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Most plasma membrane proteins are capable of sensing mul-
tiple cell-cell and cell-ligand interactions, but the extent to
which this functional versatility is founded on their modular
design is less clear. We have identified the third immunoglobu-
lin domain of the Neural Cell Adhesion Molecule (NCAM) as
the necessary and sufficient determinant for its interaction with
Glial Cell Line-derived Neurotrophic Factor (GDNF). Four
charged contacts were identified by molecular modeling as the
main contributors to binding energy. Their mutation abolished
GDNF binding to NCAM but left intact the ability of NCAM to
mediate cell adhesion, indicating that the two functions are
genetically separable. The GDNF-NCAM interface allows com-
plex formation with the GDNF family receptor al, shedding
light on the molecular architecture of a multicomponent GDNF
receptor.

Members of the glial cell line-derived neurotrophic factor
(GDNF)? family regulate cell survival, differentiation, and
migration in the peripheral and central nervous systems as well
as in a few peripheral organs. The four members of this ligand
family, i.e. GDNF, Neurturin, Artemin, and Persephin, share
~40% of their amino acid sequence. GDNF and Artemin are
being developed as therapeutic agents against Parkinson dis-
ease and peripheral neuropathies, respectively (1-3). Signaling
by GDNF family ligands is mediated by alternative multicom-
ponent receptor complexes containing a ligand binding, glyco-
sylphosphatidylinositol-anchored subunit termed GDNF fam-
ily receptor a (GFRa) (4-9), together with either the RET
receptor tyrosine kinase (10, 11) or the neural cell adhesion
molecule (NCAM) (12) as signaling subunits. Four related
GFRa proteins, termed GFRal to 4, with different ligand spec-
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ificity have been identified (13). In collaboration with RET,
GFRal mediates the effects of GDNF on neuronal differentia-
tion and migration in the developing enteric nervous system
(14, 15) and ureter morphogenesis during kidney development
(16, 17). On the other hand, in the presence of NCAM, GDNF
and GFRal stimulate neurite outgrowth in vitro (12) and syn-
aptogenesis in vitro and in vivo (18) in hippocampal neurons,
stimulate migration of neuronal precursors in the rostral
migratory stream (12, 19), and regulate Schwann cell migration
and function (12, 20). Despite the importance of GDNF signal-
ing for normal development and its possible therapeutic appli-
cations, the molecular architecture of these receptor complexes
is not yet understood.

Crystal structures have been described for GDNF (21), a frag-
ment of the ligand binding domain of GFRal (22), and the
complex between Artemin and the ligand binding domain of its
cognate GFRa3 receptor (23). The latter validated previous
mutagenesis studies performed on GDNF ligands and GFRa
receptors (24—26) and demonstrated that the ligand binding
domain of GFRa receptors is formed by a single compact mod-
ule that interacts with the poles of the elongated dimer of
GDNF family ligands. In addition, a model of the extracellular
region of RET based on four consecutive cadherin-like domains
has been reported (27), but crystal structure data are still miss-
ing. The extracellular region of NCAM is composed of five
immunoglobulin-like (Ig) and two fibronectin-like domains,
and the crystal structure of the first three Ig domains has been
reported (28).

Previous work has indicated that NCAM, unlike RET, can
interact directly with GDNF but that high affinity binding and
downstream signaling requires co-expression with the GDNF
co-receptor GFRa1 (12). However, it has been unclear whether
the ability of NCAM to bind GDNF is related to its adhesive
properties or mediated by a distinct and specific protein-pro-
tein interaction interface. In this study, we set out to delineate
GDNF binding determinants in NCAM and characterize their
requirement for NCAM-mediated cell adhesion.

EXPERIMENTAL PROCEDURES
NCAM Deletion Constructs and Site-directed Mutagenesis
Domain boundaries in the rat NCAM'° ¢cDNA (Entrez ID
X06564) (29) were defined based on the exon-intron structure
of the chicken Ncam gene (Entrez ID AH005321) (30). The
boundaries used for generation of Ncam deletion constructs
were as follows (numbering refers to the mature protein,
excluding the 19-residue signal peptide): domain 1, Leu'-GIn®’;
domain 2, LysgS-Valwl; domain 3, Pro'*2-Ala®®®; domain 4,
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FIGURE 1. Identification of Ig domain 3 as the necessary and sufficient GDNF binding determinant in NCAM. Binding of '?*I-GDNF to NCAM deletion
constructs expressed on the surface of transfected COS cells was analyzed by chemical cross-linking and autoradiography. Blots were subsequently probed
with anti-HA antibodies for normalization of binding data. Normalized binding is plotted relative to that of the full-length (FL) NCAM molecule as average =+ S.E.
of three to seven independent experiments. Four deletion series were generated for these experiments (see diagram), deletion of NCAM domains from the N
terminus (A), deletions from the C-terminal end of the extracellular region (B), deletion of single domains (C), and single domains on their own (D). Cross-linking
resulted in the stabilization of higher order interactions between NCAM molecules, also in those carrying single domains, leading to the appearance of
additional bands in anti-HA immunoblots. Note that in the absence of cross-linking (no x-link), single domain constructs run as a single band, except those

carrying glycosylation sites.

Lyszgg-Tyr”G; domain 5, Ala®**’-Asp*®®; domain 6, Thr*°'-
Arg®®"; domain 7, Glu®?>-Ala®"? N-terminal deletion con-
structs were made by PCR, using Pfu DNA polymerase (Pro-
mega), with a sense primer corresponding to the beginning of
the first domain after the deletion and an antisense primer cor-
responding to the end of the full-length rat NCAM'*° ¢cDNA.
The sense and antisense primers contained Sfil and Notl
restriction sites, respectively. The PCR fragments were digested
with Sfil and NotI (New England Biolabs) and ligated into a
Sfil/Notl-digested pSecTag 2A Hygro vector (Invitrogen) mod-
ified with a hemagglutinin (HA) tag insertion between the
secretion tag and the Sfil site. C-terminal deletions (from the
C-terminal end of the extracellular region) were made by fusing
two PCR fragments. One fragment was made using the full-
length sense primer and the antisense primer corresponding to
the end of the most C-terminal domain to be present in the final
construct (e.g. the end of domain 3 in the A4—7 construct). The
other fragment was made using a sense primer corresponding
to the first extracellular juxtamembrane residues following
domain 7, together with the full-length antisense primer. The
full-length sense and antisense primers contained Sfil and NotI
restriction sites, respectively. The two fragments were digested
with Sfil or Notl, respectively, and ligated into the Sfil/NotI-
digested vector. The ligation site between the two fragments
was kept blunt-ended to avoid the introduction of any addi-
tional amino acids. Single domain deletions were made simi-
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larly to the C-terminal deletions, the difference being that the
second fragment was different for all constructs, beginning
with the domain immediately 3 of the one to be deleted (e.g. for
the A3 construct, the second fragment begins with domain 4).
Single domains were made in the same way as the N-terminal-
truncated constructs but with the appropriate C-terminal dele-
tion construct as a template (e.g. A5-7 for the “domain 4 only”
construct). As pSecTag already contains an efficient signal
sequence, the endogenous NCAM signal sequence was
excluded from all constructs. The quadruple mutant constructs
were made with the “QuikChange Multi” mutagenesis kit
(Stratagene) using three primers simultaneously: one targeting
both E236A and D242A, another for D250A, and a third for
E272A.

Chemical Cross-linking

COS-7 cells grown in Dulbecco’s modified Eagle’s medium
with 10% fetal bovine serum in 100-mm plates were transfected
with 15 ug of the appropriate DNA constructs with 2 ug of
polyethyleneimine/ g of DNA. Two days after transfection, the
plates were washed three times with phosphate-buffered saline
(PBS) and incubated with I***-labeled GDNF at a concentration
of 20 ng/ml in binding buffer (PBS, 1 mg/ml bovine serum albu-
min, 1 mg/ml p-glucose, 0.1 mm CaCl,, 0.1 mm MgCl,) for 2 h at
4. °C with gentle rocking. After cross-linking for 45 min with
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FIGURE 2. Molecular modeling and functional analysis of candidate residues in the GDNF-NCAM interface. A, stereo view of the docking of NCAM Ig
domain 3 and GDNF. Principal residues involved in charged/electrostatic interactions are highlighted. N and C termini are indicated. Dotted lines connect
segments of the GDNF molecule lacking electron density in the crystal structure (21). B, close-up view of panel A highlighting key residues in the GDNF-NCAM
interface. C, normalized binding of '*°I-GDNF to full-length NCAM (FL), quadruple point mutant (gm), NCAM lacking domain 3 (A3), domain 3 alone (3), domain
3 with the quadruple point mutation (39™), and NCAM without an extracellular domain (A7-7).

EDAC/NHS-S (Pierce), plates were quenched with 50 mm gly-
cine and washed three times with PBS.

Selective Inmunoprecipitation of Cell Surface Molecules

To normalize GDNF binding to the levels of expression of
different constructs at the cell surface, we performed selective
immunoprecipitation of cell surface molecules in living cells.
Following chemical cross-linking of I'**-GDNF, cell monolay-
ers were incubated with 10 ug/ml anti-HA antibodies (clone
12CA5; Roche Applied Science) in binding buffer for 1 h. The
plates were then washed six times with PBS and lysed with 0.75
ml of lysis buffer (PBS, 60 mm octyl-B-glucoside, 2 mm EDTA,
and protease inhibitors), and cells were collected with a cell
lifter. After a 1-h incubation at 4 °C with shaking, lysates were
spun for 10 min at 10,000 X g, gamma-bind protein G-Sepharose
(Amersham Biosciences) was added to the cleared lysates, and the
samples were incubated for 1 h with shaking. The immunoprecipi-
tates were washed four times, run on 4—15% gradient SDS-PAGE
gels, and transferred to polyvinylidene difluoride membranes.
Autoradiographs were scanned in a STORM 840 phosphorim-
ager, and the membranes were subsequently immunoblotted with
anti-HA antibodies, developed with Enhanced Chemifluores-
cence (GE Healthcare), and scanned in a STORM 840. Quantifi-
cations were made using ImageQuant 5.2 (GE Healthcare).

12736 JOURNAL OF BIOLOGICAL CHEMISTRY

Cell Adhesion Assay

Jurkat cells were transfected in 12-well plates with NCAM
constructs together with either green fluorescent protein or
Ds-Red-encoding plasmids using FUGENE 6 (Roche Applied
Science) in 2 ml of complete medium containing 10% fetal calf
serum. On the following day, 100 ul each of green fluorescent
protein- and Ds-Red-transfected cells were combined and
mixed with 100 ul of serum-free medium in 48-well plates. After
48 h of incubation, green cells, red cells, and cell aggregates were
quantified under green and red fluorescence illumination on a
motorized Axiovert 200 microscope controlled by OpenLab soft-
ware (Improvision). Cell adhesion was expressed as the percentage
of green cells present in clusters that also contained red cells.

Molecular Modeling

Docking—Structures used in molecular simulations were
taken from the Protein Data Bank (PDB) with codes 1QZ1 for
domains 1-3 of NCAM (28) and 1AGQ (chains A and B) for the
GDNF dimer (21). Domain 3 of NCAM was docked to GDNF
using Molsoft ICM-Pro 3.2 (Molsoft LLC, La Jolla, CA) with
soft potentials, where van der Waals forces have a cut-off value
to allow for side chain movements. The resulting complex was
subsequently refined by energy minimizations to remove
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clashes. Multiple docking calculations were started from 27
evenly distributed positions around GDNF. No limitations,
constraints, or biases were invoked on where the two proteins
should dock. All dockings consistently yielded the same binding
conformation, with the best binding energy of —64.2 kcal/mol.
For comparison, NCAM domains 1 and 2 were also docked to
GDNE. Docking of domain 1 got significantly worse binding
energy (5.2 kcal/mol reduction) compared with domain 3 and
was therefore classified as a non-binder. On the other hand,
docking of domain 2 resulted in a smaller difference (1.9 kcal/
mol reduction) in binding energy compared with domain 3.
However, this interaction would cause major clashes between
GDNF and the remainder of the NCAM molecule, as the C-ter-
minal end of NCAM domain 2 would directly extend right
through the middle of the GDNF dimer. Thus, the docking
calculations clearly showed that the best binding was to domain
3, in agreement with our experimental results. We also made a
docking calculation of the NCAM domain 3 with the four
mutated residues changed to alanines, resulting in a decrease of
binding energy of 4.7 kcal/mol. In this analysis, the ranking is
important, because the calculated binding energies are only rel-
ative. The ranking clearly shows much better binding of domain
3 compared with the mutated domain 3 or domain 1. The coor-
dinates of the docking of NCAM domain 3 and GDNF can be
found as a PDB file in the supplemental material available
on-line.

Complex Formation—GFRal has been shown to bind to the
distal poles of the GDNF dimer (25). The crystal structure of a
homologous complex between GFRa3 and Artemin has been
solved recently (23) (PDB code 2GHO0). This complex was used
to guide the superposition of GFRal onto the GDNF-NCAM
complex in order to get a first approximation of the possible
architecture of a tripartite complex. The GFRa3 structure (with
44% residue identity to GFRa1) was used as a template for cal-
culating a homology model of GFRal using ICM-Pro. The
structures of GDNF and Artemin monomers are very similar
(root mean square deviation 2.4 A for the core region, 37%
sequence identity) and therefore easily superimposable. How-
ever, at the intersubunit interface there are slightly different
bending angles. The positioning of GFRa1 in relation to GDNF
was obtained by first superimposing the GFRa3-Artemin com-
plex individually onto each GDNF subunit; thereafter, the
GFRal was superimposed onto GFRa3. In the resulting com-
plex we have not optimized the interface between GFRa1 and
GDNF because we only use it as a general estimation of the
complex architecture, i.e. to judge whether our model of the
NCAM-GDNF interaction is compatible with a tripartite
complex.

RESULTS AND DISCUSSION

GDNF binding sites in NCAM were investigated by assessing
the binding activities of a large collection of NCAM deletion
mutants. Four series of NCAM constructs were made carrying
(i) progressively larger deletions from the N terminus, (ii) pro-
gressively larger deletions from the C-terminal end of the extra-
cellular region, (iii) single domains deleted, or (iv) single
domains on their own, all containing the native transmem-
brane and intracellular domains of the p140N“*™ isoform
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FIGURE 3. Disruption of GDNF-NCAM interactions does not affect NCAM-
mediated cell adhesion. Assay of homophilic cell adhesion in Jurkat cells
transfected with a control plasmid (blank) or the indicated NCAM constructs.
Percentage cell adhesion refers to the proportion of green cells present in
mixed cell aggregates. Data are presented as average * S.D. (n = 4). Compa-
rable levels of NCAM expression in Jurkat cells were confirmed by anti-HA
immunoblotting (solid arrowheads in bottom panel; smaller open arrowheads
denote unspecific bands).

HA blot

(Fig. 1, A-D). As each domain of the NCAM extracellular
region is encoded by two consecutive exons in the Ncam
gene (30), we used the exon-intron structure to define
domain boundaries (see “Experimental Procedures” for
details). Following equilibrium binding of '**I-GDNF and
chemical cross-linking, NCAM molecules present at the cell
surface were selectively immunoprecipitated from their
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FIGURE 4. Model of a tripartite complex between GDNF, NCAM, and GFRa/1. A and B, orthogonal views of a
model of the 2:2:2 complex between GDNF (blue) (21), NCAM domains 1-3 (red) (28), and the ligand binding
domain of GFRa1 (yellow) (modeled from Ref. 23). N and C termini of NCAM and GFRa1 are indicated (the
termini of GDNF are buried in the complex and could not be labeled). For clarity, one GFRa1 domain was

removed from the foreground in panel A.

N-terminal HA tag, fractionated by SDS/PAGE, and sub-
jected to autoradiography and HA immunoblotting.

Analysis of the N-terminal deletion series revealed a major
reduction in GDNF binding after deletion of the third Ig
domain (Fig. 14). The importance of this domain for GDNF
binding was also apparent from the binding activities of the
C-terminal deletion series, in which only constructs containing
this domain were capable of binding ligand (Fig. 1B). Intrigu-
ingly, constructs lacking Ig domains 4 or 5 (i.e. A5—7 and A4-7)
displayed increased GDNF binding compared with the full-
length molecule (Fig. 1B). The bulk of glycosylation sites are
present in these domains (31, 32), suggesting that NCAM gly-
cosylation negatively affects GDNF binding.

The requirement of individual domains for ligand binding
was further investigated by deleting single domains from the
NCAM molecule. Only deletion of the third domain affected
the ability of NCAM to bind GDNF, indicating its requirement
for ligand binding (Fig. 1C). Deletion of either domains 4 or 5
again increased GDNF binding, indicating a negative effect of
these heavily glycosylated domains on ligand interaction.
Finally, the sufficiency of individual NCAM domains for GDNF
binding was assessed using constructs carrying single domains
as the sole extracellular region of the molecule (Fig. 1D).
Domain 3 was found to bind GDNF very well on its own,
whereas other domains bound weakly or not at all. Together,
the results from our deletion analyses show that the third Ig
domain of NCAM is both necessary and sufficient for GDNF
binding and therefore represents the principal ligand binding
determinant in this receptor.

Using the crystal structures of GDNF (21) and NCAM
domain 3 (28), we modeled the interaction between the two
molecules with the molecular modeling program ICM-Pro 3.2.
An unbiased docking calculation was obtained by starting from
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27 different, evenly distributed posi-
tions around the GDNF molecule,
thus sampling all possible interac-
tion sites. Six of these yielded the
highest ranking docking conforma-
tions, as judged by their calculated
binding energies, all of which placed
NCAM domain 3 on the cleft
between the two protomers of the
GDNF dimer (Fig. 2A4), and involved
identical residues in the contact of
the two molecules. The interface is
dominated by electrostatic interac-
tions, with four residue pairs having
distances between 2.9 and 3.5 A,
Arg®, Lys®?, and Arg'®' from the
first GDNF protomer and Lys'*®
from the second, pairing with
Asp?®°, Glu*"?, Asp**?, and Glu?®¢,
respectively, from NCAM domain 3
(Fig. 2B). Mutation of these four
acidic residues in the ligand binding
interface of NCAM domain 3 to ala-
nine abolished the ability of this
domain to bind GDNF in cross-link-
ing assays (Fig. 2C). When introduced in the full-length NCAM
molecule, the quadruple mutation (gm) reduced GDNF bind-
ing to background levels, phenocopying the effects of deletion
of domain 3 (Fig. 2C). In addition to bringing experimental
support to our model of the GDNF-NCAM complex, these
results identify four specific residues within the 665-residue-
long NCAM extracellular domain that are specifically required
for its ability to interact with GDNF.

Most models of NCAM homophilic interaction agree on the
requirement of domain 3 for efficient NCAM-mediated cell
adhesion (28, 33—-35). We therefore tested the effects of muta-
tions that disrupt GDNF binding on the ability of NCAM to
mediate homophilic cell-cell interactions. Cells grown in sus-
pension were transfected with different NCAM constructs
along with expression plasmids for either green or red fluores-
cent proteins and tested for their ability to form mixed aggre-
gates containing green and red cells. Whereas full-length
NCAM readily induced the formation of cell aggregates in this
assay, deletion of domain 3 diminished the ability of the mole-
cule to promote cell adhesion by ~50% (Fig. 3). Domain 3 on its
own displayed no adhesive properties in this assay (data not
shown). In contrast, the quadruple point mutant of NCAM
retained wild type levels of cell adhesion (Fig. 2D), indicating
that the four residues that are critical for GDNF binding are not
involved in NCAM homophilic interactions. More generally,
this result demonstrates that the two NCAM activities can be
genetically dissociated and provides the opportunity to test
their in vivo relevance through, for example, the generation of
mice carrying the Ncam?” allele.

Because of the 2-fold symmetry of the GDNF dimer, we
asked whether the GDNF-NCAM interface we identified may
allow the formation of NCAM dimers bound to the same
GDNF molecule. Two NCAM molecules (i.e. domains 1-3)
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FIGURE 5. Recovery of a tripartite complex between GDNF, NCAM, and
GFRa1 by chemical cross-linking. Biochemical analysis of complex forma-
tion between '?°I-GDNF, HA-tagged NCAM (N), and Myc-tagged GFRa1 (a1).
The upper panel shows an autoradiogram, and the middle and bottom panels
show reprobing of the same membrane with HA and Myc antibodies, respec-
tively. The deduced stoichiometry and composition of cross-linked com-
plexes are shown to the right. As previously reported (12), co-expression with
GFRa1 enhanced GDNF binding to NCAM. However, the complex labeled
1N/Ta1 was stillinvisible in the NCAM-only lane (N) after strong overexposure
of the autoradiogram (not shown). The two strong bands at the bottom of the
GFRa1 blot correspond to GFRa1 dimers.

could be arranged around a GDNF dimer, each binding to sym-
metrically related interfaces on opposite sides (Fig. 44). Inter-
estingly, this configuration was almost identical to the one pre-
viously proposed for cis-interacting NCAM dimers based on
the crystal structure of domains 1-3 (28) (compare with Fig. 24
from Ref. 28), suggesting that it may represent a bona fide con-
formation for GDNF binding.

We then asked whether our model of the GDNF-NCAM
complex was compatible with the association of GFRal to
GDNEF. Previous structure-function studies have localized the
GFRal binding site to the two poles of the elongated GDNF
dimer (25), away from the NCAM binding interface, a notion
that has recently been confirmed by the crystal structure of the
GDNF homolog Artemin in complex with the ligand binding
domain of its cognate GFRa3 receptor (23). Using the coordi-
nates of that complex, we modeled the interaction between
GDNF and the ligand binding fragment of GFRa1. Based on
this model, two GFRal molecules, one at each end of the GDNF
dimer, could be positioned onto the GDNF-NCAM model to
form a 2:2:2 complex containing the three proteins (Fig. 4, A
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and B). Although GFRal and NCAM are known to interact
with each other (12), no such interaction can be observed in the
model, suggesting that it may be mediated by other domains in
the NCAM molecule. It should be noted that this model would
place the C termini of the GDNF binding domains of GFRal
and NCAM in opposite directions, leaving open the possible
orientation of this complex relative to the plasma membrane.
Importantly, however, the topologies of full-length GFRa1 and
NCAM are unlikely to be straight rods perpendicular to the
plasma membrane. Thus, although it has been suggested that
the C terminus of the ligand binding domain of GFRa3 points
toward the membrane (23), both N and C termini in this
domain are on the same side of the structure, where an addi-
tional 150-residue-long N-terminal domain still needs to be
accommodated. In the case of NCAM, earlier electron micros-
copy studies have indicated a heavily kinked conformation of its
extracellular domain (36, 37).

To obtain evidence for the existence of a tripartite complex
between GDNF, NCAM, and GFRal, we performed chemical
cross-linking and immunoprecipitation studies in cells trans-
fected with expression constructs carrying HA-tagged NCAM
and Myc-tagged GFRal. Following '**I-GDNF binding and
cross-linking, several complexes could be recovered after
immunoprecipitation with anti-HA antibodies (thus contain-
ing NCAM) that could be visualized by autoradiography (thus
containing GDNF) and that also reacted with anti-Myc anti-
bodies (thus containing GFRa1) (Fig. 5). For example, a com-
plex containing one molecule each of GDNF, NCAM, and
GFRal (labeled IN/Ial in Fig. 5) could be specifically detected
after NCAM immunoprecipitation and only in cells that
received both NCAM and GFRal (Fig. 5). Moreover, com-
plexes corresponding to the size of the tripartite 2:2:2 complex
modeled in Fig. 4, A and B, could also be detected (Fig. 5,
2N/2«al). Because of multiple NCAM cis and trans interactions,
this complex run at the same molecular weight as that of three
NCAM molecules cross-linked together (Fig. 5, 3N).

In conclusion, we have identified a localized and specific
binding determinant in NCAM that is crucial for its interaction
with GDNF, dispelling a role for the adhesive or otherwise
“sticky” properties of NCAM in GDNF binding. We have also
demonstrated that ligand binding and cell adhesion can be
genetically dissociated and provided the first insights into the
molecular architecture of a multicomponent GDNF receptor.
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