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The discovery of conserved protein motifs can, in turn, unveil important regulatory signals, and when
properly designed, synthetic peptides derived from such motifs can be used as biomimetics for biotech-
nological and therapeutic purposes. We report here that specific Ig-like repeats from the extracellular
domains of neuronal Cell Adhesion Molecules share a highly conserved Neurite Outgrowth and
Guidance (NOG) motif, which mediates homo- and heterophilic interactions crucial in neural develop-

ment and repair. Synthetic peptides derived from the NOG motif of such proteins can boost neuritogen-
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toolbox.

esis, and this potential is also retained by peptides with recombinant sequences, when fitting the NOG
sequence pattern. The NOG motif discovery not only provides one more tile to the complex puzzle of neu-
ritogenesis, but also opens the route to new neural regeneration strategies via a tunable biomimetic

© 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In the last decades, computational biology has strongly
improved discoveries in life sciences and biotechnological design
via the identification of functional motifs. Thanks to an ever-
growing number of sequenced genomes and hence of inferred pro-
tein sequences, proteome-wide comparative analyses allowed to
discover and define many conserved domains, functional and sig-
nalling motifs and protein family signatures. Once such functional
information is progressively deposited, as either matrix-based pro-
files or regular expression patterns, in knowledgebases and data-
bases such as e.g. PROSITE, CDD, Pfam, and InterPro [1-4], it can
improve the functional annotation of genomes, metagenomes
and proteomes, as well as provide new insights on a high number
of individual records in bio databases. This is particularly impor-
tant with newly sequenced and still uncharacterized genes and
inferred protein products. Soon after gene prediction and ORF
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inference, domain profiles and motif patterns allow for in silico
functional annotation, for instance, by defining domain architec-
ture, classifying families, or predicting interactions. Motifs can also
improve ORF prediction by suggesting the proper translation frame
[5].

When proteins endowed with a newly identified interaction
motif are found to share a specific function, new regulatory mech-
anisms can be unveiled, opening the route to further computa-
tional prediction of interactors and interactome nodes.
Interaction maps can help the design of experiments to better
characterize protein complexes and their roles in biological path-
ways. For newly discovered motifs, it is crucial to consider their
3D position: when located at the protein surface, they are likely
to mediate/regulate interactions, whereas when positioned in the
protein core, they are likely structural determinants. Advance-
ments in structural biology and bioinformatics greatly simplified
the retrieval of such data. Large scale structural biology projects
have provided the scientific community with a sufficient number
of reference structural templates [6], and even when the original
resolution is low, it can be reconstructed and improved by compu-
tational methods [7]. Moreover, improved structural modelling
and refinement methods allow for obtaining reliable models of
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most target proteins/domains [8], especially when concerning
well-characterized model organisms and, of course, human
proteins.

Relevance of the identification of interaction motifs goes
beyond basic research and genome/proteome annotation, as the
development of synthetic peptides derived from such motifs can
be a cheap and easy-to-use alternative to producing and using
the whole recombinant parent proteins. Chemical synthesis of pep-
tides proved to have several advantages compared to using entire
recombinant proteins, such as: (i) low immunogenic activity, (ii)
increased stability, (iii) low production costs and (iv) simplified
preparation and immobilization onto substrates. Furthermore,
peptides can be: (v) presented to cells at surface densities signifi-
cantly higher than those possibly achieved with entire proteins
or domains and (vi) tailored in composition for each tissue-
specific application [9].

Recently, we have shown that synthetic peptide L1-A can boost
neuritogenesis, with potential application in regenerative medi-
cine [10]. L1-A is derived from the Ig2 repeat in the extracellular
domain (ED) of human Cell Adhesion Molecule (CAM) L1, a mem-
brane protein acting as a positive regulator in neuronal differenti-
ation, neuritogenesis and axon regeneration [11,12]. L1CAM is a
prototypical member of the L1 family and other neuronal CAMs
sharing large EDs with four to six Ig-like repeats, followed by a
variable number of fibronectin type Il regions. The L1CAM Ig2
repeat belongs to the immunoglobulin-like C2-type (Ig-like C2)
subclass and, not surprisingly, CAMs with Ig-like C2 repeats play
a fundamental role in cell-cell and cell-extracellular matrix
(ECM) interactions in both mature and developing nervous system,
as well as in axonal regeneration and neural repair [13]. The homo/
heterophilic ED-ED binding is prototyped for L1 family proteins by
the homodimer structure of Neurofascin, in which the Igl to Ig4
domains form a horseshoe structure within each monomer,
whereas the two Ig2 domains bind each other [14]. Notably, L1-A
sequence partially corresponds to the homophilic binding region
of Ig2.

Evidence that the L1-A peptide is part of the conserved Ig-like
C2 fold, shared among several neuronal CAMs, prompted us to
investigate the existence of a conserved Neurite Outgrowth and
Guidance (NOG) motif and to develop several natural and chimeric
NOG-derived peptides with neuritogenic potential. By means of
computational, molecular, cellular, and biophysical analyses, we
opened the route for the development of a NOG-based biomimetic
toolbox both for regenerative medicine and developmental biology
studies.

2. Materials and methods
2.1. Sequence-based analyses

Homology searches were carried out using BLASTp [15] with
default settings and L1CAM Ig2 or L1CAM family proteins Ig
sequences as queries for defining an initial dataset for multiple
alignment. Then, regular expressions for positions centred around
the peptide regions were inferred and merged to derive a single
pattern, which was written in PROSITE syntax [16]. Pattern refine-
ment was performed by iterative scanning with ScanProsite [17] of
Vertebrata and Mammalia proteome sections of the UniProtKB
database [18], excluding splice isoforms and protein fragments.
The precision index was calculated following PROSITE rules, i.e.,
as true positive hits | (true positive + false positive hits) ratio.
Pairwise sequence comparison by global William Pearson’s align-
ment for sequences corresponding to the different Ig regions that
were superimposed (see section below) was performed using
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LALIGN (https://www.ebi.ac.uk/Tools/psa/lalign/), which imple-
ments the algorithm of Huang and Miller [19]. LALIGN was run
with default settings, except for matrix set to BLOSUM62.

2.2. Structural comparison, modeling, electrostatics

The following structures from the Protein Data Bank (PDB) were
used for comparison and/or as templates for homology modeling:
3P3Y (Neurofascin, UniProt AC 094856) [14], 3S97 (Contactin 1,
CNTN1, AC Q12860) [20], 20M5 (Contactin 2, CNTN2, AC
Q02246) [21], 2VIR (Roundabout receptor 1, ROBO1, AC
Q9Y6N7) [22], 3LAF (Deleted in Colon Cancer/Netrin receptor,
DCC/NetrinR, AC P43146) [23]. Structural superpositions were per-
formed and Root Mean Square Deviation (RMSD) was calculated
using UCSF Chimera [24,25] v. 1.15. Structural models were
obtained via SWISSMODEL [26] for target human proteins:
L1CAM (UniProt AC P32004), Close Homolog of L1 (CHL1, AC
000533), NgCAM-related (NrCAM, AC Q92823), contactins CNTN3
(AC Q9P232), CNTN4 (AC Q8IWV2), CNTN5 (AC 094779), CNTN6
(AC Q9UQ52), Roundabout receptors ROBO2 (AC Q9HCK4) and
ROBO3 (AC Q96MSO0). Next, modeled structures were refined using
SCWRL [27,28]. Model quality was checked via QMEAN server [29].

Electrostatic maps were obtained via DelPhi webserver [30,31].
Isopotential contours were calculated using UCSF Chimera1.15 and
plotted at + 2kBT/e. PDB2PQR was used to assign partial charges
and van der Waals radii according to the PARSE force field [32].
Dielectric constant values for protein interior (g,) and solvent
(&s) were set as €p = 2 and & = 78.54 [33-35], T = 298.15 K. Probe
radius for dielectric surface and ion accessibility surface were set
asr=1.4Aandr =20 A respectively.

2.3. Docking simulations and molecular dynamics

Docking of synthetic peptides to their targets was simulated
using PepDock at GalaxyWeb [36] and CABSdock standalone [37].
Docking results were then refined using GalaxyRefineComplex
[38] at GalaxyWeb server. Prior to performing docking runs, targets
were submitted to UCSF Chimera Dockprep routine. Interactions
between peptides and target proteins were evaluated using UCSF
Chimera. Molecular Dynamics (MD) was performed with Gromacs
2020.3 [39] using the Amber03 force field [40], in order to investi-
gate the role of mutations on the structural organization of the pro-
totypical Neurofascin Ig2 structure. The models were solvated with
the TIP3P water model in a rectangular box with a minimum dis-
tance of 1 nm between the protein and the border. 0.15 M of NaCl
was added to simulate a realistic ionic strength. System energy was
minimized by 5000 steps of energy minimization, with a tolerance
of 1000 k] mol~'nm~'. Subsequently, a 200 ps NVT MD simulation
was used to heat the system from 0 to 100 K with restraints low-
ered to 400 k] mol~! nM~2 and then the system was heated up
to 310 K in 400 ps during a NPT simulation with further lowered
restraint (200 k] mol~' nM~2). Finally, the system was equilibrated
during a NPT simulation for 1 ns with backbone restraints lowered
to 50 kJ mol~! nM~2. All restraints were removed for the produc-
tion run at 310 K. The Berendsen thermostat [41], was used to
equilibrate the temperature. The average pressure was kept at
0.01 atm [42] using the Parrinello-Rahman barostat [43]. Newton’s
equation of motion was integrated using a leapfrog algorithm with
a 2 fs time step. The particle mesh Ewald (PME) method [44] was
used to compute the long-range electrostatic forces. Rotational
and translational motions of the system were removed, and H-
bonds were constrained with the LINCS algorithm. The simulation
was run for 300 ns, until the model reached a stable conformation,
as confirmed by RMSD.
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2.4. Peptide synthesis, purification and characterization

All peptides were synthesized in our laboratory by the solid-
phase method using the flurenylmethyloxycarbonyl(Fmoc)-chemis
try [45,46] on a model PS3 automated synthesizer from Protein
Technologies International (Tucson). The peptides were assembled
stepwise on a Wang Resin (Novabiochem) derivatized with the
desired corresponding C-terminal amino acid. Removal of N9-
Fmoc-protecting groups was achieved by treatment for 20 min at
room temperature with a deprotection solution (20% piperidine
in N-methylpirrolidone - NMP). Standard coupling reactions were
performed with an equal molar ratio of 2-(1H-benzotriazol-1-yl)-
1,1,3,3-tetramethyluronium  hexafluorophosphate and 1H-
hydroxy-benzotriazole as activating agents, with a fourfold molar
excess of N*-Fmoc-protected amino acids in activation solution.
For double coupling at peptide bonds involving Val, Ile, Leu and
Phe, the stronger activator 2-(7-aza-1H-benzotriazol-1-yl)-1,1,3,3
-tetramethyluronium hexafluorophosphate was used. Once the
peptide assembly was completed, the side chain-protected pep-
tidyl resin was treated for 90 min at room temperature with the
following mixture: 92.5% TFA, 2.5% H,0, 2.5% ethandithiol, 2.5% tri-
isopropylsilane. The resin was removed by filtration, and the acidic
solution, containing the unprotected peptide, was precipitated
with ice-cold tertbutyl-methylether and then lyophilized.

Peptides were purified to homogeneity (>98%) by semi-
preparative RP-HPLC (Jasco HPLC Pu-1575 equipped with 1575
UV-Vis detector) on a Grace-Vydac (Hesperia) C18 column (4.6 x
150 mm, 5 um particle size, 300 A porosity) equilibrated with
0.1% (v/v) aqueous TFA and eluted with a linear 0.078% (w/w)
TFA-acetonitrile gradient at a flow rate of 0.8 ml/min. Absorbance
of the effluent was monitored at 226 nm.

Purified peptides were analyzed using a Waters (Milford)
Xevo-G2S Q-TOF instrument, which yielded mass values in
agreement with the theoretical mass within 2 ppm accuracy.
Concentration of peptides with aromatic amino acids was deter-
mined on a V-630 spectrophotometer (Jasco, Tokyo, Japan) by mea-
suring the absorbance at 257 nm, for Phe-containing peptides, or at
280 nm for Tyr-containing peptides, using a molar absorptivity of
200 M~!-cm~! or 1280 M~!-cm™! for Phe or Tyr, respectively. For
peptides lacking any suitable chromophore, the concentration
was determined by analytic scaling (E/50 Gibertini) [47].

Peptide secondary structures were analyzed by circular dichro-
ism (CD) in the far-UV region. CD spectra were recorded on a ]-810
spectropolarimeter (Jasco), equipped with a thermostated cell
holder and a Peltier PTC-423S temperature control system. The
spectra were recorded at 25 °C at a peptide concentration of
0.1 mg/ml in 10 mM phosphate buffer, pH 7.4, 0.15 M NaCl (PBS)
using a 1-mm 0.1-cm pathlength cuvette. Each spectrum resulted
from the average of four accumulations after baseline subtraction.
CD signal was expressed as the mean residue ellipticity:
[6] = obs"MRW/10-I-c (deg-cm?-dmol~!) where 6, is the observed
ellipticity in deg, MRW is the mean residue weight, 1 is the path
length in cm and c is the peptide concentration in g/ml [48,49].

2.5. Peptide stability assays

Each peptide was added at 20 uM final concentration in 600 pl
of differentiation medium, whose composition is reported in the
Molecular and Cellular biology section. At each time point,
500 pl of medium was withdrawn and high MW molecules from
fetal bovine serum (FBS) or secreted by cells were eliminated by
ultrafiltration at 10,000xg on a Vivaspin 10 kDa cutoff filter (Sarto-
rius). 350 pl of the ultrafiltrated medium was immediately frozen
at —20 °C for the RP-HPLC analysis. RP-HPLC runs were performed
by loading 300 pul of the sample acidified to 0.1% H,O/TFA onto a
Zorbax 300SB-C18 column (4.6 x 300 mm, 5 pm particle size,
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300 A porosity) (Agilent) using a linear acetonitrile/0.078% TFA gra-
dient from 5 to 34% in 30 min at 0.8 ml/min flow rate, monitoring
the absorbance of the effluent at 226 nm. Peptide concentration at
each time point was inferred from its peak area, normalised vs a
reference peak showing a constant area during the whole
experiment.

2.6. Surface plasmon resonance (SPR) experiments

Binding affinity was carried out using a multi-cycle injection
strategy on a dual flow cell Biacore-X100 instrument
(GE-Healthcare). Homophilic binding was validated as follows:
5 pg/ml purified L1ICAM ED (Thermofisher Scientific) (i.e. the
ligand) was immobilized (3300 RU) at pH 4.0 on a
carboxymethylated-dextran chip (CM5) using the amine coupling
chemistry; then, increasing concentrations of L1CAM ED solutions
(i.e. the analyte) were injected in the mobile phase [50]. Titration
was performed at 25 °C in 10 mM Hepes, pH 7.5, 150 mM Nadl,
3 mM EDTA, 0.05% polyoxyethylene sorbitan (HBS-EP*), at a flow
rate of 10 ul/min. The regeneration step was performed using
0.05% (w/w) SDS solution for 20 sec. Each binding curve was sub-
tracted for the corresponding baseline, accounting for non-specific
binding (<2% of RUax). The equilibrium dissociation constant (Kq)
of the homophilic interaction was obtained as a fitting parameter
by plotting the value of the response units at the steady state
(RUphax) for each concentration of the analyte (i.e., L1CAM ED). Data
analysis was performed using the BlAevalution software and Origi-
nPro 2018b, using the following equation, describing the one-site
binding model:

[Alr

RUeq = RUmax m

where [A]r is the concentration of the free analyte in equilibrium
with the analyte-ligand complex present on the sensor chip surface,
while RUeq and RUp,x are the RU values measured at the steady
state with intermediate or saturating Ar concentrations. Competi-
tion assays with peptides in solution were carried out by incubating
at constant concentration of L1ICAM ED (50 nM) with increasing
concentrations of peptides up to 100 uM for 30 min, followed by
injection over the sensor chip. All measurements were carried out
at a flow rate of 10 ul/min, at 25 °C using HBS-EP* as running buffer.
The SPR signal was taken at the end of the association phase and
plotted against each peptide concentration.

2.7. Cell culture and differentiation

Exponential growing human neuroblastoma cell line SH-SY5Y
[51], was cultured with Dulbecco’s Modified Eagle Medium/Nutri-
ent Mixture F-12 with GlutaMAX™ supplement (DMEM/F-12, Invit-
rogen Life Technologies) supplemented with 10% heat-inactivated
foetal bovine serum (FBS, Euroclone) and 25 pg/ml of gentamicin
(Sigma) (growth medium), in a humidified atmosphere of 5% of
CO, in air at 37 °C. Cultures were maintained by sub-culturing cells
into 25 cm? flasks (Sarstedt) once they reached roughly 80% conflu-
ence. Cell differentiation was induced by treating cells with all-
trans-retinoic acid (RA, Sigma) at 10 uM concentration and lower-
ing the FBS in the culture medium to 2% (differentiation medium)
24 h after seeding. In undifferentiated control samples, Dimethyl
sulfoxide (DMSO) was added as the equivalent amount (in which
RA is dissolved). In experiments with peptides added to the culture
medium, cells were seeded in a 24-well plate (15000 cells/well)
coated with a gelatine (Sigma)/poly-L-lysine (Invitrogen) solution.
Poly-L-lysine is widely used as a good substrate for neural cell
adhesion and growth. 24 h after cell seeding (day 0), the growth
medium was replaced by the differentiation medium; then, 24 h
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after RA induction (day 1) peptides were added to the culture med-
ium, except for control samples. Cell viability and proliferation
were assessed at reported time points, while neurite numbers
and lengths were measured 24 h after peptide addition.

2.8. Neuritogenesis assay

Neurite outgrowth was measured after staining cells with
Calcein-AM (Biotium, 2 uM in HBSS, Hank’s Balanced Salt Solution,
Invitrogen) and Hoechst 33258 (Invitrogen Life Technologies,
10 pg/ml) for 30 min in the dark at 37 °C and 5% CO,. Medium
was then replaced with fresh HBSS and cells were observed with
a Leica DMI4000 microscope at 10X magnification with GFP and
DAPI filter. Ten images per well were recorded; the first two fields
were set to correspond to the centre of the well. Next fields were
then selected in the periphery of the well (N, NE, E, SE, S, SW, W,
NW, respect the centre), so that images could be representative
of the whole well. Images were evaluated with Fiji [52]. Cells were
counted by manually counting nuclei. Overall, between 1000 and
2000 cells were recorded per well. Neurite length was measured
by tracing the trajectory of the neurite from the tip to the junction
between the neurite and cell body. If a neurite exhibited branching,
the measure from the end of the longest branch to the soma was
recorded, then each branch was measured from the tip of the neu-
rite to the neurite branch point. Only neurites longer than 50 pm
were considered [53,54]. The neuritogenic properties were anal-
ysed in terms of total neurite length/no. of cells (aggregate length
of all cellular processes divided by cell number) and no. of neu-
rites/no. of cells. Values were then normalized to the untreated
proliferative control and reported as percentage. Each experiment
was performed in at least three independent replicates. As not all
peptides were tested at the same moment, negative (proliferative
and differentiative untreated) and positive (proliferative and dif-
ferentiative L1-A treated) controls were always included in the
assay to ensure reproducibility.

2.9. Immunofluorescence

Cells were fixed in 4% paraformaldehyde (PFA) for 15 min and
permeabilized by treatment with ice cold 100% methanol for
10 s. Samples were then blocked in 0.5% BSA in PBS for 45 min at
room temperature (RT). Staining was performed for 90 min at RT
using MAP2 primary antibody (Synaptic Systems) diluted in 3%
BSA in PBS. Secondary antibody (Alexa Fluor 488, Molecular
Probes-ThermoFisher) was diluted in 0.5% BSA and incubated for
45 min at RT. Finally, nuclei were stained with 1 pg/ml HOECHST
33258 (Invitrogen) for 20 min and coverslip were mounted with
mowiol mounting medium. After 24 h of polymerization samples
were observed using a Leica SP5 confocal microscope.

2.10. Cell proliferation assays

Resazurin reduction assay was performed to quantify metabol-
ically active living cells and thus to monitor the effects of peptides
on cell proliferation. Briefly, the culture medium was replaced by
500 pl of resazurin solution (Resazurin Sigma 15 pg/mL in growth
medium without phenol red) and cells were incubated for 4 h in
the dark at 37 °C, 5% CO,. Then, 200 pl of resazurin solution was
removed twice from each well and transferred to a 96 well plate
(technical duplicates). Fluorescence, directly correlated with cell
numbers, was detected using a plate reader (Ascent Fluoroscan,
excitation 540 nm, emission 590 nm). Background values from
blank samples were subtracted and average values for the dupli-
cates calculated. Cell proliferation was calculated from a calibra-
tion curve by linear regression using Microsoft Excel.
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2.11. Statistical analysis

Statistical analysis was performed using GraphPad Prism v8.
Unpaired, two-tailed Student’s t-test and results were considered
significant when p < 0.05.

3. Results
3.1. Identification of a neurite outgrowth and guidance (NOG) motif

The amino acid sequences of Ig2 repeats from human L1CAM
and the other three proteins of the L1 family (i.e., CHL1, NrCAM
and Neurofascin) were used as BLASTp queries to retrieve a dataset
of animal orthologs. A regular expression (pattern) was derived
from a multiple alignment including these sequences, according
to the PROSITE syntax [55]. In particular, the seed region of the pat-
tern was derived by a 14 residues block of the multiple alignment
including the sequence of the biomimetic L1-A peptide [10]. How-
ever, since the shorter is a regular expression, the higher is the
number of retrieved false positive hits, to improve scanning speci-
ficity the pattern was extended C-terminally, including the com-
plete B-hairpin region of the Ig2 domain and a conserved Asp
residue. Early ScanProsite [17] scannings retrieved further neu-
ronal CAMs, other than L1 family; refinement by iteration resulted
in the following pattern (standard PROSITE synthax): [FHIKLPRST]-
{CHMNWY}(2)-{CFHVWY}-[ DEGINRSTV]-[DEGAKLS]-R-{CDENPQ
W]}-[EFINSTVY]-[AIKLMQTV]-[ADFGKLMRS]-{CEFIMWY}-[ DEGNKS
T]-[GKNST]-[DFGILNTYA]-[LIMN]-[ YEFMTILQ]-[FVIGSY]-[HAINST]-
X(4,6)-D. Scanning of UniProtKB release 2021_03 (SwissProt + TrE
MBL, sequence fragments and splice variants excluded) confirmed
the taxonomic restriction of this motif to Metazoa (Taxon ID:
33208). Almost ten thousand positive hits were retrieved, mainly
from Vertebrata (Taxon ID: 7742), in agreement with the speci-

ficity for neuronal proteins involved in Neurite Outgrowth and

Guidance, prompting us to name such newly identified conserved
pattern as 'NOG motif’. The prediction power of a PROSITE pattern
is named “Precision Index” and indicates specificity of pattern
presence in true positive hits (i.e., those proteins having both the
pattern and the associated motif function). Precision Index is calcu-
lated as true positive/true + false positive ratio, and thus it is 100%
when only true positives are retrieved, while for some patterns,
this index shows acceptable, high values lower than 100% because
of recognition of some false positive hits (i.e., proteins in which a
sequence fragment, non-associated to the motif function, is com-
patible with the pattern). The Precision Index is calculated using
only entries from the SwissProt section of UniProtKB, because pro-
tein sequences in the TTEMBL subsection are often computationally
inferred and/or uncharacterized. When calculated this standard
way, on a few tens positive SwissProt entries, NOG motif precision
was found to be 100%; however, we decided to check whether such
an absolute specificity could be confirmed also in the much
broader dataset of >3600 positive hits in TTEMBL (Mammalia sec-
tion, Taxon ID 40674), as small numbers may hide false positive
hits, which are eventually found in extended datasets. In TTEMBL
section, roughly two thirds of positive hits were identified soon
as orthologues of the aforementioned CAMs, whereas further
sequence analysis was needed for more than one thousand positive
hits named “Uncharacterized protein”. Analysis by domain archi-
tecture and BLASTp screening confirmed that they are neuronal
CAM as well, thus confirming 100% precision on the wide dataset
and suggesting the NOG motif can be used with high confidence
for in silico annotation of deposited proteomes and protein
sequences.

Intriguingly, the NOG motif is specific to the Ig2 repeat in all
four L1-family CAMs, all six Contactins and in DCC/NetrinR,
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whereas in Roundabout receptors ROBO1, ROBO2 and ROBO3 it can
be found both in Ig2 and/or Ig4 (see Fig. 1, showing the ED archi-
tecture of human NOG-positive proteins). More specifically, some
ROBO sequences are NOG positive in both Ig domains, while most
of them only have either Ig2 or Ig4 positive for NOG. However, fur-
ther investigation on the seemingly negative domains showed that
in ROBO sequences, when a perfectly matching NOG motif is
detected in Ig2, a slightly degenerated version of it is present in
Ig4, and vice versa. Notably, Ig2 mediates attractive homo- and het-
erophilic interactions in the horseshoe conformation of ectodo-
mains from the first three CAM families. ROBO receptors mediate
repulsive interactions via the Igl domain, while [56] Ig2 and Ig4
are known to mediate homophilic interactions involved in ROBO1
dimerization [57]. Strikingly, NOG containing regions in ROBO1
crystal structure overlap with already characterized interface area
[56].

The only NOG motif residues showing 100% conservation are
the arginine at position 7, and the aspartic acid at the extreme C-
terminus. It must be mentioned that conserved tryptophan resi-
dues are located upstream to the NOG motif. Even though they
were initially considered for extending N-terminally the seed
region, they were not included in the final NOG regular expression.
Like the conserved cystein pair of the disulphide bond stabilizing
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the Ig-like fold, such tryptophans are conserved in all Ig repeats
of neuronal CAMs, hence representing structural determinants of
the Ig fold rather than an interaction motif. Structure inspection
and comparison of multiple Ig domains from neuronal CAMs con-
firms the involvement of tryptophans in conserved aromatic stacks
(not shown).

Starting from these findings, we decided to investigate on indi-
vidual Ig sequence, their structural conservation, and a possible
role for the conserved R-D pair.

3.2. Structural and sequence comparison among Ig domains from NOG
positive CAM proteins

The crystal structure of a representative member of each family
of NOG proteins was used for structural comparison. All but the
DCC/NetrinR are human proteins: for this latter, the rat protein
structure was included as the closest available ortholog. The pres-
ence of four to six Ig repeats in each CAM ED allows to compare
intra-molecular conservation (i.e., among Ig repeats from the same
ED) and inter-molecular conservation (Ig domains from different
proteins), which were evaluated by superposition and Co-atoms
RMSD comparison. Matching sequences were also compared in
terms of percentage of identity by global alignment using the

NOG motii: @ Ig domain:o Fnlll repeat: iy

NFASC L1CAM CHL1 NRCAM CNTN1CNTN2 CNTN3-6 ROBO1ROBO2-3 DCC
L1 family CAMs Contactins Roundabout Netrin
homologs receptor

Fig. 1. Extracellular domain (ED) architecture of neuronal CAMs positive for the NOG motif. Each ED of a NOG protein protruding from the plasma membrane (grey horizontal
bar) shows a variable number of Immunoglobulin-like (Ig, hexagon) and Fibronectin IlI-like (FnlIl, black pentagon) domains. Ig domain hexagons have grey background when
a corresponding X-ray structures are available, and NOG motifs are depicted by full black circles. See methods for accession numbers for structures in Protein Data Bank (PDB)

and sequences in UniprotKB.
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LALIGN software. Interestingly, each Ig from any CAM is closer to
the corresponding one in other proteins, than to other Ig repeats
from the same protein (Table 1). Ig structures are more conserved
than the corresponding sequences; for instance, when Neurofascin
Ig2 is superposed to any Ig2 domain from another CAM, RMSD val-
ues fall in the 1.5 A to 3.9 A range (average: 2.93 A). Instead, when
it is superposed to Neurofascin Ig1, Ig3 or Ig4, higher values
(even > 8 A) are found (Fig. 2). Such structural conservation is
observed for all four Ig repeats, as shown by the average values
in Table 1. Evidence that each Ig (1 to 4) from NOG proteins shows
a peculiar structural conservation is in agreement with their role in
specific intra- and inter-molecular interactions. As an example,
intramolecular Igl:Ig4 and Ig2:Ig3 interactions are needed for
horseshoe formation in L1CAM-family, whereas intermolecular
Ig2:1g2 and Ig4:1g4 interactions are crucial to ROBO dimerization
[56,57].

Strikingly, when NOG regions are structurally compared, RMSD
values are roughly two units lower than those of corresponding Ig
domains (Table 2).

Starting from the observation that arginine (R) and aspartic acid
(D) are the only two NOG-residues showing absolute conservation,
and thus likely to play a pivotal role, we wondered if they were

Table 1

Computational and Structural Biotechnology Journal 19 (2021) 5622-5636

Table 2
Co-RMSD (A) between the NOG regions of indicated CAM proteins.
Neurofascin Contactin1 Robo3 DCC
Neurofascin - 0,72 0,89 0,70
Contactinl 0,72 - 0,87 0,78
Robo3 0,89 0,87 - 0,87
DCC 0,70 0,78 0,87 -

also conserved in NOG negative Ig domains of NOG positive CAMs
(like the aforementioned W and C residues). However, multiple
sequence alignment and structural superposition of such Ig repeats
of a number of representative CAMs indicates that this is not the
case (data not shown), suggesting the R-D pair is relevant (and
specific) to Ig2 function rather than being a structural determinant
of the Ig-like fold. Fig. 3 and Supplementary Fig. 3 compare five
NOG-positive Ig from the four aforementioned crystal structures.
Notably, side chains in the R-D pair are juxtaposed and closer than
4 A (i.e., a distance compatible with the formation of a salt bridge
[58]).

The biomimetic L1-A peptide was originally compared with a
mutant version (R184A) reported by Zhao and co-workers [59].

Structural and sequence comparison among the Ig-like domains of NOG positive CAM and ECM proteins. In the upper right part of the larger table, Co-RMSD values are shown in
A, while % identity values of corresponding sequences are reported in the lower left part. The smaller table below resumes the average RMSD and identity values for homogeneous

Ig type comparison or for comparison with the other Igs from the same protein.

Structure comparison L1 family Contactin family R: Hnesout Netrin receptor
omologs
Sequence (rmsd) Neurofascin CNTN1 CNTN2 ROBO1 DCC
comparison (identity) g1 g2 1g3 | Ig4 g2 1g3 g1 Ig2 | Ig3 g4 g1 g2 g1 g2 Ig3 | Ig4
Ig1 8.19 | 6.69 | 481 | 1013 | 415 | 7.04 | 851 [ 3.35 | 817 | 464 | 6.98 | 3.76 | 4.02 | 2.69 | 4.35
L1 family Neurofascin g2 25.9 5.33 | 4.03 217 | 467 | 6.32 | 265 | 5.04 | 3.38 | 443 | 315 | 7.92 | 3.92 | 465 | 5.14
g3 29.0 | 23.7 4.33 525 | 364 | 7.73 | 512 | 2.05 | 3.09 | 3.92 | 436 | 5.00 | 4.17 | 3.45 | 443
Ig4 305 | 19.8 | 414 476 | 2.74 | 438 | 6.23 | 1.73 | 1.97 | 446 | 3.28 | 3.24 | 584 | 3.57 | 2.31
CNTNA g2 19.4 | 33.0 | 26.6 | 16.3 451 | 752 | 1.54 | 533 | 3.55 | 4.65 | 3.08 | 483 | 3.77 | 718 | 425
g3 25.8 | 24.2 | 33.7 | 23.6 | 18.7 3.79 | 470 | 1.77 [ 291 | 2.84 | 4.07 | 292 | 406 | 2.52 | 2.13
Contactin Ig1 23.7 | 193 | 268 | 281 | 281 | 21.1 482 | 583 | 467 | 3.02 | 232 | 3.98 | 6.83 | 2.30 | 2.59
family CNTN2 g2 1731 28.0 | 21.7 [ 183 | 60.0 | 19.8 | 25.8 544 | 530 | 492 | 339 | 466 | 3.76 | 552 | 4.15
1g3 216 | 209 | 315 [ 21.3 | 17.2 | 488 | 24.2 | 204 317 | 499 | 207 | 578 | 644 | 2.03 | 1.62
Ig4 27.8 | 26.7 | 30.3 | 364 | 176 | 326 | 29.2 | 23.1 | 26.7 453 | 421 | 3.93 | 4.80 | 4.92 | 1.42
Roudabout ROBO1 Ig1 30.0 | 242 | 29.0 [ 26.8 | 144 | 29.6 | 309 | 19.2 | 26.5 | 28.9 3.02 | 247 | 2.81 | 241 | 1.98
homologs 1g2 235233 | 264 | 233 | 144 | 2906 | 289 | 228 | 24.7 | 284 | 39.8 415 | 1.87 | 3.88 | 2.17
Ig1 194 | 211 | 306 | 179 | 22.7 | 268 | 29.2 | 21.9 | 24.0 | 23.2 | 30.6 | 24.7 3.52 | 2.36 | 2.19
Netrin pce 192 286 | 258 | 31.2 [ 231 | 204 | 319 | 29.7 | 26.9 | 264 | 30.8 | 29.6 | 26.1 | 34.6 2.00 | 240
receptor g3 19.2 | 204 | 26.7 | 209 | 25,5 | 222 | 16.3 | 25.0 | 21.1 [ 33.3 | 29.0 | 31.5 | 29.5 | 28.8 1.22
g4 24.7 | 20.0 | 31.1 [ 30.7 | 31.1 | 29.9 | 30.0 | 23.1 | 29.9 | 349 | 30.9 | 30.7 | 28.2 | 32.9 | 40.0
Ig1 1g2 [1g3 [ 1g4
g1 4.15 (27.3%)
g2 293 (28.1%) |
193 [ 2.58 (30.7%)
g4 1.90 (34.0%)
{’,:Zes'a',isef;o"t‘ein 461(20.7%) | 441 (26.7%) | 4.09 (28.2%) | 3.57 (30.2%)

Fig. 2. Ig2 domain superposition. Neurofascin Ig2 (cyan) superimposed to (a) Contactin 1 Ig2 (magenta) or (b) Neurofascin Ig3 (green). Structure similarity is closer between
Ig2 from different molecules than between different Ig domains from the same molecule. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 3. Comparison of NOG positive domains. (a) Neurofascin Ig2, (b) Contactin2 Ig2, (c) DCC-Netrin receptor Ig2, (d) ROBO2 Ig2, (e) ROBO1 Ig4. The NOG region (green) is
highlighted, as well as the side chains of the two residues forming the salt bridge: Arg (blue) and Asp (red). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

Replacement of central arginine by alanine resulted in complete
loss of neuritogenic ability. Since this amino acid corresponds to
the absolutely conserved arginine at position 7 of the NOG motif,
we speculated that disruption of the R-D salt bridge might lead
to Ig2 misfolding, impairing its binding capacity. Hence, using
the Neurofascin Ig2 crystal structure, we built in silico the R188A
(as R188 in Neurofascin corresponds to R184 in L1CAM) and
D206A mutants, which were compared to the wild type in MD sim-
ulations. Data in Fig. 4 suggest that the R-D salt bridge helps to sta-
bilize proper folding of the Ig2 domain, as confirmed by Ca-RMSD
variation in the Arg — Ala or Asp — Ala mutants. Focusing on the -
hairpin region which includes the NOG motif, both mutations
impair the spatial distribution of the B-strands within the Ig2
domain; however, the Arg — Ala mutation has a stronger impact
because one of the B-strands is no longer predicted to retain its sec-
ondary structure. Indeed, the overall Ig2 fold is kept, according to
evidence the Ig-like fold depends on a conserved disulfide bridge,
hydrophobic bonds and aromatic stacks [60]. Instead, local confor-
mation of the binding site is impaired, in agreement with the Ig2-
specific conservation of the R-D pair. Relevance of such salt bridge
to proper binding features of the domain is further highlighted by
changes in the surface electrostatic potential of Ig2. Isocontours in
Fig. 5 and Supplementary Fig. 2 show that, at the end of the MD
simulation, the Arg — Ala mutation causes a relevant charge redis-
tribution, with local concentration of positive (blue) charges on
one side (bottom in figure) of the domain, whereas negative (red)
charge “spotting” occurs at another side (top in figure), also result-
ing in local displacement of a positive area that was present in the
wild type isocontour. Noteworthy, the Asp — Ala mutation
involves milder shifts in charge distribution as isocontours are
mostly comparable to the wild type. Indeed, mutations not result-
ing in complete unfolding or severe misfolding of a domain, can
anyway strongly impair or even abolish its binding capacity, when
altering the proper orientation of the binding region.
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3.3. Design of NOG-based peptides

As explained above, the seed region of the NOG motif was elon-
gated to improve the pattern precision, and to this aim, Ig2-specific
C-terminal conservation was preferred over less specific N-
terminal residues. Even though the aforementioned R-D salt bridge
is crucial for proper orientation and surface charge of the homo/
heterophilic binding region in the context of a whole Ig2 domain,
this is neither necessarily true, nor can be excluded a priori, for
Ig-2 derived peptides, as their activity could mimic either a “con-
formational” or “linear” signaling motif. Indeed, since the L1-A
peptide is disordered in solution and biomimetic per se in boosting
neuritogenesis [10], we could argue that, at least in the instance of
L1CAM, the seed region of the NOG motif is functional as a linear
motif. Therefore, we wondered if the R-D bridge could be eventu-
ally relevant to the function of “conformational”, NOG-derived
peptides. To this aim, we performed a series of molecular dynamics
unfolding simulations with the following fragments of Neurofascin
Ig2: (i) peptide NFASC-B (aa 182-208), i.e. the complete NOG motif
plus two additional residues at the C-terminus and (ii) NFASC-C (aa
161-216), i.e. Ig2 subregion in between the two Cys residues
involved in the disulfide bridge.

Data in Supplementary Fig. 3 suggest NFASC-B is unstable in
solution, as simulation RMSD values swiftly shift around 1 A
(within 100 ns) and then stabilize around 0.75 A. Most impor-
tantly, the R-D salt bridge is predicted to be rapidly lost, probably
due to the much higher dielectric constant of water. However, even
if NFASC-B undergoes extensive conformational variation, it is not
predicted to unfold completely, as the B-hairpin, albeit distorted,
can partially stabilize the main chain fold. Conversely, NFASC-C,
which includes both the salt and the disulfide bridges, appears to
be much more stable, as RMSD values rapidly stabilize around
0.5 A. Notably, the salt bridge is lost even in this simulation, as it
is not buried anymore inside the Ig2. Peptide relative stability
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Fig. 4. Molecular dynamics simulation of wild type Neurofascin and mutants R188A and D206A. Conformation of (a) R188A mutant, (b) wild type and (¢) D206A mutant of
the Ig2 domain in human Neurofascin at different time points during the simulation. Plots of the Co-RMSD calculated during the simulation are highlighted.
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D206A

0 ns

300 ns

Fig. 5. Electrostatic isocontours of Neurofascin Ig2 at the beginning and the end of the MD simulation. Surface potential of the wt Ig2 remains roughly constant during the
simulation, whereas R188A mutant displays an increase in positive charge (blue, bottom half of the domain) and a separation of the negative charge (red) occurs at the top
half. At the same time, dispersion of the positive charge results in the disappearance of a negative area visible on the top half of the wt. Variation in surface charge, even if at a
lesser extent, also concern the D206A mutant. For space constraints, only isocontours obtained at 150 mM concentration with 90° orientation are presented here, while
complete information (isocontours at both 0 mM and 150 mM concentration, with 0°,90°, 180° and 270° orientations) is reported in Supplementary Fig. 2. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3

Synthetic peptides used in this work. Sequence type: wt, wild-type, scr, scrambled. Notes: (*) neuronal isoform; (**) amino acids 1-6 from L1-A, conserved R, amino acids 8-14 CT
from CNTN2-A; (***) amino acids 1-6 from CNTN2-A, conserved R, amino acids 8-14 CT from L1-A.

Peptide name Human protein UniProt AC Protein fragment Sequence type Sequence

L1-A (%) L1CAM P32004 178-191 wt HIKQDERVTMGQNG
L1-A_scr L1CAM P32004 178-191 scr IVDQGNREMGTKHQ
L1nt_CNTN2cr (%) L1CAM + Contactin 2 P32004 + Q02246 178-184 + 183-190 chimeric HIKQDERHFVSQTTG
CNTN2nr_L1cr (%) Contactin 2 + L1CAM Q02246 + P32004 176-182 + 185-191 chimeric FIPTDGRVTMGQNG
NFASC-A Neurofascin 094856 182-195 wt PITQDKRVSQGHNG
CHL1-A CHL1 000533 173-186 wt HIEQDERVYMSQKG
NrCAM-A NrCAM/Bravo Q92823 187-200 wt RLPQSERVSQGLNG
DCC-A DCC/Netrin receptor P43146 182-195 wt PIPGDSRVVVLPSG
CNTN1-A Contactin 1 Q12860 180-194 wt FITMDKRRFVSQTNG
CNTN2-A Contactin 2 Q02246 176-190 wt FIPTDGRHFVSQTTG
CNTN5-A Contactin 5 Q94779 238-252 wt FVAEDSRRFISQETG
ROBO2-A Roundabout receptor 2 Q9HCK4 174-187 wt IDDKEERISIRGGK
ROBO3-A Roundabout receptor 3 Q96MSO 207-220 wt LKEEEGRITIRGGK

can also be inferred from Root Mean Square Fluctuation values in
Supplementary Fig. 3c: NFASC-B residues display values much
higher (up to two-fold) than the same region of NFASC-C or the
whole Neurofascin Ig2, which was used as reference. Taken
together, data indicate if NOG-derived peptides acted in a
“conformation-based” fashion, >50 residues of Ig2 would be
required to stabilize their structure. Increasing the number of resi-
dues would be inconvenient, as it would impair benefits of using
small peptides as biotechnological tools [9]. Since the already pro-
ven pro-neuritogenic activity of L1-A might be limited to this
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L1CAM derived peptide, we decided to check whether other pep-
tides derived from the seed region of NOG-containing proteins
could influence neuritogenesis as well.

3.4. Structure-activity relationships (SAR) studies of NOG-based
peptides

Nine peptides were thus derived from representative members
of the L1, contactin, ROBO and DCC families (Table 3). These pep-
tides were synthesized by the solid-phase Fmoc-chemistry, puri-
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fied to homogeneity (>98%) by semi-preparative RP-HPLC, and
chemically characterized by high-resolution mass spectrometry
(MS) as reported in the methods section (see also Supplementary
Fig. 4). The conformational properties of the synthetic peptides
were investigated by circular dichroism (CD) in the far-UV region,
showing a minimum at about 200 nm and another shallow nega-
tive band at 220 nm, indicative of a mainly disordered conforma-
tion (Supplementary Fig. 5).

Peptide resistance to proteolytic degradation, possibly occur-
ring during biological assays, was assessed by running control
experiments under experimental conditions identical to those used
for neuritogenesis experiments [10]. In order to have a better sig-
nal to noise ratio, 20 uM of each synthetic peptide was first added
in separate experiments to the differentiation medium and then
high-MW molecules were eliminated by ultrafiltration, while the
peptides could be reliably identified and quantified by RP-HPLC
and MS (not shown). A single peptide, representative of each fam-
ily (L1-A, CNTN5-A, ROBO2-A and DCC-A), was used in degradation
cellular tests, together with L1-A_scr as NOG-negative control.
Medium was refreshed, and peptides were added at 1 uM concen-
tration every two days. Ultrafiltrated media were analyzed after O,
8, 24, and 48 h, with a final recovery of residual intact peptides
from 60 to 85% (average yield: 74%), after 48-h incubation
(Fig. 6a). Since peptides are added to cells at the optimal concen-
tration of 1 pM, and the final concentration around 0.74 uM is
known to be almost as neuritogenic as the optimal one [10],
peptide-mediated stimulation is expected to be roughly constant
during treatment.

The neuritogenic potential of the synthetic peptides was thus
compared to that of the already characterized L1-A and its scram-
bled version L1-A_scr. Experiments were performed on human
neuroblastoma derived SH-SY5Y cells (an established model for
dopaminergic neurons [61]), evaluating the total neurite length
per number of cells in the presence or absence of all-trans-
retinoic acid (RA). Noteworthy, all nine new NOG-derived peptides
proved to boost neuritogenesis (Fig. 6bc and Supplementary Fig. 6),
with a potency comparable or even higher than that determined
for L1-A, and, noteworthy, without significantly affecting cell pro-
liferation (Fig. 6d). Capacity of all such peptides to boost outgrowth
and elongation of neurite-like cellular processes proved to be reli-
able overtime, in several biological replicates, however, we aimed
to go deeper into the nature of such cellular processes. SH-SY5Y
cells are known to express high levels of MAP2, a marker for nas-
cent neurites [62]. To further confirm the pro-neuritogenic activity
of the peptides immunofluorescence against MAP2 was performed
on cells treated with L1-A as reference peptide. Data presented in
Supplementary Fig. 7 indicate the developed cell processes are in
fact neurites.

Since the NOG motif belongs to the neuronal CAMs homo- and
heterophilic binding region, we investigated on the effects of NOG-
derived peptides on homophilic binding using a commercially
available recombinant L1CAM ectodomain (L1CAM-ED) and sur-
face plasmon resonance (SPR) technology. Notably, this L1CAM-
ED is expressed in mammalian cells, and corresponds to amino
acids 1-1120 of the human protein (~125 kDa), with a 6xHis tag
at the C-terminus. We determined the equilibrium dissociation
constant (K4) of the L1CAM-ED dimer by first immobilizing
L1CAM-ED on a CM5 sensor chip and then injecting incremental
concentrations of the same receptor solutions in the mobile phase,
to yield a K4 of 17.0 + 1.3 nM (Fig. 7ab), which is six-fold lower (i.e.
higher affinity) than that estimated by Gouveia and colleagues [63]
using a recombinant L1CAM-ED expressed in insect cells, with a
difference in the free energy change of binding (AAG, = 1.1 kcal/
mol) only two-fold higher than the internal energy of a solution
at 25 °C, i.e. ~ 0.6 kcal/mol. This moderate difference in binding
strength likely reflects the difference in (i) glycosylation processing
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that recombinant L1CAM-ED undergoes in the two expression sys-
tems, where mammalian and insect cells yield recombinant pro-
teins with high and low mannose content, respectively, and in
(ii) the experimental settings and instrumentation used for the
two sets of analyses. Thereafter, we attempted to estimate the
affinity of L1-A and other synthetic peptides in Table 3 to immobi-
lized L1CAM-ED by SPR. However, the % mass increment expected
for a 1:1 peptide-L1CAM-ED interaction (1%, approximately) is too
low to yield a meaningful signal and, indeed, we could not observe
any significant signal change (for more details, see Biacore X-100
user’s manual). Therefore, we performed competition experiments
by incubating soluble L1CAM-ED (50 nM) with increasing concen-
trations (1-100 uM) of each synthetic peptide, and then injected
this solution to immobilized L1CAM-ED. Even though the affinity
of L1-A and its synthetic analogues for L1CAM-ED is not known,
we assume that at the highest competitor peptide concentrations
explored (i.e.,, 100 uM), the homophilic binding site on the Ig2
domain of L1ICAM-ED is fully saturated. A NOG-derived peptide
representative for each neuronal CAM family was analysed, and
the decrease of SPR signal, compared to L1CAM-ED alone, was
taken as an indication that the peptide could productively interact
with L1CAM-ED and impair homophilic Ig2-Ig2 interaction. Data in
Fig. 7c show that L1-A and other NOG-motif based peptides (i.e. L1-
A, CNTN2-A, DCC-A, e ROBO3-A) can reduce SPR signal (expressed
as maximal response units, RU) of L1CAM-ED binding only at high
concentrations (50-100 pM). Among tested peptides, L1-A showed
the strongest blocking effect, as it reduces up to 40% the RU signal,
in a dose dependent manner. This effect was taken as an indication
that the peptide in solution can efficiently compete with the Ig2-
Ig2 homophilic interaction. From the neuritogenic function of L1-
A peptides, shown in Fig. 6, we would have expected a much higher
displacing effect in SPR competition experiments. However, such a
hypothesis is valid only when assuming ED-ED interaction to be
mediated by Ig2 alone, and this is not the case. Conversely, the high
baseline of residual ED-ED binding hence the low-moderate dis-
placing effect exerted by L1-A peptide is in agreement with pub-
lished evidence. Indeed, homophilic L1CAM-ED binding is
mediated not only by Ig2, as other domains are involved [63,64]
which can even assume a variable conformation within the
L1CAM molecule [65]. Therefore, a peptide competitor such as
L1-A might remarkably affect function without dramatically
impairing ED-ED interaction. Intriguingly, the addition of incre-
mental concentrations of CNTN2, DCC and ROBO3, only partially
(i.e., 20%) reduced the RU,.x of LICAM-L1CAM interaction. Then,
we compared the displacing capacity of the wild type L1-A peptide
with its R184A and scrambled mutants, which lack neuritogenic
capacity. It seems that the ability of the mutant peptides to inter-
fere with the homophilic interaction is comparable with that of the
other peptides tested (Fig. 7d). This is a rather interesting result
that can be explained considering that ED-ED interactions are
mediated by further LICAM domains [63,64], i.e. not only by the
Ig2 domain for which L1-A peptide and analogues have affinity,
according to evidence that in some instances, homo- and/or het-
erophilic binding among NOG-containing proteins is mediated by
horseshoe conformation and, in others, by an open one [65]. Nota-
bly, the same trend was observed performing the competition
assays using a lower concentration of LICAM-ED (i.e., 15 nM) in
the presence of the highest competitor peptides concentration
(Supplementary Fig. 8).

3.5. Non-natural sequence peptides fitting the NOG motif retain the
biomimetic potential

Evidence gathered so far demonstrates that peptides from NOG
positive CAMs display neuritogenic activity independently from
the CAM family they are derived from. However, all such peptides,
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Fig. 6. Chemical stability and neuritogenic effect of synthetic peptides derived from the NOG motif of indicated neuronal CAMs. (a) Chemical stability of NOG peptides in SH-
SY5Y cells differentiating culture medium. (b) Total neurite length and (c) neurites / number of cells of SH-SY5Y cells treated with indicated NOG peptides, * indicates p < 0.05
respect to sample without peptide addition (CTRL). (d) Cell proliferation 2 days after treatment with NOG peptides. All data represent the mean * SD of at least three
independent experiments; sample size is indicated at the bottom of each column, whereas the orizontal line represents the untreated CTRL reference value. (e) Micrograph of
proliferating SH-SY5Y treated cells. (f) Micrograph of RA-differentiated SH-SY5Y treated cells. Images are taken with a Leica DMI4000 at 20X magnification, scalebar is 50 pM.
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Fig. 7. Surface plasmon resonance analysis of L1ICAM-ED - L1CAM-ED interaction. (a) Increasing concentration of L1CAM-ED were sequentially injected over the sensor chip,
at a flow rate of 10 ul/min at 25 °C, using HBSEP + as running buffer. Each SPR trace was subtracted for unspecific binding (i.e.,2% of RUmax). (b) The response units (RU) at the
steady state were plotted as a function of [L1CAM] and fitted to the Langmuir equation (equation 1) to yield the dissociation constant Kq. (c-d) Competition experiment in the
presence of L1A peptide and analogues. A 50 nM solution of L1CAM-ED was incubated with increasing concentrations of peptides (0 to 100 uM) for at least 15 min before
injection over the same L1CAM-ED-coated sensor chip. Results are shown as the maximal association RU (expressed as the percentage relative to the response measured
without peptide) achieved at increasing concentrations of competitor, as indicated. All data represent the mean * SD of three independent experiments.

in addition to fit the N-terminal, seed sequence of the NOG motif,
are “sequence based”, in that perfectly reproducing the sequences
of the corresponding proteins. Therefore, we wondered if “motif
based” peptides, i.e., still fitting the NOG motif (in terms of being
compatible with the PROSITE-like regular expression) while not
corresponding to the sequence of any specific CAM, could be effec-
tive as well. To this aim, two chimeric peptides between L1-A and
CNTN2-A were designed around the 100% conserved Arg at posi-
tion 7 of the NOG motif. In chimeric peptide L1yt_CNTN2ct, the
six N-terminal residues are derived from L1-A and the seven C-
terminal ones from CNTN2-A, while in chimeric peptide
CNTN2yr_L1cr, just the reverse occurs. This way, both peptides
retain full sequence compatibility with the NOG regular expression
(as all amino acids of each peptide are still listed among those
accepted at each specific position), while showing instead a recom-
binant sequence, which no longer corresponds to a real NOG
sequence from any specific CAM. The resistance of both peptides
to proteolysis was found not meaningfully different from that of
other peptides (not shown). In neuritogenesis assays, the two chi-
meras proved to have a pro-neuritogenic effect comparable to that
of parent peptide L1-A, both in proliferative and differentiative
conditions (Fig. 8abc and Supplementary Fig. 9), whereas SPR data
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indicate that their competitive effects are closer to parent peptide
CNTN2-A than to L1-A (Fig. 8d).

3.6. Docking simulations

To gain insights on the binding of NOG-derived peptides to
NOG-containing proteins, reducing possible biases of algorithms
sampling engines, we performed flexible docking simulations with
two methods: template independent CABSDock [37] and template
based Galaxy Pep Dock [36]. Even though docking simulations are
often error prone and hence are not presented in detail, results we
obtained here are in general agreement with a model in which the
overall NOG motif is crucial for binding, but the absence of the
absolutely conserved arginine makes this binding unable to trigger
the neuritogenic signal. Indeed, during simulations with CABSdock
(Supplementary Figs. 10 and 11), a similar poses enrichment, spa-
tially close to Ig2, is shared by neuritogenic peptides and non-
neuritogenic peptide L1-A_R184A, which also shares with neurito-
genic ones the binding capacity in SPR experiments. Instead, L1-
A_scr, a peptide missing both binding and neuritogenic capacities,
shows more dispersed poses, all around the horseshoe. Simulation
runs with GalaxyPepDock (not shown) did not contradict this gen-
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Fig. 8. Neuritogenic potential of chimeric peptides. (a)Total neurite length and (b) neurites / number of cells of SH-SY5Y cells treated with chimeric peptides. Data are
normalized for the corresponding effect of the L1-A peptide. All data represent the mean + SD of at least three independent experiments; sample size is indicated at the
bottom of each column, the orizontal line represents the L1-A reference value. (c) Micrograph of SH-SY5Y treated cells. Images are taken with a Leica DMI4000 at 20X
magnification, scalebar is 50 pM. (d) Competition experiment carried out in the presence of L1-A peptide and its analogues. A 50 nM solution of L1CAM-ED was incubated
with different concentrations of peptides (0 to 100 uM) for at least 15 min before injection over the same L1CAM-ED-coated sensor chip. Results are shown as the maximal
association RU (expressed as the percentage relative to the response measured without peptide) achieved at increasing concentrations of competitor.

eral model, which mandatorily will need further experimental
work to be exhaustively validated.

3.7. Concluding remarks

The newly discovered NOG motif is specific to the neuronal
CAMs and it is widely conserved in Metazoa and especially in Ver-
tebrata, with most positive hits from Mammals.

It is already written in standard PROSITE syntax and shows
100% Precision Index, making it suitable for deposit into the PRO-
SITE database. Since its 100% precision is confirmed even in the
much larger dataset of the whole UniProtKB database, the NOG
pattern is suitable for use with high confidence for improving Uni-
ProtKB and other databases in genomes/proteomes annotation
programmes. The NOG motif is part of an interaction region by
which the Ig2 repeats from neuronal CAM horseshoes mediate
homo- and heterophilic interactions, which in turn are crucial to
proper neural development.

Indeed, the formation of neural circuits in the nervous system
requires that a correct connectivity is established between neurons
during development. To this aim, neural precursors need to
migrate and properly locate their cell bodies for projecting their
axons to synaptic targets. Failure to achieve correct connectivity

5634

results in a dysfunctional nervous system. Every neural circuit is
made of axons and dendrites, with individual axons stimulating
multiple targets, and single dendrites assimilating input signals.
During development, neuronal CAMs with immunoglobulin (Ig)
repeats provide defined 'roadway’ surfaces to which receptors of
the growth cone can adhere, hence playing a fundamental role in
cell-cell and cell-ECM interactions in both mature and developing
nervous system. The NOG motif, put forward in this study, is a key
element in the homo/heterophilic interactions among neuronal
CAMs and its identification opens the route to further investiga-
tions and will help shedding more light on the complex signalling
and regulatory system underlying neuritogenesis and axon
guidance.

From a biotechnological point of view, NOG motif derived syn-
thetic peptides lay the basis for the creation of a biomimetics tool-
box for regenerative medicine and neurodevelopment
experiments, and evidence that non-natural sequences fitting the
NOG motif can retain the neuritogenic potential opens the route
to design and tuning of peptides with improved or more specific
activity. Moreover, evidence that some mutant peptides (such as
e.g. L1-A_R184A) retain their binding activity, while missing the
neuritogenic one, suggest for design and use of NOG inhibitors.
Given the relatively low molecular weight of NOG-based peptides
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and the feasibility of their chemical synthesis in high amounts and
elevated purity, in the next future extensive and systematic struc-
ture-activity relationship studies will be undertaken by exploiting
the possibility of varying peptide length and introducing unnatural
and noncoded amino acids with tailored physicochemical proper-
ties [66-69].
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