three serine residues (serines 573, 576, and 578, respectively),
which serve as acceptors for the GAG side chains (35), were
mutated to alanine. These mutations resulted in a decrease in
the number of process-forming cells to ~30% (data not shown).
However, deletion of the entire GAG side-chain attachment
region restored process-inducing activity of the corresponding
agrin protein (construct TMFD7-572 in Fig. 3). This result
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FIGURE 3. The seventh follistatin-like domain is required for process formation. To determine the role of
the heparan sulfate side chains in the formation of the filopodia-like processes, the construct TMFD8 was
truncated in the region between follistatin-like domain 7 (FD7; shown in blue) and 8 (FD8, shown in red). The
exactamino acid sequence containing the three serine residues (serine 573,576, and 578, respectively) used as
GAG chain attachment sites of chick TM-agrin is shown on the left. The percentage of transfected cells having
filopodia-like processes is shown on the right (mean = S.E. with n = 3). Complete deletion of the GAG side-
chain attachment sites did not result in a loss of the process-inducing activity (constructs TMFD7-572 and
TMFD7-568), demonstrating that the GAG side chains are dispensable for process induction. In contrast, dele-
tion of two additional amino acids (cysteine at position 567 and glutamic acid at position 568) completely

abolished process-inducing activity (construct TMFD7-566).

indicates that the GAG side chains are dispensable for process
formation. Likewise, transfection of HEK293 cells with a con-
struct in which additional four amino acids were deleted from
the C terminus (construct TMFD7-568) resulted in ~80% of
the cells extending processes. Deletion of the next two amino
acids (constructs TMFD7-566 in Fig. 3), however, resulted in a
protein that completely lacked process-inducing activity. This
suggests that cysteine 567 or glutamic acid 568 is crucial for
process induction. We next mutated cysteine 567 to glycine by
site-directed mutagenesis (construct TMFD8 C567G in Fig. 4).
In addition, we tagged the protein with a C-terminal GFP tag
(indicated by an asterisk in Figs. 44 and 6) to follow expression
and membrane insertion of the fusion protein. Fig. 4B shows
that TMFD8-GFP encodes a protein with similar process-in-
ducing activity as full-length TM-agrin, demonstrating that the
GFP tag does not significantly influence process-inducing
activity. In contrast, the Cys-567 — Gly point mutation within
the TMFD8-GFP protein completely abolished the process-in-
ducing activity demonstrating an essential role for cysteine 567
in TM-agrin-mediated process formation.

The precise structures of follistatin-like domains from
BM-40 and from follistatin have been determined using x-ray
crystallography (32, 33). The crystal structures predict that cys-
teine 567 forms an intradomain disulfide bond with cysteine
535 (Fig. 4A; see supplemental Fig. S4 for a schematic three-
dimensional structure of a follistatin domain and the location of
the disulfide bond). To determine if this disulfide bond is
required for the process-inducing activity, we mutated cysteine
535 to glycine by site-directed mutagenesis (construct TMFD8
C535@G in Fig. 4). As shown in Fig. 4B this construct encodes a
protein without process-inducing activity, indicating that this
disulfide bond is critical for the structural integrity of the fol-
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disulfide bond between cysteine 535
and cysteine 567 within the seventh
follistatin-like domain is required
for the process-inducing activity of
TM-agrin.

The Loop between B-Sheets 3 and
4 Is Involved in Process Formation—
Mutations of cysteine residues most
likely have severe repercussions on
the structure of the entire follistatin-like domain. To more pre-
cisely map the region responsible for process formation, several
other amino acids within the seventh follistatin-like domain
were mutated. Follistatin-like domains consist of an N-terminal
EGF-like subdomain, formed by the two antiparallel B-sheets 1
and 2 and a C-terminal Kazal-like subdomain, formed by three
short antiparallel B-sheets and an a-helix (33) (see supplemen-
tal Fig. S4). To investigate which of the two subdomains is
responsible for the process-inducing activity, we mutated sev-
eral amino acids within the Kazal part of the seventh follistatin-
like domain (Fig. 54). Neither mutation of proline 530 to ala-
nine nor cysteine 546 to alanine or the double mutation of the
glutamine residues 555 and 556 to glutamic acid had an influ-
ence on the process-inducing activity of the corresponding pro-
tein (Fig. 5B; see supplemental Fig. S4 for the localization of the
mutated amino acids within the follistatin-like domain). In con-
trast, mutating aspartic acid 538 within the Kazal-like subdo-
main to glycine completely abolished the process-inducing
activity of the encoded protein (construct TMFD8 D538G in
Fig. 5B). To determine if the length or the charge of the side
chain was responsible for the process-inducing activity of TM-
agrin, aspartic acid 538 was mutated to asparagine. In contrast
to the mutation of this amino acid to glycine, the mutation to
asparagine did not influence process-inducing activity (Fig. 5B)
suggesting that length of the side chain rather than its charge is
crucial for process formation. Because Asp-538 is part of a
reverse type I B-turn between 3-sheets 3 and 4 (32), we mutated
the neighboring glycine 539 to proline to disrupt this turn. As
shown in Fig. 5B, the TMFD8 G539P protein had no process-
inducingactivity. In contrast, mutation of glycine 539 to alanine
did not abolish process-inducing activity (data not shown).
These results demonstrate that the structural integrity of the
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FIGURE 4. The disulfide bond between cysteines 535 and 567 within
the seventh follistatin-like domain is critical for process-inducing
activity. To interrupt the disulfide bond between cysteine 535 and 567,
both residues were individually mutated to glycine giving rise to the
TMFD8 C535G and TMFD8 C567G constructs, respectively. Each mutation
resulted in a loss of process-inducing activity. In contrast, mutation of the
cysteine corresponding to the cysteine 535 in the neighboring sixth fol-
listatin-like domain (construct TMFD8 C470G) or mutation of the aspara-
gine residue to aspartic acid within the seventh follistatin-like domain
(TMFC8 N544D) did not result in a loss of process-inducing activity. The
bars in B show the mean = S.E. withn = 3.

Kazal-like subdomain within the seventh follistatin-like
domain, particularly the loop between B-sheets 3 and 4, is
essential for the process-inducing activity of TM-agrin.
Follistatin-like Domains 1 and 6 Can Functionally Substitute
for the Seventh Follistatin-like Domain—Because Asp-538 is
conserved in the corresponding loops between 3 sheets 3 and 4
of all follistatin-like domains of TM-agrin (see supplemental
Fig. S3 for an amino acid alignment of the eight follistatin-like
domains of agrin), we replaced the seventh follistatin-like
domain by other follistatin-like domains. Exchange of the sev-
enth follistatin-like domain by the first follistatin-like domain
(construct TMFD6+FDI-GFP in Fig. 6) resulted in a protein
that had process-inducing activity similar to full-length TM-
agrin (Fig. 6). Likewise, replacing the seventh follistatin-like
domain with an additional copy of the sixth follistatin-like
domain (construct TMFD6+ FD6-GFP in Fig. 6) resulted in the
synthesis of a protein with process-inducing activity (Fig. 6). In
contrast, replacing the seventh follistatin-like domain by the
eighth follistatin-like domain (construct TMFD6-FD8-GFP in
Fig. 6) resulted in the synthesis of a protein with little if any
process-inducing activity, although the aspartic acid residue
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between B-sheet 3 and 4 is also conserved in the eighth follista-
tin-like domain (see supplemental Fig. S3). These data indicate
that some follistatin-like domains, including follistatin-like
domains 1 and 6, can functionally substitute for the seventh
domain, whereas follistatin-like domain 8 cannot, suggesting a
functional redundancy of the follistatin-like domains. How-
ever, because mutation of the cysteine in the sixth follistatin-
like domain that is homologous to the critical cysteine 535 in
the seventh follistatin-like domain had no influence on process
formation (construct TMFD8 C470G in Fig. 4B) the functional
redundancy might require an appropriate localization of the
domain. The presence of a high molecular mass smear charac-
teristic of glycosylated proteins in Western blots of proteins
that have process-inducing activity (i.e. TMFD8-GFP) and
in those without process-inducing activity (i.e. for example
TMEDG6-FD8-GFP; see supplemental Fig. S24) indicates that
the eighth follistatin-like domain is glycosylated independent of
its position within the FD8 protein and further supports the
conclusion that the process-inducing activity of TM-agrin is
independent of GAG side-chain attachment.

A Minimal Distance to the Membrane Is Required—Because
the seventh follistatin-like domain is identical in NtA and TM-
agrin, but only TM-agrin has process-inducing activity, our
results indicated that membrane anchoring is critical for proc-
ess formation. We therefore addressed the question of whether
the distance to the plasma membrane of the follistatin-like
domains is important for TM-agrin process-inducing activity.
To this end, we deleted the juxtamembrane first follistatin-like
domain (construct TMFD2-8-GFP in Fig. 6). This did not
influence the process-inducing activity of the encoded protein
(Fig. 6). In contrast, deletion of the first follistatin-like domain
together with the adjacent second follistatin-like domain (con-
struct TMFD3-8-GFP in Fig. 6) completely abolished the pro-
cess-inducing activity of the encoded protein, consistent with
the hypothesis that a critical distance between the plasma
membrane and the seventh follistatin-like domain is necessary
for process formation. Analysis of the membrane orientation
and of the expression levels showed that all constructs were
expressed at approximately similar levels and that the mutated
proteins were targeted to the plasma membrane of the trans-
fected cells (see supplemental Figs. S1 and S2 for details).

Similar Structural Requirements for Process Formation in
Neurons and Non-neuronal Cells—To determine if the seventh
follistatin-like domain also regulates process induction in nerve
cells, chick tectal neurons, which have previously been shown
to form filopodia-like processes in response to TM-agrin clus-
tering (21), were transfected with the various constructs. Fig. 7
shows representative neurons and their processes 72 h post-
transfection. Although transfection of the TMFD8-GFP or of
the TMFD8 QQ555,556EE construct into tectal neurons
resulted in the formation of numerous filopodia-like processes
by the axon and dendrite of the transfected neuron (Fig. 7, A, B,
and E), expression of the empty vector (Fig. 7C), of the TMFD8
G539P-GEP (Fig. 7D), or of the TMFD8 C535G-GEFP (Fig. 7F)
construct had no influence on the number of processes
extended by the neurites. Fig. 7G shows the quantification of
the process-inducing activity of the various constructs after
overexpression in tectal neurons. All tested constructs that
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FIGURE 5. The loop between B-sheet 3 and 4 within the seventh follistatin-like domain is critical for
process formation. The amino acid sequence of follistatin-like domain 7 is shown in A. The 10 cysteine resi-
dues are shown in red, and their disulfide bonds are schematically indicated. The location of the a-helix and the
five B-sheets within the follistatin-like domain are schematically indicated on top of the amino acid sequence.
The mutated amino acids are shown in green and are marked by an asterisk. B shows the quantification of the
process formation activity of the various mutated constructs. The values represent the mean = S.E. withn = 3.

In agreement with this result is the
recent demonstration that the for-
mation of the processes is the result
of the activation of a signaling cas-

induced process formation in transfected non-neuronal cells
also induced processes in transfected CNS neurons, whereas
those mutated proteins inactive in process formation in non-
neuronal cells also did not induce processes in transfected tec-
tal neurons. We observed no apparent difference in the total
neurite length of neurons transfected with process-inducing
constructs compared with neurons transfected with non pro-
cess-inducing constructs (data not shown). However, our
results do not exclude subtle differences between the different
constructs with respect to the morphology or stability of the
induced processes. In any case, our results demonstrate a crit-
ical role for the loop between B-sheets 3 and 4 within the sev-
enth follistatin-like domain also for process formation in CNS
neurons.

DISCUSSION

The aim of this study was to identify the structural basis for
the TM-agrin-mediated formation of filopodia-like processes.
Our results demonstrate three requirements for TM-agrin pro-
cess-inducing activity: An association of TM-agrin with the
plasma membrane, the integrity of the loop between (3-sheet 3
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cade that involves partitioning of
TM-agrin into sphingolipid- and
cholesterol-rich membrane subdomains called lipid rafts (23).
Lipid rafts are almost ubiquitously present signaling platforms
with important functions during CNS development and syn-
apse formation (for review see Refs. 44, 45). The widespread
presence of lipid rafts in almost all eukaryotic cells might
explain the formation of processes after transfection of TM-
agrin into a wide variety of cell types from different species.
Likewise, the involvement of the ubiquitous lipid rafts might
also explain the formation of filopodia-like processes in
response to overexpression of several other proteins, including
for example the transmembrane proteoglycan syndecan (46),
Tenascin-R (47), or thrombospondin (48).

X-ray crystallographic analyses of the heparan sulfate-bind-
ing domain of follistatin (33) or of a dimer of the first two fol-
listatin-like domains from SPARC/osteonectin/BM-40 (32)
have revealed a stereotyped elongated structure determined
primarily by the 10 cysteine residues forming 5 specific intrado-
main disulfide bonds. These disulfide bonds subdivide follista-
tin-like domains into two separate substructures, an N-termi-
nal EGF-like subdomain characterized by two B-sheet structure
(B1 und B2) connected via a B-hairpin, and a C-terminal part
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FIGURE 6. Follistatin-like domain 7 can be replaced by domains 1 and 6 but not by domain 8. To determine
if other follistatin-like domains of TM-agrin also have process-inducing activity when placed at the appropriate
position, constructs were generated where the seventh follistatin-like domain was replaced by either the first
follistatin-like domain (construct TMFD6+FD1-GFP), by the sixth follistatin-like domain (construct
TMFD6+ FD6-GFP), or by the eighth follistatin-like domain (construct TMFD6+ FD8-GFP). Although the first and
sixth follistatin-like domains can functionally substitute for the seventh follistatin-like domain, replacing fol-

the eighth follistatin-like domain
might adopt an altered conforma-
tion and might interfere with the
function of follistatin-like domain
7. This effect would not be detect-

listatin-like domain 7 with the eighth follistatin-like domain resulted in a severe reduction of the number of

processes extended by the transfected cells. Moreover, a critical distance of the seventh follistatin-like domain
to the plasma membrane appears to be necessary for process formation, because deletion of the first and
second follistatin-like domain (construct TMFD3-8-GFP) resulted in a loss of the process-formation activity,
whereas deletion of only the first follistatin-like domain (construct TMFD2-8-GFP) did not influence process

formation.

with similarity to the Kazal-type family of protease inhibitors
consisting of three short antiparallel B-sheets (83, B4, and 5)
packed against an a-helix (32, 33; see supplemental Fig. S4 for
the structure of both subdomains). Our results show that the
reverse type I B-turn between B-sheets 3 and 4 is critical for the
formation of the filopodia-like processes in neurons and non-
neuronal cells. This region has so far no function assigned in
any follistatin-like domain. For example, the interaction
between the EF-hand calcium-binding site-containing domain
and the follistatin-like domain within BM-40 is mediated by the
strand B5 (32). Likewise, the binding of activin to follistatin,
although not yet precisely mapped, is likely to involve the
N-terminal hairpin structure between B-sheets 1 and 2 of the
first follistatin domain of follistatin (49, 50). The same area also
harbors the heparin-binding region, consistent with heparin
being able to block the activin-follistatin interaction (33, 51).
On the other hand, in the follistatin-like domain of BM-40 an
asparagine residue located between B-sheet 3 and 4 (Asn-99 in
human BM-40) has been shown to be covalently linked to two
N-acetylglucosamine sugars (32). However, this asparagine is
not conserved in any of the follistatin-like domains of agrin,
suggesting that glycosylation at this position is not likely to
influence process formation.

A number of functions of agrin have been assigned to the
heparan sulfate and chondroitin sulfate side chains (35), includ-
ing their interaction with low molecular weight growth factors,
like fibroblast-like growth factors (52) or their inhibition of
neurite growth (36). Our results show that GAG side chains are
dispensable for the formation of filopodia-like processes in
neurons and non-neuronal cells, eliminating an effect of growth
factor- or GAG side chain-mediated signaling pathways and
their modulation by agrin on process formation. Interestingly,
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able in the absence of both the
GAG side chains and follistatin-
like domain 8 explaining the process-
inducing activity of the TMFD7-572
construct.

Although follistatin-like domain 7 could be functionally
replaced by domains 1 and 6, the eighth follistatin-like
domain could not substitute for the seventh domain. While
the eighth follistatin-like domain of TM-agrin also contains
the conserved aspartic acid residue between 3-sheet 3 and 4,
it differs from follistatin-like domains 1 and 6 in at least two
aspects: an ~8-amino acid-long stretch between B-sheet 1
and 2 and the GAG side-chain attachment sites at its N ter-
minus (see supplemental Fig. S3 for a sequence alignment
of the 8 different follistatin-like domains of TM-agrin).
Because the amino acid insertion between 3-sheets 1 and 2 is
in the EGF-like subdomain, which is apparently not involved
in process formation, the more likely explanation for the
failure of the eighth follistatin-like domain to functionally
substitute for follistatin-like domain 7 is the presence of
the GAG side chains. Although we have not specifically
addressed the glycosylation of the proteins encoded by the
various constructs, Western blotting of proteins containing
the eighth follistatin-like domain showed a high molecular
mass smear characteristic of highly glycosylated proteins in
our study (see supplemental Fig. S2A for details) as well as
in previous studies (35, 36). The absence of this smear in
constructs lacking the eighth follistatin-like domain suggests
that proteins containing the eighth follistatin-like do-
main have GAG side chains attached. Therefore, in the
TMFD6+FD8-GFP construct, the GAG side chains might
block the interaction of the follistatin-like domain with
other proteins or might interfere with the protein’s ability to
partition into lipid rafts.

Agrin contains nine follistatin-like domains, eight of
which are arranged as an uninterrupted tandem repeat.
Rotary shadowing followed by electron microscopy demon-
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FIGURE 7. Overexpression of TM-agrin mutation constructs in tectal neu-
rons. Representative images of tectal neurons after transfection with TMFD8-
GFP (A and B), the empty EGFP-N1 vector (C), TMFD8-G539P-GFP (D), TMFD8-
QQ555,556EE-GFP (E), or TMFD8-C535G-GFP (F) are shown. Tectal neurons
were stained 3 days after transfection with Alexa594-conjugated phalloidin
(A, C, D, and E) or with anti-GFP antibodies (B and F). When TMFD8 or TMFD8
QQ555,556EE were overexpressed, many filopodia-like processes extending
from the main neurites were observed (A, B, and E). In contrast, neurons trans-
fected with the TMFD8-G539P construct (D), with the TMFD8-C535G con-
struct (F), or with the empty vector (C) showed only few filopodia-like pro-
cesses. Quantification of the percent of process-containing tectal neurons
(identified according to the criteria detailed under “Experimental Proce-
dures”) after transfection with the TM-agrin mutation constructs is shown in
G. Alltested constructs that had process-inducing activity in HEK293 cells also
induced the formation of processes in tectal neurons. Moreover, mutations
that affected the process-inducing activity in HEK cells also resulted in a loss
of the process formation activity in tectal neurons. Bars in G represent mean =
S.E. with n = 3. Scale bar = 20 pum.
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strates a rather rigid rod-like arrangement of the follistatin-
like domains in agrin (53). A model has been proposed for
the structure of the tandem of follistatin-like domains (32).
This model predicts that the 81—32 hairpin of the N-termi-
nal part of follistatin-like domain interacts with the small
three-stranded (-sheet of the preceding follistatin-like
domain (32). Because the loop between B-sheet 3 and 4 is
part of the three-stranded C-terminal B-sheet, it is possible
that mutations in this region influence the interaction
between two follistatin-like domains. However, the process-
inducing activity of follistatin-like domain 7 is not influ-
enced by the deletion of the eighth follistatin-like domain.
Therefore, the presence of a C-terminal interaction partner
appears not to be necessary for process formation.

Dendritic filopodia-like processes are known to serve as
precursors for new synapses during development as well as
during activity-dependent synapse remodeling (for review
see Refs. 54, 55). Once formed, the filopodia can mature into
spine synapses upon contact with a presynaptic bouton (56 —
58). However, the number of successfully established func-
tional synapses is low; >90% of the new filopodia dissolve
within days, and only a small minority matures into synapse-
bearing spines, consistent with a massive overproduction
and a constant turnover of these processes (59). Interest-
ingly, dendritic spine precursor processes and the filopodia-
like processes induced by TM-agrin are very similar with
respect to length, time course of appearance, and disappear-
ance and to their dependence on specific intracellular signal-
ing proteins (56, 57, 60—62). This similarity suggests that
TM-agrin might be involved in the formation of spine syn-
apses in the developing CNS by regulating the formation of
filopodia-like processes on dendrites. Consistent with this
hypothesis, inhibition of TM-agrin synthesis markedly
reduced the number of synapses in hippocampal neurons
(29). In addition, mice that lack agrin in the CNS have a 30%
reduction in the number of excitatory synapses and spines in
the cerebral cortex (11).

At mature interneuronal synapses neurotrypsin, a serine
protease that is concentrated in the presynaptic active zone
and in the synaptic cleft, has been shown to cleave TM-agrin
(63). Cleavage of agrin by neurotrypsin occurs at two con-
served sites within the agrin protein, generating a truncated
plasma membrane-associated TM-agrin protein as well as
two soluble fragments from the C terminus with molecular
masses of 90 and 22 kDa, respectively (64). Recruitment to
synapses as well as exocytosis of neurotrypsin depends on
presynaptic activity, whereas agrin cleavage requires the
additional and coincident postsynaptic activity and involves
N-methyl-p-aspartic acid receptor activation as well as cal-
cium influx (24, 65). Interestingly, neurotrypsin-deficient
mice form significantly fewer long term potentiation-associ-
ated dendritic filopodia-like processes (24), demonstrating
that neurotrypsin-dependent agrin cleavage is required for
process formation. The C-terminal 22-kDa agrin fragment
generated by neurotrypsin is able to induce filopodia-like pro-
cesses when added to mature hippocampal slices, and the same
fragment is able to rescue the long term potentiation-in-
duced decrease in filopodia-like processes in neurotrypsin-
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deficient mice (24). Thus, overexpression of TM-agrin as
well as direct addition of the soluble 22-kDa C-terminal
agrin fragment generated by neurotrypsin can induce the
formation of processes. Therefore, TM-agrin and neurotryp-
sin might act synergistically on process formation and inter-
neuronal synapse formation. Another possibility is that the
two proteins directly interact. This hypothesis would predict
that binding of the 22-kDa C-terminal agrin fragment
to TM-agrin or proteolytic cleavage of TM-agrin would
lead to the formation of filopodia-like processes for example
by dimerization of TM-agrin and subsequent partitioning
into lipid rafts. Thus, TM-agrin would be a receptor or core-
ceptor for the binding of the 22-kDa agrin fragment gener-
ated by neurotrypsin. This hypothesis does not, however,
exclude additional involvement of the tyrosine kinase MuSK
(11), of the agrin receptor LRP4 (15, 16), or of the Na/K
ATPase (66) all of which are expressed at synapses in the
CNS. In any case, the results presented in this study demon-
strate a critical involvement of the seventh follistatin-like
domain within TM-agrin in the formation of filopodia-like
processes.
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