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Summary

The neural cell adhesion molecule, NCAM, mediates
Ca?*-independent cell-cell and cell-substratum adhe-
sion via homophilic (NCAM-NCAM) and heterophilic
(NCAM-non-NCAM molecules) binding. NCAM plays a
key role in neural development, regeneration, and syn-
aptic plasticity, including learning and memory consol-
idation. The crystal structure of a fragment comprising
the three N-terminal Ig modules of rat NCAM has been
determined to 2.0 A resolution. Based on crystallo-
graphic data and biological experiments we present
a novel model for NCAM homophilic binding. The Ig1
and Ig2 modules mediate dimerization of NCAM mole-
cules situated on the same cell surface (cis interac-
tions), whereas the 1g3 module mediates interactions
between NCAM molecules expressed on the surface
of opposing cells (trans interactions) through simulta-
neous binding to the Ig1 and Ig2 modules. This arrange-
ment results in two perpendicular zippers forming a dou-
ble zipper-like NCAM adhesion complex.

Introduction

It is crucial for the development and maintenance of
cells and tissues that external cues can induce fast and
appropriate responses at the cellular level. Interactions
between cells and between cells and components of
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the surrounding extracellular matrix are important in this
respect. Therefore, extensive studies have been per-
formed to elucidate the mechanisms of homophilic and
heterophilic interactions mediated by cell-cell adhesion
molecules (CAMs) (Chothia and Jones, 1997).

The neural cell adhesion molecule, NCAM, mediates
adhesion of cells to other cells as well as to components
of the extracellular matrix. At the molecular level, NCAM
binding has been shown to activate intracellular signal-
ing cascades that lead to cellular responses such as
differentiation, growth, survival, and modulation of neu-
ronal connections in association with regenerative and
cognitive processes (Covault and Sanes, 1985; Toma-
siewicz et al., 1993; Berezin et al., 2000). NCAM is conse-
quently a protein of great biological interest.

NCAM belongs to the immunoglobulin (Ig) superfamily
and mediates Ca?"-independent cell-cell and cell-sub-
stratum adhesion via homophilic and heterophilic inter-
actions. Alternative splicing of mMRNA generates three
major NCAM isoforms; those extracellular parts consist
of five N-terminal Ig modules followed by two fibronectin
type Il modules (Cunningham et al., 1987). The different
modules of NCAM have been shown to perform distinct
functions (Probstmeier et al., 1989; Kasper et al., 1996;
Kiselyov et al., 1997). NCAM binds various extracellular
matrix components such as heparin/heparan sulfate
(Nybroe et al., 1989; Kallapur and Akeson, 1992), chon-
droitin sulfate proteoglycans (Milev et al., 1994), and
different types of collagen (Probstmeier et al., 1989;
Kiselyov et al., 1997). The heparin binding sequence is
localized to the 1g2 module (Cole and Akeson, 1989).
Despite extensive studies, the precise mechanism of
the homophilic binding of NCAM remains unclear, and
the published results are to some extent contradictory.
At least two groups of researchers suggest that recom-
binant chicken Ig3 produced in E. coli can self-associate
(Rao et al., 1992; Ranheim et al., 1996). A binding has
also been demonstrated between recombinant modules
Ig1 and Ig5 and between Ig2 and Ig4 in chicken NCAM,
as well as between modules Ig1 and Ig2 in rat and
chicken NCAM (Ranheim et al., 1996; Kiselyov et al.,
1997; Jensen et al., 1999; Atkins et al., 1999).

The three-dimensional structures of individual mod-
ules of rat Ig1 and Ig2, and the chicken Ig1 and Ig3
modules, have been determined by nuclear magnetic
resonance (NMR) spectroscopy, resulting in the identifi-
cation of amino acid residues involved in the homophilic
binding between the Ig1 and Ig2 modules (Jensen et al.,
1999; Atkins et al., 1999). The crystal structure of the
Ig1-2 fragment of rat NCAM provided detailed informa-
tion on the crosslike Ig1-2 dimer and pointed out the
key residues in this interaction, namely Phe19 and Tyr65
(Kasper et al., 2000). In contrast with earlier findings,
recent experiments did not reveal any self-association
of chicken Ig3, even though the Ig3 module was folded
and clearly inhibited aggregation of synthetic lipid vesi-
cles containing NCAM (Atkins et al., 2001). Moreover,
the same group has demonstrated that a point mutation
F19S did not affect cell aggregation mediated by full-
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Table 1. Crystallographic Data and Refinement Statistics

Native Data Set

Wavelength (A) 1.0526
Resolution range Ay 50.0-2.0 (2.07-2.0)

Number of observed reflections 164,206
Number of unique reflections 27,881
Number of reflections in R, set 828
Completeness (%) 99.2 (99.4)
1/ (1) 19.6 (1.4)
(Rmerge) (%)? 3.9 (20.9)
Reryst/Riree (%)° 21.8/23.8
Number of refined non-hydrogen atoms*

Protein 2248
Water 265
Average B-factor (all atoms, A?) 60

Wilson B-factor (A?) 45

R.m.s. A bond lengths/angles® 0.0081/1.7
Residues in allowed regions (%)° 97%

"Values in parentheses are statistics for the highest resolution bin.
2Ruerge (1) = Znidlln — <la™/Zpialna, Where Iy, is the measured intensity
of the reflections with indices hkl.

®R = 3,4 |IFol — |Fcl|/Z|Fol, are the observed and calculated struc-
ture factor amplitudes for reflection hkl, applied to the work (Rys: =
97%) and test (Rq.. = 3%) sets, respectively.

“Residues —2, 239, and 240 were not located. Residues originating
from the cloning site were given negative integers.

®Root mean squared deviations (rms A) in bond length and angles
from ideal values.

5The Ramachandran plot was calculated according to Kleywegt and
Jones (1996).

length NCAM, even though it abolished dimerization of
the Ig1-2-3 fragment in solution. These results therefore
question the suggested Ig3-to-Ig3 (Rao et al., 1992; Ran-
heim et al., 1996) and Ig1-to-Ig2 (Kiselyov et al., 1997;
Kasper et al., 2000) models of NCAM homophilic bind-
ing. The controversy with respect to the molecular
mechanism of NCAM-mediated homophilic binding, and
numerous results implying a key role of the Ig3 module,
encouraged us to determine the X-ray structure of the
Ig1-2-3 fragment of rat NCAM. Here, we report the 2.0 A
X-ray structure of this fragment, which discloses the
importance of all three modules for homophilic binding.
Based on the structure and on results from cell culture
experiments using selected 1g3 module mutants and
peptides derived from the NCAM sequence, a novel
model for the mechanism of NCAM-mediated homophi-
lic adhesion is presented.

Results and Discussion

The X-Ray Structure of the Ig1-2-3

Modules of NCAM

The X-ray structure of NCAM Ig1-2-3 was determined
to 2.0 A resolution (Table 1). In the structure of Ig1-2-3,
the Ig1 and Ig2 modules are positioned in an extended
conformation with Ig3 oriented at an angle of approxi-
mately 45° to the Ig1-1g2 axis (Figure 1). The linker re-
gions between Ig1-Ig2 and between Ig2-Ig3 are short
and comprise only two (Lys98-Leu99) and one (Asn190)
residues, respectively. The overall structure of the Ig1
and Ig2 modules is very similar to the previously deter-
mined Ig1-2 structure (Kasper et al., 2000) with root
mean square deviations (r.m.s.d.) of 0.7 (96 C«a atoms)

and 0.8 A (93 Ca atoms), respectively. In the Ig1-2-3
structure, the tilt angle between Ig1 and Ig2 is 11° and
thereby differs by 13° compared to the Ig1-2 structure.

The 98-residue 1g3 module of rat NCAM adopts the
topology of an intermediate type 1 (1) set Ig module
(Casasnovas et al., 1998). In the Ig3 module, the classical
B sandwich consists of two 3 sheets with a total of nine
B-strands (Figure 1B). The A, B, D, and E B-strands make
up one sheet and the A’, C, C’, F, and G B- strands
the second sheet. A cysteine bridge Cys216-Cys269
connects the two B sheets. All strands are antiparallel
except for the A’-strand, which runs parallel to the
C-terminal part of the G-strand. Ig3 contains one site
for N-linked glycosylation at Asn203 positioned in the
A’-strand. The E-F-loop (residues Lys261-Asp263)
forms a 3, a-helical turn. The overall structure of rat Ig3
is similar to the structure of chicken Ig3 (Atkins et al.,
2001) with r.m.s.d. of 1.65 A (95 Ca atoms).

Parallel Interactions between Ig Modules

Several characteristic interactions are observed in the
structure of the NCAM Ig1-2-3 fragment, which may be
divided into two groups: interactions where the long
axes (N to C terminus) of two interacting Ig1-2-3 mole-
cules are oriented in a parallel manner and interactions
where the long axes are oriented in an antiparallel man-
ner. One parallel interaction and three major antiparallel
interactions are observed in the crystal.

The parallel, crosslike dimer interaction of NCAM Ig1-
2-3 involves the Ig1 and Ig2 modules (Figure 2). The
total buried surface area of this interface is 1594 A? (per
dimer), which is similar to that previously observed in
the Ig1-2 crosslike dimers (Kasper et al., 2000). The most
prominent feature of the Ig1-to-Ig2 interaction is the
intercalation of two aromatic residues of Ig1, Phe19 and
Tyr65, into hydrophobic pockets formed by Ig2 residues
(Figure 3A), which was also observed in the Ig1-2 struc-
ture. However, a tighter Ig1 to Ig2 binding interface is
observed in the Ig1-2-3 structure, where the hydroxyl
group of Tyr65 forms a direct hydrogen bond (H-bond)
with Glu171, instead of a water-mediated H-bond as
observed in Ig1-2. Tyr65 also makes three H-bonds to
the side chains of Lys133, Glu171, and Arg173. Arg173
forms part of the Ig2 hydrophobic pocket and makes
two H-bonds to Thr63. The parallel orientation of the
Arg173 and Phe19 side chains and the distance between
the Nm1 atom of the guanidinium group of Arg173 and
the C atom of the benzene ring of Phe19 (3.4 A) suggest
a cation-w interaction between these two residues
(Flocco and Mowbray, 1994).

Dynamic light scattering (DLS) measurements showed
that deglycosylated Ig1-2-3 forms a single species of
molecules in solution with a molecular weight of ~78
kDa, corresponding to a dimer. In order to demonstrate
that 1g1-2-3 dimerization is mediated by the observed
Ig1 to Ig2 binding, we produced a mutant of Ig1-2-3
(Ig1-2-3mut) containing three Ala substitutions: E11A,
E16A, and K18A. These mutations have previously been
shown to completely abolish dimerization of the Ig1-2
NCAM fragment in solution (Jensen et al., 1999). In the
present structure Glu11 and Glu16 form intramolecular
salt bridges, respectively, with Arg177 and Lys98 from
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Figure 1. Crystal Structure of the Rat NCAM Ig1-2-3 Fragment at 2.0 A Resolution
(A) Ca backbone diagram in stereo with every tenth residue labeled.

(NS
c

(B) Ribbon diagram with 3-strands shown in blue and labeled according to Ig | set nomenclature. The a3;, turns are shown in red.

Figure 2. Crystal Structure of the Ig1-2-3
Fragment of NCAM Reveals Four Major Mod-
ule-Module Interactions and Two Kinds of
1g1-2-3 Arrays

Space-filling models of interacting Ig1-2-3 cis
dimers (mediated by Ig1-lg2 binding) are
shown. The Ig1-to-1g2, Ig1-to-Ig3, Ig2-to-lg2,
and Ig2-to-Ig3 interaction sites are indicated
by white ellipses. The heparin binding sites
of the Ig2 modules (residues 133-148) are
shown in yellow. The arrows indicate the po-
sition of N-linked glycosylation at Asn203
(Asn203 is colored pink). The termini are de-
noted by N and C.

(A and B) The Ig1-2 mediated cis dimers of
the Ig1-2-3 fragment are shown in cyan and
green and form a flat zipper via an Ig2-to-
193 mediated trans interaction, reflecting an
interaction between NCAM molecules on op-
posing cells.

(C and D) The Ig1-2-3 fragment cis dimers
also form a nonsymmetrical compact zipper
via Ig1-to-Ig3 and Ig2-to-lg2 trans interac-
tions. Two cis dimers shown in orange and
green are held together by two Ig1-to-Ig3 in-
teractions (full ellipses) on one side and one
1g2-to-lg2 interaction (stippled ellipse) on the
opposite side of the zipper. The views in (B)
and (D) are perpendicular to (A) and (C), re-
spectively.
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Figure 3. Closeup View of the Interaction Interfaces in the NCAM Ig1-2-3 Fragment

(A) The Ig1-to-Ig2 interaction interface. The Ig1 and Ig2 modules are shown in yellow and green and belong to two different Ig1-2-3 fragments
that form one 1g1-2-3 cis dimer.

(B) The Ig2-to-1g3 interaction interface.

(C) The Ig2-to-lg2 interaction interface.

(D) The Ig1-to-Ig3 interaction interface.

In (B)-(D), the ribbon representations of modules from two interacting 1g1-2-3 fragments belonging to different Ig1-2-3 cis dimers are shown
in green and cyan. Oxygen atoms are shown in red and nitrogens in blue. The hydrogen bonds are shown as red dashed lines. Water molecules
are shown as red spheres.

the Ig1 to Ig2 linker region (not shown). These salt brid- Ig1-to-lg2 interaction. Lys18 forms an H-bond with the
ges probably contribute to the proper orientation of Ig1 carboxyl group of Arg177 from the Ig2 module stabilizing
with respect to Ig2 and therefore are important for the the Ig1-1g2 interaction (Figure 3A). Lys18 is located near
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Phe19, which is the critical residue for the Ig1-to-lg2
interaction as it was clearly demonstrated earlier (Atkins
et al., 2001). Therefore, disruption of the Lys18-Arg177
H-bond may affect the orientation of Phe19, leading to
elimination of the Ig1-to-lg2 interaction. The molecular
weight of the Ig1-2-3mut fragment was determined by
DLS to be ~34 kDa, indicating a monomer. This confirms
that 1g1-2-3 dimerization is mediated by Ig1-to-lg2
binding.

Parallel (cis) interactions are not uncommon among
cell adhesion molecules. Thus, cis dimerization has been
demonstrated for the cell adhesion molecules C-CAM1,
C-CAM2, ICAM-1, nectin-2a, and JAM belonging to the
Ig superfamily (Hunter et al., 1996; Casasnovas et al.,
1998; Miyahara et al., 2000; Kostrewa et al., 2001) as
well as for N-, E-, and C-cadherins (Shapiro et al., 1995;
Takeda et al., 1999; Brieher et al., 1996). It was shown
that the dimeric form of C-cadherin is capable of adhe-
sion, whereas the monomeric form is not (Brieher et al.,
1996).

Antiparallel Interactions between Ilg Modules

An antiparallel interaction takes place between the I1g2
and Ig3 modules of two Ig1-2-3 molecules, thereby form-
ing arrays of Ig1-2-3 dimers (Figures 2A and 2B). Ig2 of
one molecule binds to Ig3 of a second molecule, and
vice versa (Figure 3B). The residues involved are 112-
115, 143-146, and 158-161 from the B-strand, CD-loop/
D-strand, and E-strand of 1g2, and residues 200-205,
261, and 278-289 from the A’-strand, EF-loop, and
G-strand of 1g3. A central element of this interaction is
the intercalation of the side chain of Phe287 from Ig3
into a hydrophobic pocket formed by the side chains of
Val145, Arg146, and Arg158 of the Ig2 module and
Lys285 from Ig3. Arg158 is also involved in water-medi-
ated hydrogen bonding to residues Lys261 and Ala288,
and Gly159 makes a direct H-bond to Asn203.

The crystal packing leaves room for glycosylation at
Asn203. In order to accommodate N-linked glycosyla-
tion at this site, the side chain of Asn203 has to adopt
another rotamer conformation. Thereby, the carbohy-
drate will point away from the binding site and toward a
solvent channel in the crystal, and consequently Asn203
glycosylation will not interfere with Ig2-1g3 interactions.
An interaction between the two Ig3 modules is observed
at the interface, as GIn196 makes a water-mediated
H-bond with GIn278. The total buried surface of the Ig2-
to-lg3 interface is 1407 A2 per dimer. According to Janin
(1997), the probability of finding a nonspecific interface
of the size of the Ig2-to-Ig3 contact is only 1.9%.

Another antiparallel interaction between two Ig1-2-3
molecules is formed between two Ig2 modules (Figures
2C and 2D). This interaction involves residues 103-121
and 150-158 of the AA’-loop/A’-strand/A’'B-loop and the
DE-loop/E-strand and has the total buried surface of
958 A? per dimer (Figure 3C). Here, the central residue
appears to be Glu114, which makes two H-bonds to
Ser151 (side chain and backbone). Apart from an exten-
sive hydrogen-bonding network, especially through wa-
ter molecules, Val117, Val119, Leu150, and Tyr154 of
both Ig2 modules form a number of hydrophobic con-
tacts with each other at the Ig2-to-lg2 interface (not
shown).

A slightly smaller antiparallel interaction (858 A2 of
total buried surface per dimer) is formed between the
Ig1 and Ig3 modules (Figures 2C and 2D), involving resi-
dues 32-47 and 76-88 from the C-strand/CC’-loop/
C'-strand/C'D-loop and F-strand/FG-loop/G-strand in
Ig1, and residues 198, 213-223, and 248-253 from the
A-strand, B-strand/BC-loop, and D-strand/DE-loop in
g3 (Figure 3D). Arg198 and Asp249 form direct H-bonds
to the backbone oxygen atoms of Ala81 and Glu82 and
two salt bridges with Lys76, respectively. Additionally,
one water-mediated H-bond is formed between Lys42
and Asp250, one between Ser44 and Gly220, and two
between Ser44 and Glu223. The conserved Phe36 and
Phe221 are packed against Asp249 and GIn47, respec-
tively. Together two Ig1-to-1g3 interaction sites and one
Ig2-to-lg2 site make up a predominant contact between
Ig1-2-3 dimers in the crystal (2654 A? forming the sec-
ond array of Ig1-2-3 dimers (Figures 2C and 2D) perpen-
dicular to the Ig2-to-lg3-mediated array (Figures 2A and
2B). Contact areas of similar sizes have been found in
other CAMs. Cis dimers of human ICAM-1 and mouse
JAM have 1100 A2 and 1200 A? of total buried surface
area (per dimer), respectively (Casasnovas et al. 1998;
Kostrewa et al., 2001), whereas trans dimers of rat CD2
and chicken axonin-1/TAG-1 have even larger contact
areas of 1300 A2and 2000 A2 (Jones et al., 1992; Freigang
et al., 2000).

The Ig3 Module Does Not Dimerize in Solution

The molecular weight of the deglycosylated Ig3 module
in solution was determined by DLS to be ~11.2 kDa,
which corresponds to a monomer. In agreement with
this observation, a small antiparallel contact is formed
between two Ig3 modules in the crystal, involving the
polar residues 260-264 from the EF-loop with a total
buried area of only 487 A? per dimer (not shown). The
Ig3-to-Ig3 contact does not involve residues of the pre-
viously suggested homophilic binding sequence (Rao
et al., 1992), and probably only reflects a crystal packing
contact.

g3 Inhibits NCAM-Dependent Neurite Outgrowth
NCAM-NCAM interaction is known to induce neurite out-
growth from NCAM-expressing PC12-E2 cells grown on
a confluent monolayer of NCAM-expressing fibroblasts
(Kolkova et al., 2000). Inhibition of the NCAM-NCAM
interaction will therefore inhibit neurite outgrowth in
PC12-E2 cells.

In order to examine the biological significance of the
observed Ig1-to-Ig3 and Ig2-to-Ig3 contacts in the struc-
ture of NCAM Ig1-2-3, we tested the inhibitory effect of
the recombinant Ig3 module on NCAM-NCAM adhesion.
Furthermore, we prepared two 1g3 mutants containing
mutations of the residues R198A, D249G, and E253A
(Ig3mut1) of the Ig1-to-Ig3 contact site (see Figure 3D)
and K285A, F287A (Ig3mut2) of the Ig2-to-Ig3 contact
site (see Figure 3B). In Figure 4 it can be seen that the
wild-type 1g3 module (Ig3wt) indeed has an inhibitory
effect, whereas both mutants are inactive, thereby
strongly supporting that both the Ig1-to-Ig3 and Ig2-to-
g3 contact sites are participating in homophilic interac-
tions.
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Figure 4. The Effect of the g3 Module, the P1-B, P3-DE, P3-G, P3-
B Peptides, and Their Derivatives, on Neurite Outgrowth from the
NCAM-Expressing PC12-E2 Cells Grown on Top of a Confluent
Monolayer of NCAM-Transfected Fibroblasts

(A-F) Confocal micrographs of NCAM-expressing pheochromocy-
toma PC12-E2 cells grown on top of a confluent monolayer of vector-
transfected (A, C, and E) or NCAM-140 transfected (B, D, and F)

A similar coculture test-system of NCAM-expressing
chicken retinal ganglion cells grown on top of NCAM-
140-transfected mouse L cells has been successfully
used to demonstrate a disruptive effect of mutations
in the 1g3 module homophilic binding site (Ig1-to-lg3
binding site in the present work) as well as to show an
inhibition of neurite outgrowth by synthetic peptides
representing this homophilic binding site (Sandig et al.,
1994).

Interaction Interface Peptides Inhibit

Neurite Outgrowth

It has previously been demonstrated that peptides rep-
resenting homophilic binding sequences from Ig3 and
Ig2 modules of NCAM inhibit NCAM-mediated cell ag-
gregation (Rao et al., 1992, 1994; Sandig et al., 1994;
Soroka et al., 2002). Therefore, in order to further exam-
ine the biological significance of the observed Ig1-to-
192, Ig1-to-1g3, and Ig2-to-lg3 contacts in the structure
of NCAM Ig1-2-3, we tested the inhibitory effect of a
series of peptides representing amino acid sequences
from the observed contact areas (Figure 4).

The Ig1-to-Ig2 contact was represented by a peptide
10-GEISVGESKFFL-21 (P1-B), covering the B B-strand
of Ig1 and containing the key residue Phe19 in the Ig1-
to-1g2 binding (Kasper et al., 2000; Atkins et al., 2001).
As a negative control, the peptide GEISVGESKaaL (P1-
B-F19A-F20A) containing a double Ala substitution of
both Phe19 and Phe20 was used.

The Ig1-to-Ig3 contact was represented by a peptide
244-KHIFSDDSSELTIRNVDKNDE-264 (P3-DE), cov-
ering the sequence of the D and E B-strands and the
E-F-loop of the Ig3 module. This peptide is homologous
to the sequence previously suggested to be a homophi-
lic binding site in the Ig3 module of chicken NCAM (243-
KYSFNYDGSELIIKKVDKSDE-263) (Rao et al., 1992). As
a negative control, a truncated version of the P3-DE
peptide 244-KHIFSDDSSE-253 (P3-DE-trunc) was used.
The P3-DE-trunc peptide is homologous to the 243-
KYSFNYDGSE-252 chicken sequence that was less po-
tent than the longer sequence (Rao et al., 1992).

The Ig2-to-1g3 contact was represented by a peptide
281-SIHLKVFAK-289 (P3-G) from the Ig3 module. This

L929 fibroblasts. NCAM-NCAM interaction stimulates neurite out-
growth in PC12-E2 cells grown on top of NCAM-expressing (B)
versus NCAM-negative (A) fibroblasts. Introduction of the recombi-
nant 193 module does not affect PC12-E2 cells grown on vector-
transfected fibroblasts (C) but clearly inhibits neurite outgrowth in
PC12-E2 cells grown on NCAM-transfected fibroblasts (D) as aresult
of disruption of NCAM-NCAM interactions. In contrast, Ig3mut2 nei-
ther affects PC12-E2 cells grown on vector-transfected fibroblasts
(E) nor inhibits NCAM-induced neurite outgrowth (F). Peptides P1-
B, P3-DE, and P3-G have inhibitory effects comparable to the effect
of Ig3wt (C and D), whereas effects of the Ig3mut1, P3-B peptide,
and control peptides are similar to the effect of Ig83mut2 (E and F).
Scale bar, 20 pm.

(G) The effect of the Ig3 module, P1-B, P3-DE, P3-G, P3-B peptides,
and their derivatives, is shown in percent of control, setting the
difference between the average neurite length of PC12-E2 cells
grown on NCAM-140-transfected and vector-transfected fibroblasts
to 100%. Results are given as mean + SEM.* P < 0.05, ** P < 0.01
(compared to the induction of neurite outgrowth from PC12-E2 cells
grown on top of monolayer of NCAM-transfected fibroblasts).
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sequence covers the C-terminal part of the G B-strand
including the solvent-exposed Phe287. As a negative
control, the peptide SIHLaVgAK (P3-G-K285A-F287G)
with substitutions of Lys285 and Phe287 was used. Both
P1-B and P3-G peptides contain two hydrophobic resi-
dues (lle and Val/Leu) close to their N termini and at
least one Phe residue close to their C termini. As a
control peptide with similar hydrophobic properties we
selected a peptide 213-TLVADADGFPEP-224 (P3-B)
covering the B B-strand and B-C-loop of the Ig3 module,
and including Gly220, Phe221, and Glu223 involved in
Ig1-to-1g3 binding. In spite of sequence similarity with
P1-B and P3-G peptides, the P3-B peptide was not
active (Figure 4G). This is probably due to the fact that
Phe221 in Ig3 is partially solvent exposed and Gly220
and Glu223 form water-mediated hydrogen bonds (Fig-
ure 3D). In contrast, the peptides P1-B, P3-DE, and P3-
G either contain Phe buried in a hydrophobic pocket or
residues forming direct H-bonds (Figure 3).

In conclusion, the cell coculture experiments demon-
strated that the P1-B, P3-DE, and P3-G peptides all
inhibited NCAM-stimulated neurite outgrowth, indicat-
ing an impaired NCAM-NCAM binding between the two
cell layers. The corresponding control peptides had little
or no inhibitory effect (Figure 4G). The P1-B peptide
interferes with the Ig1-to-Ig2 interaction and thereby
inhibits the Ig1-1g2-mediated cis dimerization of NCAM.
In the crystals of the Ig1-2-3 module zipper-like arrays
of NCAM cis dimers are observed, reflecting trans inter-
actions of NCAM. Trans interactions therefore seem to
require cis dimerization of NCAM molecules (Figure 2).
The P3-DE and P3-G peptides will not affect cis interac-
tions but interfere with trans interactions. Since the
NCAM-dependent neurite outgrowth relies on NCAM-
NCAM interactions between the two cell layers, an inhi-
bition of these interactions will directly affect NCAM-
mediated neurite outgrowth.

In our study, we show that mutations in the peptides
derived from the 1g3 module produce the same effect
as that of the similar mutations in the 1g3 module. This
demonstrates that in this experimental setup the em-
ployed peptides mimic the Ig3 module, and thus can be
used as a convenient and simple tool for further analysis.
Moreover, the peptides representing the sequence of
the Ig3 module homophilic binding site of chicken NCAM
(Ig1-to-lg3 binding site in the present work) have been
previously used to identify and characterize the Ig3 mod-
ule homophilic binding site (Rao et al., 1992, 1994; San-
dig et al., 1994). These results, combined with the Ig3
mutation studies, provide strong evidence for a biologi-
cal role of the observed Ig1-to-1g2, Ig1-to-lg3, and Ig2-
to-1g3 contacts.

Novel Zipper Mechanism for NCAM

Homophilic Adhesion

The crystal structure of the Ig1-2-3 fragment reveals
novel interactions between the Ig1 and Ig3 and the Ig2
and Ig3 modules of NCAM, as well as showing previously
observed Ig1-to-Ig2 and Ig2-to-1g2 interactions (Kasper
et al., 2000). Together, these contacts mediate formation
of two perpendicular zipper-like arrays of the Ig1-2-3
dimers (Figure 2). The parallel interaction of the NCAM

Ig1-2-3 molecules in the crystal mediated by the Ig1-
to-1g2 contact may reflect an interaction between NCAM
molecules present on the same cell surface—cis interac-
tion. The antiparallel interactions mediated by the Ig1-
to-1g3, Ig2-to-Ig2, and the Ig2-to-Ig3 contacts may reflect
the interaction of NCAM molecules present on opposing
cells—trans interactions. Based on all presented obser-
vations, we propose a model for NCAM homophilic ad-
hesion, consisting of two zipper-like arrays of NCAM
molecules (Figure 5). In the “compact” zipper (Figure
5A), NCAM cis dimers originating from opposing cell
membranes are arranged as arrays through Ig1-to-Ig3
and Ig2-to-lg2 interactions. We speculate that compact
zippers are likely to form first as they allow larger dis-
tances between opposing cell membranes than the per-
pendicular “flat” zippers. In the flat zipper (Figure 5B),
the Ig2-to-1g3 interactions suggest a lateral association
between the NCAM compact zippers, thereby forming
a double zipper adhesion complex (Figure 5C). The gly-
cosylation at Asn203 of Ig3 (Figure 2) is not likely to
interfere with the ability to form the zippers as supported
by the fact that the glycosylated 1g3 module inhibits
NCAM-mediated neurite outgrowth, whereas glycosy-
lated Ig3mut2 containing mutations at the 1g2-1g3 bind-
ing site is inactive (Figures 4F and 4G). In the compact
zipper, the heparin binding sites (133-KHKGRDVILKKD-
VRFI-148) (Cole and Akeson, 1989) of Ig1-2-3 molecules
are solvent exposed (Figures 2C and 2D) and therefore
accessible for binding to heparin and heparan sulfate
molecules, suggesting that NCAM can be engaged in
homophilic and heterophilic interactions simultane-
ously.

In order to accommodate all seven extracellular mod-
ules of NCAM within a typical distance between plasma
membranes of ~30 nm (Hall and Rutishauser, 1987), a
bend has to be introduced in the NCAM molecules in
our model (Figure 5). Analyses of NCAM by electron
microscopy have revealed such a bent rod-like structure
(Hall and Rutishauser, 1987; Becker et al., 1989). The
angle of the bend at the hinge-region between N-ter-
minal (~18 nm) and C-terminal (~10 nm) parts varies
considerably (50-140°) with an average value of 98°
(Becker et al., 1989) and presumably provides sufficient
internal flexibility for NCAM to fit within the cell-cell
distance. Based on these studies and on an average
length of ~4.3 nm for an Ig module (present work) and
~3.5 nm for a Fnlll module (Leahy et al., 1996), the
hinge region is most likely located after Ig4. A multiple
sequence alignment of NCAM sequences from various
species of vertebrates reveals conserved Pro, Lys, and
Gly residues in the PKLQGP sequence connecting the
Ig4 and Ig5 modules. Since Pro and Gly are typically
associated with polypeptide bends, this sequence is
likely to introduce a bend between Ig4 and Ig5 modules.
The double zipper observed in the crystal (Figure 5C)
presents Ig modules 1 to 3 at differing heights, implying
that the NCAM molecules upon coexistence of the zip-
pers are bent with different angles. This is in accordance
with the electron microscopy data (Hall and Rutishauser,
1987; Becker et al., 1989).

Although cis interactions between the Ig1-lg2 mod-
ules do not mediate cell-cell interactions themselves,
they probably contribute to the stability of the trans
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30 nm

Figure 5. Schematic Representations of the Compact, Flat, and
“Double” Zipper Adhesion Complexes Formed by NCAM, as Ob-
served in the Crystal Structure of the NCAM Ig1-2-3 Fragment
The individual I|g modules of Ig1-2-3 are shown as cylinders (Ig1 is
red, Ig2 is yellow, and Ig3 is green). The 1g4, Ig5, and the two mem-
brane proximal Fnlll modules have been modeled as gray cylinders.
Ig and Fnlll modules are numbered by Arabic and Roman numerals,
respectively. In order to accommodate all seven extracellular mod-
ules of NCAM a bend has been introduced after Ig4 according to
electron microscopy studies (Hall and Rutishauser, 1987; Becker et
al., 1989). The size of the 1g1-2-3 fragment and distance between
opposing cell membranes are indicated.

(A) The compact zippers are stabilized by Ig1-to-Ig3 and Ig2-to-
192 interactions between Ig1-2-3 cis dimers originating from two
opposing cell membranes.

(B) The flat zipper is stabilized by Ig2-to-Ig3 interactions between
Ig1-2-3 cis dimers originating from two opposing cell membranes.
(C) The two types of zippers may coexist as observed in the crystal
and will result in formation of a double zipper-like adhesion complex.

interactions. This contention is supported by the cell
coculture experiments using the P1-B peptide corre-
sponding to the site in Ig1 binding to 1g2 (Figure 4).
Furthermore, an inhibitory effect on cell aggregation was
recently demonstrated for a peptide 172-GRILAR-
GEINFK-182 (P2 peptide) representing the site in the 1g2
module binding to the Ig1 module (Soroka et al., 2002).
Therefore, we suggest that the formation of cis dimers

may be a prerequisite for the establishment of trans
interactions.

To our knowledge, only three X-ray structures of Ig
module containing adhesion molecules have been de-
termined comprising three or more Ig modules (axonin-
1/TAG1 [Freigang et al., 2000], hemolin [Su et al., 1998],
and CD4 [Wu et al., 1997]). A similar zipper-like array of
trans-interacting cis homodimers has been observed in
the crystal structure of the junctional adhesion molecule
(JAM) (Kostrewa et al., 2001). A zipper-like mechanism
of homophilic interactions was also suggested for axo-
nin-1/TAG-1 (Freigang et al., 2000), where molecules
alternately provided by opposed membranes form a lin-
ear zipper-like array. However, the double zipper formed
by NCAM differs fundamentally from the previously de-
scribed zippers.

In conclusion, we here present a novel model for
NCAM homophilic binding that is based on the formation
of zippers. The model is in agreement with a number of
studies demonstrating that the Ig1, Ig2, and Ig3 modules
all are involved in NCAM homophilic binding (Rao et al.,
1992; Sandig et al., 1994; Kiselyov et al., 1997; Jensen
et al., 1999; Kasper et al., 2000; Atkins et al., 2001) and
reconciles a large body of conflicting biological data.
The crystal structure of the Ig1-2-3 fragment reveals
details of two so far unknown interactions between Ig1
and Ig3 and between Ig2 and Ig3. Interestingly, the Ig1
and 1g2 modules of NCAM mediate both cis and trans
interactions simultaneously, whereas Ig3 is involved
only in trans interactions. All taken together, our study
implies that it is the joined forces of the first three Ig
modaules that confer the strength of the NCAM-mediated
adhesion.

Experimental Procedures

Production of the Ig1-2-3 and Ig3 Fragments of NCAM

The NCAM Ig1-2-3 and Ig3 fragments were produced as recombi-
nant proteins in the yeast P. pastoris expression system (Invitrogen).
The cDNA fragments encoding Ig1-2-3 and 1g3 of rat NCAM (NCBI
accession number NP_113709), corresponding to residues 1-289
and 191-289, respectively, were synthesized by PCR using rat NCAM
cDNA as a template. The following DNA primers were used for
cloning of Ig1-2-3 and g3, respectively: upper (5'-TCTCTCGAGTTC
TGCAGGTAGATATTGTT-3’) and lower (5'-AAACCCGGGTTACTTT
GCAAAGACCTT-3'), upper (5'-GAATACGTAACTGTCCAGGCCA
GAC-3’) and lower (5'-AAACCTAGGTTACTTTGCAAAGACCTTG-3').
The amplified cDNA fragments were subcloned into the pHIL-S1 and
the pPIC9K plasmids (Invitrogen), respectively. The recombinant
plasmids were linearized with the Nsil and Sacl restriction enzymes,
respectively, and used for transformation of the P. pastoris strain
His4 GS-115 (Invitrogen). Large-scale production of the recombinant
proteins was performed employing a high-density feed-batch fer-
mentation technique in a Biostat B fermentor (B. Braun Biotech
Int. GmbH). 1g1-2-3 and Ig3 were purified from concentrated and
desalted medium by anion-exchange chromatography on a HiTrap
Q-Sepharose 5 ml column (Pharmacia), followed by gel filtration
chromatography on a HiLoad 16/60 Superdex-75 column (Phar-
macia). The Ig1-2-3 was enzymatically deglycosylated with PNGase-
F endo-N-glycosidase (New England Biolabs) at 37°C in PBS buffer
(pH 7.4). The authenticity of the protein fragments was confirmed
by DNA sequencing of the recombinant plasmids, by amino acid
sequencing of the 10-12 N-terminal residues, and by MALDI-TOF
MS. The recombinant Ig1-2-3 and Ig3 fragments contained, respec-
tively, two (RV) and five (EAEAY) additional N-terminal residues from
the cloning vector. The purity of the proteins was at least 95% as
estimated by SDS-PAGE.
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Production of the Ig1-2-3 and Ig3 Mutants

An Ig1-2-3 mutant (Ig1-2-3mut) containing the substitutions E11A,
E16A, and K18A was produced as a recombinant protein in the yeast
P. pastoris expression system following the procedure described for
the Ig1-2-3 fragment. The three mutations were introduced by PCR
using the following DNA primer: upper (5'-CTGCAGGTAGATATTGT
TCCCAGCCAAGGAGCCATCAGCGTTGGAGCCTCCGCCTTCTTCC
TGTGTCAAGTGGCA-3').

Two I1g3 mutants containing the substitutions R198A, D249G,
E253A (Ig3mut1), and K285A, F287A (Ig3mut2) were produced as
recombinant proteins in the yeast P. pastoris expression system
following the procedure described for the Ig3 fragment. Mutations
were introduced by PCR using the following DNA primers: upper1
(5'-AAATACGTAACTGTCCAGGCCGCCCAGAGCATCGTG-3'), up-
per2 (56'-GGCGACAGTTCGGCGTTAACCATCAGGAATGTGGAC-3'),
and lower (5'-GGTTAACGCCGAACTGTCGCCACTGAAGATGTGCT
TCTC-3') for Ig3mut1, and lower (5'-AAACTTAGGTTACTTTGCTGC
GACTGCGAGGTGGATGGAGGC ATC-3') for Ig3mut2. The DNA con-
structs of Ig1-2-3mut, Ig3mut1, and Ig3mut2 were verified by DNA
sequencing. Folding of the Ig3 module and its mutants, as well
as presence of carbohydrates, was confirmed by one-dimensional
proton NMR spectra recorded at 800 MHz on a Varian NMR spec-
trometer (Varian, Inc.) at 25°C in PBS buffer (pH 7.4).

Preparation of Peptides

Peptides were synthesized using the 9-fluorenylmethoxycarbonyl
(Fmoc) protection strategy on a TentaGel resin (Rapp Polymere)
using Fmoc protected amino acids (Calbiochem-Novabiochem).
Peptides were at least 85% pure as estimated by MALDI-TOF MS.
All peptides were synthesized with free NH, and carboxy-amidated
COOH groups.

Crystallization and Data Collection

Crystals of NCAM Ig1-2-3 were grown at 18°C using the hanging-
drop vapor diffusion method, with drops of equal volumes of reser-
voir and protein solutions (4 mg ml~' in 5 mM Na phosphate, 150
mM NaCl [pH 7.4]). The reservoir solution contained 14%-17% w/v
PEG 4000, 450 mM Li sulfate, and 100 mM Na acetate (pH 5.2). The
crystals belong to space group 12,2,2;, with one molecule in the
asymmetric unit and cell dimensions of a = 51.5, b = 108.5, and
¢ =149.0A. The crystals were flash cooled in liquid nitrogen using
15% v/v glycerol as cryoprotectant. Two data sets were collected
on the same crystal. The high-resolution data were collected to 2.0 A
at 120 K at beamline 1711, Max-Lab, Lund, Sweden, and the low-
resolution data were collected to 3.5 A at 120 Kon a Rigaku RU300
rotating anode equipped with a MAR345 image plate detector. The
data sets were combined and processed with DENZO/SCALEPACK
(Otwinowski and Minor, 1997) and the CCP4 suite of programs
(CCP4, 1994).

Structure Determination and Refinement

The structure was determined by molecular replacement with the
programs AmoRe (Navaza and Saludjian, 1997) and CNS version
1.0 (Briinger et al., 1998), using the X-ray structures of the Ig2 and
Ig1 modules of NCAM (Kasper et al., 2000) as search models. Initially,
the position of the Ig2 module was located using AmoRe. The Ig1
module was subsequently located using CNS. An electron density
map was calculated based on phase information from Ig1 and Ig2.
Residues of Ig3 were gradually built into this map. Map interpretation
and model building were carried out using the program O (Jones et
al., 1991). After several building and refinement cycles, ARP/wWARP
version 5.1 (Perrakis et al., 1999) was used to rebuild 233 out of 291
residues of NCAM Ig1-2-3. CNS was used to carry out the final
rounds of refinements. The final model contains amino acids (-1)-238
and 241-289 and 265 water molecules. Amino acids are numbered
according to the mature sequence of NCAM. Residues Arg and Val
originating from the cloning site were given negative integers -2
and -1, respectively. Using all reflections in the resolution range
50-2.0 A, the R.yst is 21.8% and the Ry, is 23.8% (3% test set,
corresponding to 828 reflections). Data collection and refinement
statistics are given in Table 1. Interdomain geometry was deter-
mined according to Bork et al. (1996), and buried accessible surface
areas were calculated using the Protein-Protein Interaction Server

(http://www.biochem.ucl.ac.uk/bsm/PP/server) (Jones and Thorn-
ton, 1996). Figures were prepared with the programs MOLSCRIPT,
RASTER3D (Kraulis, 1991; Merritt and Bacon, 1997), and Insight Il
(Accelrys).

Cell Culture and Immunostaining

The NCAM-expressing pheochromocytoma PC12-E2 cell line (Wu
and Bradshaw, 1995) was a gift from Dr. Klaus Seedorf, Hagedorn
Research Institute, Denmark. The cells were grown in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 5% v/v fetal
calf serum (FCS) and 10% v/v horse serum (HS), 100 U mlI~" penicillin,
100 g ml~' streptomycin (all from Gibco BRL) at 37°C in a humidified
atmosphere containing 5% CO,. The fibroblastoid mouse cell line,
L929 (European Cell Culture Collection), was stably transfected with
the eukaryotic expression vector pHB-Apr-1-neo (Gunning et al.,
1987) containing a full-length cDNA encoding human 140 kDa
NCAM-B or the vector alone. The NCAM cDNA did not contain the
exons VASE, a, b, c, or AAG. The cells were routinely grown at 37°C,
5% CO, in DMEM supplemented with 10% v/v FCS, 100 U mI™’
penicillin, and 100 pg ml~' streptomycin. For analysis of neurite
outgrowth, PC12-E2 cells (8,000 cells per well) were seeded on top
of a confluent monolayer of transfected fibroblastoid L929 cells in
four-well LabTek Tissue Culture Chamber Slides (NUNC). The cells
were grown for 24 hrin DMEM supplemented with 1% v/v HS, before
analysis. The glycosylated recombinant rat Ig3 module of NCAM
(wild-type and mutated forms) or selected peptides were added
immediately after seeding of PC12-E2 cells in order to evaluate
their inhibitory effects on adhesion, as reflected by interference with
NCAM-mediated neurite outgrowth. Ig3wt, Ig3mut1, and Ig3mut2
were tested at a concentration of 500 p.g ml~'. All peptides were
tested at a concentration of 200 wg ml~'. Proper controls were
included and the person performing the experiments did not know
the identity of the mutants or peptides.

To evaluate the length of processes of PC12-E2 cells, the cocul-
tures were fixed in 4% w/v paraformaldehyde for 25 min. After wash-
ing in PBS, cells were blocked with 10% v/v goat serum (DAKO) for
30 min and subsequently incubated for 1 hr at room temperature
with a mouse monoclonal anti-Thy-1 antibody (Caltag Laboratories)
(1:100 in PBS containing 10% v/v goat serum). After washing, cells
were incubated for 1 hr at room temperature with Alexa-Fluor 568
goat anti-mouse IgG (Molecular Probes) (1:1000 in PBS containing
10% goat serum). All washes were performed for 10 min in PBS
and repeated three times.

The total neurite length per cell was analyzed using the software
ProcessLength (Reonn et al., 2000). Five independent experiments
with the 193 module, its mutants, and the individual peptides were
performed. In each experiment neurites from 200-300 cells were
analyzed. In order to compare results of individual experiments and
due to the inherently high variability of cell experiments, the data
were normalized, setting the difference between the average neurite
length of PC12-E2 cells grown on NCAM-140-transfected and vec-
tor-transfected fibroblasts to 100%. Statistical evaluations were
performed using a two-sided Student’s t-test.

Dynamic Light Scattering Measurements

Measurements were performed using a DynaPro-MS/X instrument
(Protein Solutions) at 18°C. The deglycosylated preparations of Ig1-
2-3 (4 mg ml™"), 1g1-2-3mut (4 mg ml~"), and Ig3 (10 mg ml~ ") in
PBS (pH 7.4) were used to determine the molecular weight of the
recombinant proteins in solution.
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