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ABSTRACT. The neural cell adhesion molecule (NCAM) is pivotal in neural development, regeneration,
and learning. Here we characterize two peptides, termed P1-B and P2, derived from the homophilic binding
sites in the first two N-terminal immunoglobulin (Ig) modules of NCAM, with regard to their effects on
neurite extension and adhesion. To evaluate how interference of these mimetic peptides with NCAM
homophilic interactions in cis influences NCAM binding in trans, we employed a coculture system in
which PC12-E2 cells were grown on monolayers of fibroblasts with or without NCAM expression and
the rate of neurite outgrowth subsequently was analyzed. P2, but not P1-B, induced neurite outgrowth in
the absence of NCAM binding in trans. When PC12-E2 cells were grown on monolayers of NCAM-
expressing fibroblasts, the effect of both P1-B and P2 on neurite outgrowth was dependent on peptide
concentrations. P1-B and P2 acted as conventional antagonists, agonists, and reverse agonists of NCAM
at low, intermediate, and high peptide concentrations, respectively. The demonstrated in vitro triple
pharmacological effect of mimetic peptides interfering with the NCAM homophilic cis binding will be
valuable for the understanding of the actions of these mimetics in vivo.

The neural cell adhesion molecule, NCANg a member assisted trans interactions result in the formation of a double-
of the immunoglobulin (Ig) superfamily, and it plays multiple zipper-like NCAM adhesion complex.{).

roles in nervous system development and maintenahee ( The P1-B and P2 peptides are conserved sequence frag-
Ig modules (Ig-V) and two fibronectin type Il homology  respectively. On the basis of structural studies, these peptides
modules (F3,I and F3,1l). Three major isoforms, NCAM-  haye been suggested to represent the lgil contact area.
120, NCAM-140, and NCAM-180, resulting from alternative p1.g corresponds to residues-121 (GEISVGESKFFL) of
splicing of a single gene are found in the nervous system ashyman, rat, mouse, and chicken NCAM and covers the
well as in muscle, heart, kidney, and gonads. One importantc_terminal end of the A and B-strands of Igl including
feature of NCAM is that it can induce neuronal differentiation ppgs the key residue of the Iglll binding interface 7).

as reflected by neurite outgrowth through homophilic The p2 sequence corresponds to residues-182 (GRILAR-
(NCAM—NCAM) as well as heterophilic interactions, which - GEINFK) of human, rat, mouse, and chicken NCAM,

Ig modules have been suggested to be involved in homophilic gng the N-terminal part of the @-strand of Igll. The
binding (10—16). Recently a novel model has been proposed tetrameric dendrimer of P2 (P2d) has been shown to bind to
in which the Igl and Igll modules mediate dimerization of recombinant NCAM Igl with an appareit of (4.7 & 0.9)
NCAM molecules positioned on the same cell surface (cis » 106 M. At the cellular level P2 exhibits a dual effect. It
interaction), and the NCAM glll module on one cell binds  acts as an NCAM antagonist, inhibiting cell aggregation, but
the Igl and Igll modules of NCAM molecules expressed on it promotes neurite outgrowth and protects against neuronal
the surface of opposing cells (trans interactions). These cis-ce|| death, indicating that P2 is an agonist of NCANMB(

19).
5) T-ThriSMW%r-k V.V?f SUpp?,rtgd by-|t he Lundbeck Foundation and the I)n the present study we employed NMR titration analysis
anis edical researc ouncil.
* To whom correspondence should be addressed: Tel 45-35-32-73-to demonstrate that P1-B binds to Igll and induces chemical
35, Iﬁéﬁiﬁ%}ﬁgé&?&egﬁIoﬁjerezIn@plab'ku'dk' shifts of a number of amino acid residues representing the
# Institute of Molecular Biologﬁy' P2 sequence. We also investigated the dual function of the

L Abbreviations: NCAM, neural cell adhesion molecule; PC12-E2, peptides representing the tgligll contact area in NCAM,
pheochromocytoma 12, subline E2; P1-Bd, P1-B dendrimer; P2d, P2 P1-B, and P2, employing a coculture of PC12-E2 cells grown
dendrimer; P1-Bm, monomeric version of the P1-B peptide; P2m, on monolayers of fibroblasts with and without NCAM
monomeric version of the P2 peptide; scrP1-Bd, scrambled version of . .
the P1-B peptide; scrP2d, scrambled version of the P2 peptide; FGF,€Xpression. We here demonstrate that in the absence of

fibroblast growth factor; ppm, parts per million. NCAM homophilic trans binding P2, but not P1-B, induces
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neurite outgrowth from PC12-E2 cells. We show that Immunostaining and Image Analydibe cocultures were
physiological NCAM homophilic trans interactions result in  fixed in 4% paraformaldehyde, followed by blocking with
an induction of neurite outgrowth, which is inhibited by 10% FCS, and then incubated with anti-rat (Thy-1) CD90
treatment with either P1-B or P2 in low and high, but not mouse monoclonal antibody (1:200 dilution with 10% FCS)
intermediate, peptide concentrations. These observationdollowed by incubation with secondary Alexa Fluor488 goat
exemplify a complex functional relationship between NCAM anti-mouse antibodies (1:1000 dilution with 10% FCS).
homophilic cis and trans interactions, making it challenging  Recording was done by computer-assisted microscopy on
to design pharmacological agents mimicking NCAM func-  a Nikon Diaphot inverted microscope (Tokyo, Japan) equipped

tion. with an epifluorescence attachment and a Nikon Plar 20
objective. Images were grabbed with a CCD video camera
MATERIALS AND METHODS (Grundig Electronics, Germany) by use of the software

t package “Prima” developed at the Protein Laboratory
(University of Copenhagen, Denmark) and stored as %68
576 pixels, eight-bit, gray scale GIF images. The length of

Antibodies The mouse monoclonal antibody against ra
CD90 (Thy-1) was purchased from Caltag. The secondary

Alexa Fluor488 goat antibodies against mouse immunoglo- neuronal processes per cell was estimated by a stereological

bulins Wer_e from Mol_ecular Propes Inc. approach with a software package “Process length” devel-
Preparation of PeptidesAll peptides were purchased from oped at the Protein Laboratorg).

Loke Diagnistics (Aarhus, Denmark). The P1-B (GEIS-
VGESKFFL) and P2 (GRILARGEINFK) peptides were
synthesized as monomers (P1-Bm and P2m, respectively)
and tetrameric dendrimers (P1-Bd and P2d, respectively)
composed of four monomers coupled to a lysine backbone
The scrambled versions of the peptides, scrP1-Bd (LGSFE

Dynamic Light Scattering Analysi®LS was performed
at 37°C on a DynaPro DLS instrument (Protein Solutions
Inc.) DLS provides direct measurement of diffusion coef-
ficient and hydrodynamic radius, allowing an approximate
"estimate of molecular mass. The peptides were dissolved in
"PBS. It appeared that both P1-Bd, at a concentration of 3.4
V.KIFSEG) and_ scrP2d (NLFEKGRRAIGI), were synthe- mg/mL, and P2d, at a concentration of 3.8 mg/mL, exist as
sized as dendrimers. monomers with molecular masses of 8 kDa, which is in
Recombinant ProteinsThe recombinant Ig module 2 of  reasonable agreement with their calculated masses, 5.6 and
NCAM was expressed inRichia pastorisexpression system 5.9 kDa, respectively.
and purified by gel filtration on Sephadex G-25 (Pharmacia,  gyaistics Statistical evaluation was performed by the
Uppsala, Sweden) followed by ion-exchange chromatography 5iret-test employing the commercially available software
on a HiTrap SP 5 mL column (Pharmacia) as previously h4ckage Fig-P, version 2.98 (Biosoft, Cambridge, U.K.). The
described 14). Two samples of NCAM module 2 were  oqits are given as mean valuesSEM from at least four
produced: unlabeled ariéN-labeled Igl!. independent experiments performed on different days. For
NMR Titration Analysis'H—'*N HSQC spectra of uni-  estimation of neurite outgrowth at least 28060 PC12-E2
formly **N-labeled Igll (0.1 mM) alone and in the presence cells were processed in each individual experiment.
of the P1-B peptide (1.0 mM) were recorded at 298 K on a
Varian Unity Inova 750 MHz spectrometer. The transforma- RESULTS
tion and analysis of spectra were performed with MNMR

and PRONTO computer program20f. All samples were P1-B Peptide Binds to the Second Ig Module of NCAM
prepared in 90% KO/10% DO, 150 mM NaCl, 5 mM The P1-B and P2 peptlde_sequences represent thegm
sodium phosphate, and 0.02% sodium azide, pH 7.34. contact area (Figure 1) imperative for the formation of

NCAM cis dimers (4, 15, 17). In agreement with this, a
segment of Igll, the P2 peptide, has by surface plasmon
resonance analysis been shown to bind to the first |g module
of NCAM (18). We therefore tested whether a segment of
Igl, the P1-B peptide, can bind Igll. In th&®N-HSQC

Cell Culture PC12-E2 cells were routinely maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 5% (v/v) fetal calf serum (FCS), 10% (v/v)
horse serum (HS), 2 mM GlutaMAX, 100 units/mL penicil-

lin, and 100.g/mL streptomycin at 37C in a humidified spectrum of*N-labeled protein, a signal for each amino acid

atmosphere cont@mng 5% GO ) residue with both an amide proton and nitrogen can be
The fibroblastoid mouse cell line L929 was from the opserved, and the changes in chemical shifts of the signals
European Cell Culture Collection. L929 cells (L-cells) were provide information on the sites involved in molecular
transfected with eukaryotic expression vector/Pipr-1- interactions {4). The differences in chemical shifts between
neo containing a full-length cDNA encoding human 140 kDa 15N-|apeled Igll and a mixture 0fN-labeled Igll and P1-B
NCAM (7). The cells were routinely grown at 3T and  are shown in Figure 2A. The recorded change$Hnand
5% CQ in DMEM supplemented with 10% (v/v) FCS, 2 15\ chemical shifts for each residue were mapped onto the
mM GlutaMAX, 100 units/mL penicillin, and 10@g/mL ribbon structure of Igll, with cutoffs at 0.1 and 0.02 ppm
streptomycin. for the™N and'H chemical shifts, respectively (Figure 2B).
For coculture experiments, transfected L-cells were seededThe changes in spectra observed during the titration are
in eight-well LabTek Permanox plastic chamber slides at a consistent with the formation of a specific low-affinity
density of 7x 10* cells/well and maintained at 3T in a complex with Igll. Moreover, the amino acid residues of Igll
humidified atmosphere containing 5% g@fter 24 h, 5000 displaying chemical shifts upon binding of P1-B were largely
PC12-E2 cells were seeded on top of confluent monolayersidentical to the residues affected by binding to the natural
of L-cells with or without NCAM expression in DMEM  ligand, the Igl module X4). The residues within the P2
containing 1% HS, and grown for 24 h. sequence of Igll that exhibit pronounced chemical shifts are
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Ficure 1: Localization of the P1-B peptide and P2 peptide
sequences in the double NCAM Iglgll module. The Igl and Igll
modules are marked in blue and red, respectively. The P1-B and
P2 sequences are marked in green (10-GEISVGESKFFL-21) and C

yellow (172-GRILARGEINFK-183), respectively. The coordinates Ficure 2: Identification of residues in the binding site of P1-B in
of the NCAM Igl—Igll module (residues1190) are derived from NCAM-Igll by use of chemical shift changes fdfN and H
the X-ray structure of the Igtiglll fragment of rat NCAM (Protein  resonance lines of the+HN groups. (A) Difference in chemical
Data Bank accession number 1QZ1). The figure was prepared withshift by residue between a sample ¥8K-labeled Igll (0.1 mM)
the program Insight Il (Accelrys, San Diego, CA). and a mixture ofSN-labeled Igll (0.1 mM) and unlabeled
monomeric P1-B (1.0 mM). Bars aboye= 0 are differences in
Arg 173, lle 174, Arg 177, Gly 178, Glu 179, lle 180, Asn 13y chemical shift, and bars below are differencedtinchemical
181, and Lys 183. This strongly suggests that the P1 peptideshift (5-fold increased). (B) Mapping (yellow) of the backbone

binds to the NCAM Igll module and that the binding site positions on a ribbon presentation of NCAM-Igll that have chemical
includes at least eight amino acid residues from the P2 changes>0.1 ppm for'®N and>0.02 ppm for'H.
sequence that undergo fast exchange between the bound anadhesion through a mechanism in which a complex zipperlike
unbound statesld). structure is formed by the trans interactions of NCAM cis
P2 Peptide But Not P1-B Induces Neuronal Differentia-  dimers (7). We therefore tested whether P1-B and P2 affect
tion of PC12-E2 CellsWe also tested whether P1-B and P2 differentiation of PC12-E2 cells when they grown on
were capable of inducing differentiation of PC12-E2 cells monolayers of fibroblasts expressing NCAM, the condition
when grown on monolayers of NCAM-negative fibroblasts. known to mimic physiological NCAM homophilic trans
The PC12-E2 cells were seeded sparsely in order to avoidinteractions. Under these circumstances NCAM is known
NCAM homophilic trans interactions. The peptides were to induce neurite extension from a variety of neuronal cell
prepared as tetrameric dendrimers (see Materials and Methtypes (reviewed in reb). In Figure 4 it can be seen that
ods) in order to increase their potency8)(. From the top PC12-E2 cells grown in coculture with NCAM expressing
panel of Figure 3, it appears that treatment of cocultures with fibroblasts extend longer neurites than PC12-E2 cells grown
various concentrations of P1-Bd or its scrambled version on monolayers of fibroblasts without NCAM expression
(scrP1-Bd) did not affect neurite outgrowth from PC12-E2 (compare to Figure 3). This confirms that NCAM homophilic
cells, whereas treatment with P2d, but not with scrP2d, trans interactions have the potential to induce neurite
resulted in an induction of neurite outgrowth at relatively outgrowth. Treatment of PC12-E2 cells grown on monolayers
high peptide concentrations (10 and @§/mL) (Figure 3, of fibroblasts expressing NCAM with either P1-Bd or P2d
bottom panel). These data together with previously publishedin low concentrations (1 and &g/mL) resulted in an
results (8) indicate that, in the absence of NCAM ho- inhibition of NCAM-mediated neurite outgrowth (Figure 4),
mophilic trans interactions, interference with the NCAM probably due to an inhibitory effect on cell adhesion. P2d
homophilic cis interactions (by P2) can result in stimulation had a stronger effect than P1-Bd, as reflected by the fact
of neurite outgrowth. that P2d totally abrogated the NCAM-specific neurite
P1-B and P2 Both, in a Dose-Dependent Manner, Inhibit outgrowth response, whereas P1-B inhibited it only partly
Neuronal Differentiation of PC12-E2 Cells Induced by (ca.40%). In a higher concentration (2§/mL), P1-Bd did
NCAM Homophilic Trans InteractionlCAM mediates cell not affect NCAM-induced neurite outgrowth, whereas P2d
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Ficure 3: Effect of the dendrimeric form of the P1-B and P2 pg/ml

peptides on neurite outgrowth from PC12-E2 cells grown in e

coculture with NCAM-negative fibroblasts. Results from at least FIGURE 4: Effect of the dendrimeric form of the P1-B and P2

four independent experiments are in all cases expressed as @eptides on neurite outgrowth from PC12-E2 cells grown in
percentagd: SEM, with untreated controls set as 100%, corre- COCUItUre Wlth NCAM-eXpI’eSSIng fIbI’OblaStS. Results from at |east

sponding to an average neurite length of #2.1 um. Cultures four independent experiments are in all cases expressed as a
were treated with P1-Bd or scrambled P1-Bd (top panel) and with Percentaget SEM, with untreated control cultures growth on
P2d or scrambled P2d (bottom panel) for 24 p.< 0.05, **p < monolayers of NCAM-negative fibroblasts (Figure 3) set as 100%.
0.01 compared with control. Cultures were treated with P1-Bd or scrambled P1-Bd (top panel)

and with P2d or scrambled P2d (bottom panel) for 24ph<*0.05,
stimulated it further (statistically significantly when compared **p < 0.01, compared with untreated cultures grown on monolayers
to the effect of scrP2dy < 0.05; Figure 4, bottom panel).  ©f fibroblasts expressing NCAM:, p < 0.05 compared with
An additional increase in concentration of both peptides (30 cultures grown on monolayers of NCAM-expressing fibroblasts
e - | WY treated with peptide at a concentration ofi@mL.

and 60ug/mL) led to an inhibition of neurite extension. This
dose-dependent effect of the two peptides on NCAM- grown on monolayers of fibroblasts expressing NCAM with
mediated neurite outgrowth points to a complex functional P1-Bd or P2d separately at concentrations of 1 and)/3
relationship between NCAM homophilic cis and trans mL inhibited NCAM-induced neurite outgrowth (Figure 4),
interactions. whereas combined treatment with both peptides in the same

Simultaneous Treatment of Cultures with P1-Bd and P2d concentrations had no effect (Figure 5B). These data suggest
Abrogates the Effects Obged with Separately Applied that P1-Bd and P2d may interact with each other in solution,
Peptides.As described above, the P1-B and P2 peptides thereby reciprocally blocking the ability of peptides to
represent the Igtigll contact area in a NCAM cis dimer, interact with the Igl and Igll modules of NCAM.
indicating that the P1-B segment in Igl probably interacts Identification of Important Amino Acid Residues of P1-B
with the P2 segment in Igll. We therefore tested whether and P2 Sequences:alved in Inhibition of Cell Adhesian
application of these peptides together can block the effectsAs shown above, P1-Bd and P2d both inhibited NCAM-
of separately incubated peptides on neurite outgrowth. mediated neurite outgrowth at low peptide concentrations.
Treatment of PC12-E2 cells grown on monolayers of control To analyze the contribution of individual amino acid residues
fibroblasts with P1-Bd in concentrations of 1, 3, anduty to the inhibiting effect of the peptides on cell adhesion, single
mL had no effect on neurite outgrowth (Figures 3 and 5A), amino acid residues in monomeric forms of P1-B (P1-Bm)
whereas P2d induced neurite outgrowth in a concentrationand P2 (P2m) were replaced with alanine residues. Peptides
of 10 ug/mL. The effect of P2d was abrogated if cultures were tested at a concentration of 20@/mL. At this
were treated with P2d and P1-Bd together, each at aconcentration, neither P1-Bm nor P2m stimulated neurite
concentration of 1Qug/mL. Treatment of PC12-E2 cells outgrowth from PC12-E2 cells grown in coculture with
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Ficure 6: Effect of monomeric P1-B and P2 peptide derivatives
containing single alanine substitutions on neurite outgrowth from
PC12-E2 cells grown on monolayers of fibroblasts with or without
NCAM expression. Results from at least four independent experi-
ments are in all cases expressed as a percenta§&EM, with
untreated control cultures grown on monolayers of NCAM-negative
fibroblasts set as 100%. Alanine substitutions are shown in boldface
type. All peptides were tested at a concentration of 20@nL. *p

< 0.05, **p < 0.01 compared with untreated cultures grown on
monolayers of NCAM-expressing fibroblasts; p < 0.05 com-
pared with cultures grown on monolayers of NCAM-expressing
fibroblasts and treated with nonmutated P2.
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Ficure 5: Effect of simultaneous treatment of cultures with P1-
Bd and P2d on neurite outgrowth from PC12-E2 cells grown in |eve| (14, 15, 17). At the same time, these studies have
coculture of fibroblasts without (A) or with (B) NCAM expression. romoted the identification and development of NCAM-
Results from four independent experiments are in all cases expresse&) . . L S
as a percentage: SEM, with neurite outgrowth from untreated derived peptides mimicking NCAM homophilic binding and
control cultures grown on monolayers of NCAM-negative fibro- heterophlllc interactions with the fibroblast growth factor
blasts set as 100%. p*< 0.01, compared with untreated cultures (FGF) receptor (reviewed in ref2). Two of the identified
grown o_n mOﬂO'ayerS of control fibroblasts (A) and fibroblasts pepude mimetics' P1-B and P2 peptideS, represent the contact
expressing NCAM (B). area between Igl and Igll of NCAM, respectively. P2 has
by surface plasmon resonance been demonstrated to bind
Igl (18). Likewise, we have here shown that P1-B bound to
Igll and caused chemical shifts of eight out of 12 residues
constituting the P2 sequence in Igll. The Igl and Igll modules
are involved in a double-reciprocal interaction, presumably
leading to the binding of two NCAM molecules expressed
on the surface of the same cell (dimerization). The formation
of NCAM dimers in cis is presumably a requirement for
NCAM-mediated celt-cell adhesion, involving interaction
of NCAM dimers in trans. In other words, NCAM mediates
cell adhesion by cis-assisted trans interactions. Interference
with the formation of dimers in cis may therefore be expected
to inhibit cell adhesion, abstructing binding in trans. Indeed,
P1-B and P2 have been shown to reduce NCAM-dependent
adhesion 18, 17).
Cell—cell adhesion by NCAM results in an induction of
a number of intracellular signal-transducing cascades, ulti-
Because of the complex multimodular structure of cell mately leading to a series of biological responses including
adhesion molecules (CAMSs), studies of the biological effects neurite outgrowth (reviewed in re$). By employing a
of CAM stimulation are impeded by the difficulties in  coculture system, in which neuronal cells are grown on
presenting the molecules to appropriate ligands mimicking monolayers of fibroblasts with and without NCAM expres-
or specifically inhibiting CAM-mediated adhesion and signal sion, it is possible to test the effect of compounds interfering
transduction. Recent studies of the structural mechanismswith NCAM-mediated adhesion by measuring the rate of
of NCAM-mediated cell adhesion have revealed a substantialneurite growth. This model cell system closely mimics
complexity of NCAM homophilic interactions at the atomic  physiological conditions, and it is widely used to study

NCAM-negative fibroblasts, but they clearly inhibited cell
adhesion as reflected by a statistically significant inhibition
of the NCAM-mediated neurite outgrowth response (Figure
6). From Figure 6 (left panel) it appears that single
substitutions of GIy, GIw?, Sef, Val®, Sef, and Led?
abrogated the inhibitory effect of P1-Bm on NCAM-mediated
neurite outgrowth, whereas none of the single amino acid
substitutions resulted in a complete inactivation of P2m
(Figure 6, right panel). However, single substitutions of?Arg
Argb, lle®, and Ph& did partly decrease the effect of P2m,
pointing to an important contribution of basic amino acid
residues in the N-terminal peptide segment and hydrophobic
residues in the C-terminal peptide segment in NCAM-
mediated cell adhesion.

DISCUSSION
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NCAM function and to test NCAM mimetic compound®y In conclusion, the structural complexity of the NCAM
7, 8). We here demonstrate that the peptides P1-B and P2 homophilic binding mechanism based on the interplay
belonging to the class of NCAM mimetics affecting ho- between NCAM homophilic cis and trans interactions makes
mophilic binding in cis, influence NCAM-mediated neurite it difficult to design pharmacological compounds unambigu-
outgrowth with a complex doseeffect relationship. ously mimicking the functional role of this cell adhesion

At low peptide concentrations, P1-B and P2 inhibited molecule. We have here shown that peptides interfering with
NCAM-dependent neurite extension, probably by competing NCAM cis binding, depending on their concentrations, may
with their structural counterparts Igl and Igll in relation to act as conventional antagonists, agonists, or reverse agonists.
the physiological NCAM binding mechanism, indicating that
interference with NCAM dimers in cis inhibits cell adhesion ACKNOWLEDGMENT
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