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We report on the structural and functional properties of
the Helix contactin-related proteins (HCRPs), a family of
closely related glycoproteins previously identified in the
nervous system of the land snail Helix pomatia through
antibodies against the mouse F3/contactin glycopro-
tein. We focus on HCRP1 and HCRP2, soluble FNIII
domains-containing proteins of 90 and 45 kD bearing
consensus motifs for both N- and O-glycosylation.
Using the anti-HCRPs serum, we find secreted HCRPs
in Helix nervous tissue isotonic extracts and in culture
medium conditioned by Helix ganglia. In addition, we
demonstrate expression of HCRPs on neuronal soma
and on neurite extensions. Functionally, in Helix neu-
rons, the antisense HCRP2 mRNA counteracts neurite
elongation, and the recombinant HCRP2 protein exerts
a strong positive effect on neurite growth when used as
substrate. These data point to HCRPs as novel neurite
growth-promoting molecules expressed in invertebrate
nervous tissue. © 2008 Wiley-Liss, Inc.
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The neuronal surface expresses a large set of glyco-
proteins mediating the control of distinct aspects of
neuronal physiology, including cell contact formation,
neurite growth, fasciculation, pathfinding (Maness and
Schachner, 2007; Mann and Rougon, 2007; Shapiro
et al., 2007), synaptogenesis and synaptic function
(Gerrow and El-Husseini, 2006; Latefi and Colman,
2006; Lardi-Studler and Fritschy, 2007; Yamada et al.,
2007). In spite of a large body of structural and func-
tional studies, a full understanding of the role of these
molecules is still largely incomplete, mostly because of
the absence of useful biological models.

Several reports indicate that invertebrate nervous
tissue represents an adequate tool with which to address
these topics (Schacher et al.,, 2000; Wang et al., 2005;
Kristiansen et al., 2005; Colon-Ramos et al., 2007;
Funada et al., 2007; Li et al., 2007). In particular, in
Aplysia californica and Helix pomatia nervous tissues, spe-
cific hints about the function of several adhesive glyco-
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proteins have been obtained, including the Aplysia hor-
tologue of the neural cell adhesion molecule (ApCAM;
Mayford et al., 1992; Schacher et al., 2000; Ghirardi
et al., 2001) and a family of F3/contactin-related glyco-
proteins called “Helix contactin-related  proteins”
(HCRPs; Milanese et al., 2008).

In vertebrate neural development, F3/contactin is
involved in axonal growth (Gennarini et al., 1991; Dur-
bec et al., 1992; Bizzoca et al., 2003), fasciculation, and
pathfinding (Berglund et al., 1999). In addition, this
molecule undergoes complex interactions at the nodal/
paranodal regions (Dupree et al, 1999, Boyle et al.,
2001; Gollan et al., 2003), which correlates with a role
in myelination. Together, these data account for a F3/
contactin involvement in complex neural functions, as
demonstrated in the cerebellum by in vivo approaches
aimed at silencing the underlying gene (Berglund et al.,
1999) or at modifying its expression profile (Bizzoca
et al., 2003; Coluccia et al., 2004).

In a previous study, mouse F3/contactin antibody-
inhibition approaches revealed that HCRPs share part of
these functions, including the control of neuronal adhe-
sion to the substrate and of axonal growth; in addition,
these molecules play a role in neurotransmitter release
(Milanese et al., 2008). In the same study, HCRPs were
found to include difterent glycosylated peptides, ranging
in size from 90 to 240 kD. Although differences in sugar
content may contribute to this heterogeneity, the com-
plex HCRPs profile could also reflect the existence of
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protein isoforms generated from translation of different
mRNAs. In the present work, we explore this subject
through the isolation and characterization of the HCRPs
full-length ¢cDNAs. In addition, we further investigate
the significance of HCRPs expression in neuronal
functions such as cell substrate adhesion and neurite
elongation.

MATERIALS AND METHODS
Cell Culture

The technique for culturing Helix neurons has been pre-
viously described by Ghirardi et al. (1996). C1/C3, and B2
neurons from the cerebral and buccal ganglia, respectively, of
juvenile animals were individually dissociated using a thin glass
micropipette and plated in plastic dishes previously coated
with different substrates. Cells were cultured at 18°C in L15
Leibovitz (Sigma Aldrich, St. Louis, MO) medium with
appropriate salt concentrations (Ghirardi et al., 1996). Soma-
to-soma paired neurons in culture were obtained as previously
described (Fiumara et al., 2005) in L15 medium.

Substrate Preparation

Where not otherwise indicated, plastic dishes (Becton
Dickinson, San Jose, CA) were coated with poly-L-lysine (0.1
mg/ml in sterile H>O; Sigma) and incubated in Aplysia hemo-
lymph for 24 hr. For neurite growth assays, 10-20 pl of puri-
fied HCRP2 (0.2 pg/pl) or, alternatively, poly-L-lysine (0.1
mg/ml) was distributed over the plastic culture area, and then,
after a 2-hr incubation at room temperature (RT), the dishes
were washed several times with sterile H,O before use.

Preparation of Helix pomatia Conditioned Medium

Ganglia-conditioned medium (CM) was obtained from
Helix pomatia nervous ganglia incubated in defined L15 me-
dium (five or six ganglionic rings/ml for 72 hr) prepared
according to Fiumara et al. (2005).

One to two milliliters of CM was concentrated (50X)
with 3K Nanosep Centrifugal devices (Pall Corporation, East
Hills, NY), following the manufacturer’s protocol. Concen-
trated CM was then analyzed by Western blotting on 10%
polyacrylamide gels as described by Milanese et al. (2008).
PF3 primary antiserum or preimmune serum (both 1:1,000
dilution in saturation buffer) was used, followed by HRP-
labelled goat anti-rabbit IgG and the chemiluminescent ECL
system (GE Healthcare, Piscataway, NJ).

Antiserum

The PE3 rabbit antiserum was generated against a 15-
amino acid HCRP1 sequence (residues 111-125) coupled to
keyhole limpet hemocyanin (Inalco, Milan, Italy), and the
anti-HCRP2 rabbit antiserum was obtained against the 316—
330-amino acid residues of HCRP2 (Inalco).

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde in PBS for
40 min at RT and, after bleaching with 0.6% H,O, in etha-
nol, incubated in blocking buffer (5% BSA in PBS 0.01 M).
Then, the PF3 antiserum or the corresponding preimmune

serum (both 1:100 dilution in blocking bufter) was added and
incubated 1 hr at RT or overnight (ON) at 4°C. TRITC-
conjugated goat anti-rabbit secondary antibodies (Jackson Lab-
oratories; Bar Harbor, ME) were then applied (1:100 dilution
in blocking bufter, 1 hr at RT). To evaluate its specificity, the
PF3 serum was preabsorbed with the immunogenic peptide
ON at 4°C (120 pg peptide in 500 pl of a 1:100 antiserum
dilution in PBS) before the immunostaining procedures.

In the antisense microinjection experiments, after fixa-
tion and saturation as described above, cells were incubated
ON at 4°C with the anti-HCRP2 serum or preimmune
serum (1:500 dilution in blocking bufter), and the TRITC-
conjugated goat secondary antibody was applied at a 1:400
dilution in blocking buffer for 1 hr at RT. Labelled cells were
then observed with fluorescence optics and the images digi-
tally analyzed in Image ProPlus software (Media Cybernetics,
Bethesda, MD).

Immunohistochemistry

Immunohistochemical  staining was performed as
described by Milanese et al. (2008). PF3 antibody and the sec-
ondary biotinylated goat anti-rabbit serum (Vector Laborato-
ries, Burlingame, CA) were used at 1:1,000 and 2 pg/ml dilu-
tions, respectively.

Biochemical Procedures

Isotonic fractions were obtained by homogenizing
whole Helix ganglia with 20 mM Tris/HCI, pH 8, containing
1% NP40 and protease inhibitors mix (Complete Mini;
Roche, Indianapolis, IN). The soluble fraction was separated
by centrifugation, and the membranes arising were suspended
in RIPA buffer (50 mM Tris/HCI, pH 7.4, containing 1%
NP40 and protease inhibitors). After a 10-min incubation on
ice, the homogenate was centrifuged at 4°C, and the superna-
tant was boiled for 2 min in an equal volume of 2X Laemmli
electrophoresis sample buffer.

Both fractions were then analyzed by Western blots.
Samples containing 30 pg protein were separated on a 7% or
10% polyacrylamide gel and transferred to nylon membranes
before being probed with the primary antiserum (PF3;
1:1,000 dilution in saturation buffer) or a rabbit preimmune
serum (same dilution).

Rapid Amplification of cDNA Ends (RACE)

Full-length ¢cDNA encoding the HCRP1 sequence was
obtained by 3'- and 5’RACE, using the Generacer Kit (Invi-
trogen, Carlsbad, CA). Four micrograms of total RNA from
H. pomatia ganglia were reverse transcribed using the Super-
script II RT (Invitrogen) with the oligo-dT or GSP 5’REV
(5'-ccagaactgtgtctggactcaccggaat-3') primers. The 3’RACE was
performed through the 9.1 FW CTR (5'-ggacagagcg-
caaaacggcgecaaa-3') and NEST FOR 3’ (5'-gagctattccggtgagtc-
cagacacagtt-3') sense primers, both deduced from the sequence
of clone 9.1 (Milanese et al., 2008) and the GeneRacer 3’
provided by the kit. For the 5’'RACE, GSP 5'REV and
NEST 5'REV: 5-tgcctgatcgatctgtatggcatcggtaa-3' reverse pri-
mers were used in combination with the GeneRacer 5
primer. In all the amplification reactions, Platinum Taq DNA
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Polymerase High Fidelity (Invitrogen) was used. The PCR
products were purified by gel electrophoresis and cloned in
the pGEM-T vector (Promega, Madison, WI).

Isolation of HCRP2-cDNA From a Lambda
Expression Library

A custom cDNA ATriplEx2 expression library, gener-
ated from Helix ganglia mRNA by oligo(dT) priming (Clon-
tech, Mountain View, CA), was screened with a [a>"P]dCTP
(GE Healthcare)-labeled 980-bp probe from clone 9.1 (Mila-
nese et al., 2008). Isolated phages were converted in pTriplEx2
plasmids by cre-LoxP recombination mediated at LoxP sites of
ATriplEx2 and sequenced. (AGOWA, Berlin, Germany).

Sequence Analysis

Sequences were analyzed through the protein database
search program BLAST (http://ncbi.nlm.nih.gov/BLAST) and
the local alignment program LALIGN (http://workbench.sds-
c.edu/). Multiple alignments were done with the CLUS-
TALW program (http://workbench.sdsc.edu/). Open reading
frames were deduced with the ORF finder (http://www.
ncbi.nlm.nih.gov/gorf.html), and protein structure was ana-
lyzed at the SMART (http://smart.embl-heidelberg.de/) sites.
Potential N-glycosylation and O-glycosylation consensus sites
were identified with the NetNGlyc and NetOGlyc programs,
respectively, of the ExPASy proteomic tool (http://cbs.dtu.dk/
services/NetNGlyc; http://cbs.dtu.dk/services/NetOGlyc).

Glutatione S-Transferase (GST)-HCRP2 Fusion
Protein Production

GST-HCRPs fusion proteins were produced according
to Frangioni et al. (1993). Full-length ¢cDNA encoding
HCRP2 (fragment EcoRI/Xhol, 910 bp) was cloned into the
pGEX-6p-3 vector downstream the GST sequence (GE
Healthcare). GST fusion protein expression was induced in
the BL21 Escherichia coli cell line with 0.2 mM IPTG.
Recombinant protein was then purified from bacterial lysate
with a GSH-sepharose column (GE Healthcare), and GST
tags were removed with the Prescission Protease enzyme (GE
Healthcare) according to the manufacturer’s protocol.

Transfection Procedures

The bicistronic vector pIRES-EGFP (Clontech) was
used for generating CMV promoter-HCRPs ¢cDNA expres-
sion vectors that included an enhanced green fluorescent pro-
tein (EGFP) reporter downstream of internal ribosomal entry
sequence (IRES). Transient transfection was performed in
LR73 CHO cells (Pollard and Stanners, 1979) using
DOTAP-liposomal transfection reagent (Roche), according to
the manufacturer’s protocol. Forty-eight hours after transfec-
tion, cells were fixed in 4% paraformaldehyde (40 min at RT)
and saturated with 3% BSA in PBS for 45 min before incuba-
tion with the PF3 serum (1:200 dilution in blocking solution).
A Cy3-conjugated goat anti-rabbit secondary antibody
(Jackson Laboratories, 1:300 dilution) was then added.
pIRES-EGFP vector alone was used as a positive control for
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the transfection reaction and sterile water as the negative con-
trol. Labelled cells were observed with fluorescence optics,
and images were acquired with an intensified CCD camera.

In Vitro Transcription and Intracellular
Injection of mRNA

To produce template DNAs for in vitro transcription,
the HCRP2 c¢DNA was cloned into the PCS2" wvector
(Promega), and antisense mRINA was generated from the SP6
promoter by the RiboMAX Large Scale RNA Production
System (Promega). For intracellular antisense mRNA injec-
tion, cultured C1 and C3 neurons, collected from the H.
pomatia cerebral ganglia, were plated on poly-L-lysine-treated
substrates and allowed to grow for 6-12 hr before being
injected. Microelectrode tips were filled with 0.5 pl of 0.4 M
KCl containing HCRP2 antisense mRNA (0.5 pg/pl). After
impalement, the neurons were loaded with short pressure
pulses (10-20 pulses of 0.3-0.5 sec at 2-20 psi) delivered
through a pneumatic picopump (PV820; WPI, Sarasota, FL)
connected to the electrode holder. The injection procedure
was monitored under visual and electrophysiological control.

Single-Cell RT-PCR

To verify the inhibitory eftect exerted by the HCRP2
antisense on neurite growth, control and antisense-treated
neurons were individually collected immediately after the
injection and at the following 24 and 48 hr time points in
0.5 pl RNasin (40 U/pl; Promega) and immediately stored at
—80°C. Total RNA from each single cell was subjected to
c¢DNA synthesis (Im-Prom II reverse transcriptase; Promega)
with oligo-dT as a primer. Five microliters of the resulting
cDNA was used as template for HCRP2 (forward primer, 5'-
ctgttggtggtoatttggtee-3';  reverse  primer, 5'-gcgcagtttgte-
cactttgtc-3'; 35 cycles) and for the Helix synapsin (forward
primer, 5'-cggtgtacccagcatcaact-3'; reverse primer, 5'-cgat-
gaacggttctgtcgta-3'; 35 cycles), used as a control of the ampli-
fication reaction performed with the AccuPrime Taq DNA
polymerase (Invitrogen). PCR products were run on a 2%
agarose gel stained with ethidium bromide (Bio-Rad, Hercu-
les, CA) in the presence of the DNA Molecular Weight
Marker VIIT (Roche).

Electrophysiological Recordings

Conventional electrophysiological techniques were used
for intracellular recording of the synaptic activity of B2-B2
synapses, as previously reported (Fiumara et al., 2005). The
synapses were electrophysiologically recorded 24 hr after cell-
cell pairing on HCRP2 or poly-L-lysine substrate and ana-
lyzed accordingly to Fiumara et al. (2007).

Measurements of Neurite Length

For neurite length measurements, phase-contrast images
of the cultures were acquired in Image Pro Plus with a Sony
camera. Measurement of neurite length was made on exten-
sions originating from the axonal stumps. For this purpose, a
circumferential line, centered at the tip of the stump and
interconnecting the tips of the three longest neurites, was
drawn in a semiautomatic way on the computer screen to
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Fig. 1. Sequence of the HCRP1 cDNA and structure of the
HCRP1 protein. A: Nucleotide sequence of HCRP1 ¢cDNA. The
isolated sequence corresponds to a full-length cDNA and includes 5’
(nt 1-108) and 3’ (nt 2,264-3,532) untranslated regions as well as a
2,154-bp open reading frame. The sequence also includes two poly-
adenylation consensus motifs, 2,481-2,486 and 2,932-2,937 (under-
scored). B,C: Conceptual translation and domain organization of

demarcate the area covered by the growing neurites. The ra-
dius of such a circumferential line was then taken as a measure
of the extent of neurite growth.

Neurite length was measured either immediately after
injection of the HCRP2 antisense mRNA (using 300 mM
KCl as a control) and at the 24 and 48 hr time points; values
were normalized to the mean length measured at the 24 hr
time point in control preparations. In addition, measures were
made 12, 36, and 60 hr after cell plating on different sub-
strates; in this case, the obtained values were normalized to
the mean length measured in the poly-L-lysine substrate cul-
tures at the 12-hr time point. The data are expressed as mean
values = SEM. Statistical analysis was performed by using
two-way repeated-measures ANOVA, followed by multicom-
parison Newman Keuls test.
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HCRPI1. The HCRP1 protein includes a 718-amino acid protein
(B) with a signal peptide (aa 1-24; underscored in B), eight consen-
suses for N-linked glycosylation (boldface in B), and five fibronectin
type III domains (C). D: O-glycosylation sites prediction in the
HCRP1 sequence. A stretch of consensus for O-glycosylation was
observed in the region between FNIII domains 4 and 5.

RESULTS

Cloning of HCRP1 and HCRP2

To address the topic of the overall structural orga-
nization of the HCRPs (Milanese et al., 2008), in this
study we report on the isolation of their full-length
cDNAs. The 960-bp HCRP ¢DNA (clone 9.1), previ-
ously selected from a Helix pomatia nervous tissue
expression library using the mouse F3/contactin anti-
body probe (Milanese et al., 2008) was extended by
5'- and 3'RACE/PCR to 3.5 kb to get a full-length
cDNA, which we called “HCRP1,” the sequence of
which is reported in Figure 1A.

The 3,532-nucleotide sequence included a 2,157-
bp open reading frame starting at position 109, with two
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‘\_1 cggccggggacagagogcasaacggegeccaaactgtgcagtiatiaagttigticgeits
61 tgattgotttoaaatcaatacgaccattteattgratgacttgtgtggahPGEITTTCTTC
121 CETGATGTCARGCTETGTGTGAT TATACTGTTTC T TAATTACGTTGCTTTEETTETGTCS
181 ARCAGGRCAGTECCEETACRRACTETGEARGCTTTCACTARCGTTACCGATGCOCATAGAG
241 ATCGATCRGGCAGGAAARGAGGTGERACCAGTGTATGCAMATGGAGTTGAAGTTGTCAGA
301 GRAGTAACAGACGGGCCARGCACARCARCEETEARARTARNCACACCARRGTTTGTTCTG
361 GAGTTARAGTGTTCGAGCTATTCCGETEAGTCCAGRCACAGTTCTGETCACAGTGGACGCT
421 GTTGGTGGTGATTTGGTGGACARAC TGCGCATC TOGTACTOGGATGACCTCACCATCAAC
481 TGGGCTAGAGTTGATGATTATARTAGTAAGEARAATTATGCACTTCTTCOGGGACTACGS
541 COCRGTACGAARATATTTICTTCAATGTCAGTGCTACGETEARCARTEAGECACGTTCTGTG
601 GTGACACATSTECTEACTCCACCAGCAGTTCCTGAGTTARGTGTICGAGCTATTCCGETG
661 AGTCCAGACACAGTTCTGETCACAGTGEACATTGT TEGEAGGTGACAAAGTGGACARACTG
721 COCATCTTGTACTCTGACGACTCTGOCATON CAGAGT TTATAATAGT
TE1l RAGGRRRRTTATGCACTTGTTGCGGEACTAC AGTACGAAAT. 'CTTICAATGTC
B4l AGTGCTACGGTGAACRATGAGGCACGTTCTATGETEN ATGTGCTGACTCCACCAGCA
01 AATCCTGATTTARGTGTTCGAGCTATTCCGET
961 GACGOTGTTGGAGGTGACARCETGEACARACT
1021 GTCARGTGGEACCAGAGTTEATEATTATARTAGTARGEARAARTTATECACTTGTTACGGGA
10E1 CTACAGCCCAGTACGARARTATTTCTTCARTGTCATTGC TACGETGAACAATGAMGCACGT
1141 TCTATGGTGACACATGTGCTGACTCCACCAGCAGETTTCTCARCACCCACARATATATCT
1201 GTGACAGCAARRGRCAGACAGCAGTETICTCCTCACCTEEARCTACGACGEEEGATETTACT
1261 TCRARRGGGGTTCARTATTCTCATTGAGRATTTGCAGCCTGATEEATCAGTTAGGTTAGTT
1321 GCTtamagaacagtagaaatctgasacactgasacaaagatagagggiagaciigtgat
1381 gatagaaagtccaatgatgataatggtaataacaatgatgatggaatgoccactgagagga
1441 geatecaacaaaaggaaacatattattctgagataaactgactgtcatgaccataatgtga
1501 getttagtcacactoetagtegeaattggagtycggategecttaageagadgaggacgogt
1561 tggatcgagtocgggagagaaaggtttotoaasaacacgacactcaagoggagaacgteg
1621 aaagtaacgaaccogttcagactcggagtgggotatgaccaatgtatagagtgotgocaa
1681 atatagtatagttttaaatactattgttatgatgtactttacogtgattataatoticag
1741 teagettoataatagaagttgtgaaattctasnasaaasasasnasasssssssassssasssass
1801 ctgtc

B 1 MAFFRDVELCVIILFLHYVALVVENRTVEVOTVEAFTHVWTDATEI DOAGEEVE VY ANGY
61 EVVREVTDGPSTTTVEINTFEFVLELSVRAIFVEPOTVLVTVDAVGEDLVDELRISYSDD
121 LTINWARVDDYNSKENYALVAGLRFSTEYFFHVSATVNNEARSVVTHVLTFFAVFELSVE
1E1 AIPVSPDTVLVTVDIVGGDEVDELRILYSDDSAIEWTRVDDYNSEENYALVAGLOPSTEY
241 FFHVEATVNNERRSMVTHVLTPPANPDLSVRAIFVSPOTVLVTVDAVGGONVDELRILYS
301 DDSAVEWTEVDDYMSKENYALVIGLOPSTEYFFNVIATVNNEARSMVTHVLTPPAGESTE
361 THISVTAKTDSSVLLTWHYDGOVTSKGFNILIENLOPOGEVRLVA

172-254  262-345

1-24

82183

Fig. 2. Sequence of the HCRP2 c¢DNA and structure of the
HCRP2 protein. A: The full-length sequence of the HCRP2 ¢cDNA
includes 5 (nt 1-108) and 3’ (nt 1,324-1,805) untranslated regions
and a 1,215-bp open reading frame. A polyadenylation consensus is
found at nt 1,471-1,476 (underscored). B,C: Conceptual translation
revealed a 405-amino acid sequence (B) including a signal peptide (aa
1-24; underscored in B), four N-glycosylation sites (boldface), and
three fibronectin type III repeats (B,C).

polyadenylation consensus motifs in positions 2,481—
2,486 and 2,932-2,937 (Fig. 1A, underscored).
Conceptual translation of this ¢cDNA (Fig. 1B)
revealed a 718-amino acid protein, whose domain orga-
nization was analyzed with the SMART program
(Schultz et al., 1998). A typical N-terminal signal pep-
tide (Bendtsen et al., 2004) spanning amino acids 1-24
(Fig. 1B, underscored) was identified, although no trans-
membrane region or sequence for membrane attachment
via GPI anchor could be detected. In addition, HCRP1
included five fibronectin type III repeats (Fig. 1C; posi-
tions 82-163, 175-257, 282-363, 379-464, and 578-
664) and carried eight sites for potential N-glycosylation
(boldface in Fig. 1B; N positions 38, 152, 180, 365,
430, 471, 574, and 661). A stretch of potential O-glyco-
sylation sites could be predicted between FNIIT domains
4 and 5 using the NetOGlyc program of the ExPASy
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proteomic tool (Fig. 1D), suggesting that N-linked
(Milanese et al., 2008) as well as O-linked sugars con-
tributed to the HCRP1 size.

Because previous biochemical analysis identified
different HCRPs isoforms in Helix nervous tissue
extracts (Milanese et al., 2008), we wanted to check
whether these proteins could represent the translation
products of different mRNAs. Toward this aim, the He-
lix ganglia cDNA expression library was further screened
by hybridization with a 980-bp HindIII/Xhol probe,
corresponding to the 5" end of the HCRP1 cDNA. This
led to the isolation of clone 8.4.2, bearing a 1.8-kb
insert, whose sequence revealed a 1215-bp ORF (Fig.
2A), starting at nt 109, with a polyadenylation consensus
at nt 1,471-1,476 (underscored in Fig. 2A). This clone
was called “HCRP2.” Conceptual translation of the iso-
lated sequence revealed a 405-amino acid protein (Fig.
2B) whose domain organization, studied by the SMART
program, included a signal peptide (amino acids 1-24,
underscored in Fig. 2B) followed by three FNIII
domains (positions 82—163, 172-254, and 262-345; Fig.
2C). Within the protein sequence, four sites for N-
linked glycosylation were found in positions 38, 152,
243, and 362 (boldface in Fig. 2B), whereas no consen-
sus for O-glycosylation could be detected.

Therefore, based on the sequence data, HCRPs
included two glycosylated proteins built of FNIII
domains, but differing in molecular size. Their calculated
molecular masses were 78,931.67 and 45,829.93, respec-
tively. As previously indicated, in Helix nervous tissue,
F3/contactin antibodies recognize molecular species of
90, 200, and 240 kD, and deglycosylation studies (Mila-
nese et al.,, 2008) indicated the former as the main
HCRP protein backbone, with the higher M, chains
likely arising by posttranslational processing. The degly-
cosylated HCRP of 90 kD was therefore close to the
one predicted from the HCRP1 ¢cDNA. On the other
hand, HCRP2 corresponded to a previously undetected
protein isoform (see below).

Sequence Comparison

To compare the domain organization of HCRP1
and HCRP2, their amino acid sequences were aligned
by using the LALIGN program (Fig. 3). High scores
were found by comparing the N-terminal region of
HCRP1 with the whole HCRP2 sequence (score 1035;
55.4% identity). The similarity essentially concerned the
region including the signal peptide and the first FINIIT do-
main (amino acids 1-170; Fig. 3A), but high scores were
also obtained when the first HCRP1 was aligned with the
second and third HCRP2 domains (scores 723 and 577;
68.4% and 56.3% identity, respectively; Fig. 3B,C). On
the other hand, a sharp drop was found when the follow-
ing HCRP1 domains were aligned with HCRP2, as con-
firmed by the graphic output of the results (Fig. 3D).
Therefore, the sequence of the first HCRP1 domain was
highly conserved among HCRPs, whereas the down-
stream-located ones displayed lower conservation.



430

Milanese et al.

HCRP1

HCREP2

HCREPL

HCRPZ

BCRFL

HCER2

HCREL

RCFR2
18

HCEFI

HCFR2

HCREL

RCFR2

HCRFL

BCER2

HCRPL

HCRP2

HCRPL

HCRPZ

HCRPL

HCRPE

HCRPL

HCRP2

HCRPL

HCRP2

HCRFL

HECRF2Z

HCRFL

HCRFZ

400

00 /

00

HCRP2

100
4

3
2

20 30 o
N?VEMVVSNITV?VQTVEH“TN?TD 101

MAFFRDVELCYI lLFLNIVﬂLWENR‘l’V’VQWLA_‘"Im DAIEIDOAGKEVED wa_‘cGl.'
10 20 30 a0 50 3]

70 a0 L) 100 110 120
EVVGEVTDGE STTTVEINTFRFYFELEVRAL WSEWLW?MGGCEVMLRJLTSDD

IVVREVTDG?STTTVKINTPKFVLELSVRHIPVSFDqVDVTVJRUGGDLUDKLRJSY$DD
i1d

130 140 150 160 170 180
SRFKNTTVDDYNSRERTHLVAGLQPSTKYFFNVSATVNNEEESVVTEVLT{PHC;SKLTN

LTINWARVDDYNSEENYALVAGLRPETKY FENVEATVHNERRSVWTHVLTEPAV- P’ILS':'
130 140 150 160 170

180 200 210 220 230
LEVAERTDERILLIWNYGGDIRAKGE I ILIDHLOSDGSVARVE-QHVY FRONVARTDELD

RATFVSFETVLY TVDIVGEDEV DR LA TLY 30—~ - -D3ATENTRVDD Y HSKENY ALVAGLD
a 150 200 210 220 230

250 260 270 280 290
SGLKYQUEVEAFDLEMTGTCSGFVLTGLNEHGETTSPEQPRQSDTKVVLKGUKuSPﬁDVK

?ST&IF?N?SAT?NHEHRSHViHUL --------- TJFANP---DLSV--RAIPVSPﬁTV
24n 230 a0 2T 280

300 kL] az0 330 340 kL]

UHK AvHEGRuNu1nIFDUHLVTDRE&VVLNRNRKE!&HSL——TFKR'LEQTRVIUNV—Q
UT“DHVGG?KVDKIRI----LYSDDSAMKNTEVDD?NSKIH*HLVTGL&TSTKTrTNVIh
290 1] 310 am amw

360
TVT--ARGVV
By ———
340

L] 80 100 110 120
"VFEVTDF?qﬂTFUKIyTFKFVPBLSVRAIPV5PDTVLUT\DﬁAﬁ "KVDKLHILYWDDS

VSA UNNLAHSVVIHJLlEJﬁVPLLSVnBLPUSPDTULVIJDLVG“HHVUKLHILYSDSL
1E0 170 180 130 200 210

120 140 150 160 170 180
IIFKH'.I'IVI:ID':l‘NH'KEN!J\.LV.HCI-QFS':I'I".YFFNVMT?HHI.ERE\’UTHULTKFHCTML—HL
AIFWTRVDYNSFENYRLVAGLOE S TRYFFHVSATVHNERARSMVTHVLTEEAN = PDLSUR

20 230 240 250 60 P

190 200 210 220 230 240
“UAEKTDSRJLLIHNYGGD'RAKGEIILIDNLQSDGSURPPH QHU?FKQNUHRIDGLCL

kITJﬂFDTVL“TVDRVGGDNVDK-RILYSD----DEAVKH"FUDDTNQKEN‘RLVTFLDP
280 280 el 310

Z50
GERYUVEVER
ETKYFFNVIA
330

&0 70 ad 99 109 119
uwvamrzwn@?smmmrmwppnsvnmwsrrw mna:.q.gnkv'n

LQPE']KYFE'HJSITME&H_W"HVLTPEMEEL.SVRAIPVEF:I’I"\-JVTVD.IW:’&IJNVD
240 250 260 270 280 250

1z0 130 140 150 160 170
KLRrLY%DDﬂhFKHTIVDDYHSKENYALURFLﬂ?ﬂTK?FT"V?&TVNWE’REVVTMVLT?

KLRLL!SUDEhVKHTiVDEYNSKEN!ﬂLPT&Lﬂ’aTK??!NMLhTVNNEnnSHUTHV‘TP
300 EN zo 330 &L 1] 50

1ED 180 oo 210 20
PA.CF'H‘CLTNI&V!EETDSRILLIWWDIMRF?II&;I&-EQI‘.’“’HW

PAG?STPTHISVThKTDS;ULLTHN!DubﬂTSFGI?IL;EN.QPIﬂS?RLV
360 T an EL ] 400

F

a rd A

1]

100 00 300 400 500 600 700

Distribution of HCRPs in Helix Nervous Tissue

To explore further the biological properties of the
identified molecules, an anti-HCRPs serum (PF3 serum)
was raised in rabbits against a 15-amino acid sequence
shared by both HCRPs in their first FNIII domain
(positions 111-125). On sections from Helix cerebral
ganglia, the staining profile of the PF3 serum was indis-
tinguishable from that previously observed with the anti-
mouse F3/contactin antibodies (Milanese et al., 2008),
demonstrating labelling of neuropil (Fig. 4Al, arrows),
cell bodies, and processes (Fig. 4A2). The specificity of
the immunostaining profile was deduced from several
lines of evidence: 1) no labelling was found on nonner-
vous tissue, 2) the immunostaining varied from cell to
cell (Fig. 4A2, arrowheads) and within the same cell was
concentrated on the proximal axonal segment (Fig. 4A2,
arrows), and 3) no labelling was observed within the
nuclei.

On cultures from the cerebral ganglia, the PF3 se-
rum stained neuronal cell bodies and processes (Fig.
4B1,3). HCRPs distribution within the neurites was not
uniform but restricted to specific axonal segments flanked
by immunonegative regions. This profile was similar to
the one observed by Milanese et al. (2008) with the same
type of cultures with the mouse F3/contactin antibodies.
In addition, most of the stained regions appeared close to
the neurites branching points (Fig. 4B1,3, arrowheads),
suggesting a modulation of the HCRPs cell surface
expression that will be the object of further analysis.

To confirm the immunostaining specificity, the
PF3 serum was preadsorbed with the immunogenic pep-
tide, which resulted in a complete absence of signal in
the stained cells (Fig. 4B5). In addition, no staining was
observed when the preimmune serum was used (not
shown).

HCRP Molecular Forms

The anti-HCRPs serum specificity was also studied
by Western blot. In detergent extracts from Helix gan-
glia, components of 200 and 90 kD were detected, the
latter appearing as a doublet of closely spaced bands (Fig.
5A, RIPA). The same profile has been previously
observed in Helix nervous tissue using the mouse F3/
contactin antibodies (Milanese et al., 2008).

In the isotonic fraction, a 200-kD band with a
slightly lower electrophoretic mobility was observed
(Fig. 5A, Tris), suggesting that this chain could undergo

Fig. 3. Alignment of the HCRPs sequences. Amino acid sequences
were aligned by using the LALIGN program. High similarity was
observed between the N-terminal regions of HCRP1 and HCRP2
(A), which included the signal peptide and the first FNIII domain.
Similar scores were obtained when the first HCRP1 FNIII domain
was aligned to the second (B) and third (C) HCRP2 domains. The
level of similarity dropped sharply when the next HCRP1 domains
were compared with the HCRP2 sequence, as deduced from the
graphic output of the alignments (D).
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Fig. 4. Immunostaining with the anti-HCRPs serum on Helix poma-
tia nervous system. A: On sections from Helix cerebral ganglia, a
variable expression was found in the neuropil (arrows in 1), on cell
bodies (arrowheads in 2), and on axons, in which the immunostain-
ing was predominant in the proximal region (arrows in 2). B: Strong
immunoreactivity on cell bodies (1) and processes (1,3) of cultured
neurons. The expression profile appeared occurring at irregular inter-
vals, with stained region localized along the neurites and at the axo-
nal branching points (arrowheads in 1,3). No staining was observed
when the antibody was preincubated with the immunogenic peptide
before use (5). Phase-contrast images 2,4,6 represent the same fields
as 1,3,5. Scale bars = 100 pm in A1l; 50 pm in A2,B.

secretion or shedding from the cell surface. On the other
hand, no 90-kD chain could be found in this fraction,
suggesting that the latter corresponded to an intracellular
or membrane-associated protein not exported to the cell
surface.
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Fig. 5. Identification of HCRPs on Helix nervous system extracts by
Western blotting. A: A 200-kD component was identified in both
isotonic (Tris) and detergent (RIPA) Helix ganglia extracts. A 90-kD
band was found in the membrane (RIPA) fraction as a doublet,
whereas the 45-kD chain was detected only in the isotonic fraction.
B: A 45-kD component was detected by the PF3 serum in the Helix
ganglia-conditioned medium (CM), together with a lower molecular
weight band at 35 kD (arrowheads, left lane). No signal was detected
when the preimmune serum (PI) was used (right lane). C: The pro-
file of the purified GST-HCRUP?2 fusion protein after GST-tag cleav-
age is shown. PF3 serum was used. A minor 70-kD component was
detected with the 42-kD band, corresponding to the uncleaved
fusion protein.

A 45-kD component was observed in the isotonic,
but not in the membrane-associated, fraction (Fig. 5A,
Tris), indicating that this protein could be released in a
soluble form. To verify this, we searched the HCRPs
presence in the ganglia-conditioned medium (CM),
obtained by incubation of Helix nervous tissue in culture
medium for several days (Fiumara et al., 2005). After 72
hr of incubation, the medium was concentrated and
probed by Western blotting with the PF3 antiserum.
Under these conditions, a 45-kID band was identified
together with a smaller component at 35 kD (Fig. 5B,
arrowheads), and no signal was obtained with the preim-
mune serum (Fig. 5B, PI). Based on its size, the 45-kD
isoform could correspond to the translation product of
the HCRP2 mRNA, whereas the 35-kD element could
represent either an incomplete glycosylation variant of
the 45-kD component or a degradation product of the
higher M, chain isoforms during the incubation.

Generation of Recombinant HCRP2

To verify whether the 45-kD chain represented
the translation product of the HCRP2 mRNA, GST-
HCRP2 fusion proteins were generated, expressed in
E. coli, and column purified. After cleavage of the GST
sequence, E. coli-expressed proteins were analyzed by
Western blotting with PF3 antiserum.

As shown in Figure 5C, PF3 antibodies identified a
band of 42-kD, close to the HCRP2 predicted size. On
the other hand, no band was observed when the preim-
mune serum was used (not shown). Minor bands of
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Fig. 6. Expression of HCRP ¢DNAs on transfection in CHO cells. Expression of HCRP1 (A),
HCRP2 (D), and EGFP (B,E) upon transfection of pIRES-EGFP expression vector in the LR73
CHO cell line. PF3 serum staining indicated a cell-surface distribution of both HCRPs (arrows in
A,D). EGFP expression was identified by its intrinsic fluorescence (B,E). C and F are merged
pictures of A,B and D,E, respectively. Scale bars = 50 pm.

lower molecular size were identified, probably derived
from partial degradation of the recombinant proteins, to-
gether with a 70-kD component likely corresponding to
the residual uncleaved GST-HCRP2 fusion protein.
These data further supported the hypothesis that the 45-
kD element represented the translation product of the
HCRP2 cDNA.

Expression of the HCRP cDNAs in Cell Lines

The above-mentioned data indicated the existence
of two main HCRP isoforms, detected by cDNA clon-
ing. The chains of 90- and 45-kD corresponded in size
to the translation products of the two isolated HCRP1
and HCRP2 ¢cDNAs, which could represent full-length
sequences. To verify this possibility, we used the bicis-
tronic pIRES-EGFP expression vector (Clontech),
which included an EGFP reporter downstream of an
internal ribosomal entry sequence (IRES). Two difterent
constructs were generated including the HCRP ¢cDNA
(either 1 or 2) upstream the IRES-EGFP sequence, both
under the control of the same CMV promoter.

After transfection in the LR-73 CHO cell line
(Pollard and Stanners, 1979), strong HCRP1 (Fig. 6A)
and HCRP2 (Fig. 6D) expressions were detected on
fixed cells with PF3 antiserum, and concomitant EGFP
expression was revealed through its intrinsic green fluo-
rescence (Fig. 6B,E). PF3 staining indicated that both
HCRP1 and HCRP2 were expressed at the cell surface
(arrows in Fig. 6A,D), thus reproducing the profile
observed in fixed Helix neurons (Fig. 4B). On the other
hand, the reporter EGFP showed the expected cytoplas-

matic localization. Because these proteins were con-
trolled by the same promoter, their expression profiles
could be compared (as shown in merged pictures in
Fig. 6C,F).

HCRP2 Antisense Inhibits Neurite Growth
In Vitro

We previously demonstrated that neurite extension
from Helix pomatia neurons was strongly inhibited by
mouse F3/contactin antibodies (Milanese et al., 2008),
which led us to assume that HCRPs were involved in
this process. Because the PF3 serum did not recognize
the HCRPs native form, we planned to counteract the
expression of these proteins in cultured neurons by
injecting an antisense MRNA generated from the
HCRP2 sequence. In these experiments, EGFP antisense
mRNA, previously demonstrated to be devoid of any
effect on neurite growth (data not shown), was used as a
negative control.

C1 and C3 neurons isolated from Helix cerebral
ganglia were plated with their initial axonal segment and
left to adhere to the substrate for 6—12 hr. At this time,
the cells were microinjected with 0.5 pg of antisense
mRNA and then allow to grow ON. Neurite length
was then measured in both antisense mRNA-treated
(n = 14) and control (n = 13; injected with 300 mM
KCI) cells. As can be deduced from Figure 7A, the anti-
sense-injected cells displayed reduced neurite length,
with significantly lower values already at the 24 hr time
point (mean value 62.82% £ 8.18% compared with the
control group; P < 0.05). At 48 hr, neurite elongation
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Fig. 7. HCRP2 mRNA antisense injection aftects neuronal growth
in Helix cultured neurons. A: Graphic representation of neurite elon-
gation in neurons microinjected with antisense HCRP2 mRNA
(small squares) or with 300 mM KCI as a control (lozenges). Under
both conditions, neurite length was measured also in the presence of
anisomycin to account for the contribution of ongoing protein syn-
thesis (triangles, control and anisomycin; large squares, antisense and
anisomycin). The cultures were observed 24 and 48 hr after injec-
tion. Quantitative data were expressed as percentage mean value
(xSEM) of radius length normalized to the control mean value
measured at the 24 hr time point. Two-way repeated-measures
ANOVA indicated a significant effect between treatments [F(1,25) =
28.86, P < 0.001] and time [F(2,50) = 56.999, P < 0.001] and a

in antisense-treated cells was strongly reduced (95.5% =
20.8%) compared with the control group (178.47% =
19.12%; P < 0.001). To account for the effects of the
HCRPs already expressed by cultured neurons at the
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significant interaction between time and treatments [F(2,50) = 5.064,
P = 0.003]. B: Individual B2 microinjected neurons were analyzed
for the HCRP2 expression level at the 0, 24, and 48 hr time points
by the single-cell RT-PCR. A progressive reduction in HCRP2
transcript is observed in the antisense-injected cells (antisense) com-
pared with the control (Ctr) group, whereas no differences were
found in the expression of the synapsin gene in either the control or
the antisense-treated cells. C: HCRP2 immunoreactivity observed in
C3 neurons of H. pomatia in the control condition (C2) and 48 hr af-
ter antisense injection (C4). Although the typical HCRP2 patchy dis-
tribution (arrows) is observed in the control cell, no signal is detected
in the antisense-injected neuron. Phase-contrast images of the same
fields are shown in C1 and C3, respectively. Scale bars = 50 um.

time of antisense RINA injection, protein synthesis was
temporary inhibited for 10 hr before antisense injection
by the bath application of 10 uM anisomycin, starting
6 hr after plating. Although anisomycin treatment reduced
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per se the extent of axonal elongation (mean values
36.46% * 5.08% at 24 hr, and 68.18% = 9.29% at 48
hr compared with control; n = 28; P < 0.001), axonal
growth in cultures treated at the same time with anti-
sense RNA was almost completely prevented (mean
values 17.27% £ 5.08% at 24 hr and 36.4% * 7.1% at
48 hr compared with control; n = 25; P < 0.001).
Together these data clearly indicated that HCRPs
antisense exerted a sharp inhibiting effect on neurite
elongation.

Antisense Injection Decreases the
HCRP2 Expression

To verify the specificity of the injected antisense in
reducing the expression levels of HCRP2, we performed
single-cell RT-PCR on both control and antisense-
treated C1, B2, and C3 H. pomatia neurons at the 0, 24,
and 48 hr time points. As indicated in Figure 7B, we
found a progressive reduction of the HCRP2 transcript
in the antisense-injected cells during the observation.
Although in the control group (Ctr) a comparable
HCRP2 expression at all the three time points was
obtained, in the antisense-treated cells the HCRP2 level
showed a slight decrease between time points 0 and
24 hr, and almost disappeared 48 hr after the injection.
As an internal control of the reaction, the cells were
examined for Helix synapsin (AY533823) expression. At
each time point, similar levels in both control and
treated groups were found (Fig. 7B), confirming that the
antisense injection affected the HCRP2 expression in
specific manner.

In addition, we wanted to check the HCRP2 pro-
tein expression level at the neuronal cell surface after the
antisense application. Toward this aim, control and anti-
sense-treated neurons were fixed after 48 hr from the
injection and stained with the anti-HCRP2 serum. As
shown in Figure 7C4, we demonstrated that the label-
ling had totally disappeared from the surface of the anti-
sense-treated neurons, whereas control cells showed the
typical HCRPs patchy distribution described in previous
results (Fig. 4; Milanese et al., 2008). Because the
HCRP2 antibody was raised against a peptide sequence
partially shared by the HCRP1, the complete disappear-
ance of the immunostaining on antisense-injected neu-
rons allows us to suggest that the HCRP2 mRINA inter-
ference also affected the HCRP1 transcript expression.
The high homology level described between the two
HCRP isoforms (Fig. 3) supports this hypothesis, and
further investigations will be performed.

Substrate-Bound HCRP2 Promotes
Neurite Extension

Our previous data (Milanese et al., 2008) and the
above-described results allowed us to correlate HCRPs
expression with neurite elongation. In addition, the pres-
ence of HCRP2 in the ganglia-conditioned medium and
in the isotonic extracts from Helix nervous system sup-
ported the hypothesis that HCRP2 could exert its bio-

logical effects in a substrate-bound form. To verify this,
plastic dishes were coated with purified recombinant
HCRP2 or poly-L-lysine, respectively, and the recombi-
nant protein binding to the plastic substrate was moni-
tored by enzyme-linked immunosorbant standard assay
(ELISA) using the PF3 antiserum (not shown). Then,
C1 and C3 neurons were plated with their initial axonal
segment and left to adhere to the substrate for 6—12 hr,
and then the growth rate was monitored over 60 hr.

Visual observation of growing neurites at 12, 36,
or 60 hr in vitro revealed a sharp increase in their length
on the HCRP2 substrate compared with poly-L-lysine
(Fig. 8A-D). Quantitative data (Fig. 8E) confirmed this
evidence, insofar as the mean growth value registered in
cultures plated on HCRP2 substrate at 12 hr was
228.518% £ 19.066% (n = 39) of the value measured
from cells grown on the poly-L-lysine substrate, taken as
the control group (n = 16; P < 0.001). The differences
became then stronger at the following time points. At
36 hr neurite length on the HCRP2 substrate reached a
mean value of 327.477% % 30.266% (n = 39; Fig. 8C),
whereas, on poly-L-lysine, the value was 140.119% =
11.388% (Fig. 8A; n = 16; P < 0.001). The differences
still increased at the 60 hr time point (Fig. 8B,D), when
the mean value measured on neurons cultured on
HCRP2 was 439.542% * 45.481% (n = 39), compared
with cells grown on poly-L-lysine, for which a mean
length of 148.765% £ 20.436% (n = 16; P < 0.001)
was noted. Similar results were obtained when HCRP2-
induced neurite extension was compared with growth
on untreated plastic substrate (data not shown), indicat-
ing a strong ability of HCRP2 in promoting neurite
elongation.

In addition, we tested the effects of substrate-
bound HCRP2 on Helix neurons cocultured in a soma—
soma configuration (Haydon, 1988; Feng et al., 1997,
2000; Fiumara et al., 2005), where neuronal cells were
paired after the retraction of their neuritic arborization.
In this culture condition, neurons plated on poly-L-ly-
sine substrate assumed a particular morphological aspect
in which spherical somata were strongly interconnected
and neurites projected from one cell to the other, with
minimal interactions with the substrate. Interestingly,
when soma—soma pairs were plated on an HCRP2-
coated dish (n = 15), we observed a flattening of the
cell bodies to the bottom of the dish, with a massive
arborization growth starting a few hours after plating,
favoring cell-substrate adhesion and leading to a progres-
sive separation of the two soma (Fig. 9C,D). Otherwise,
soma—soma paired neurons cultured on poly-L-lysine
presented their typical spherical morphology and failed
to exhibit neurite outgrowth (n = 10; Fig. 9A,B).

Previous studies demonstrated that trophic factors
released by Helix nervous systems incubated in culture
medium can modulate synaptogenesis between Helix
neurons promoting the formation of chemical excitatory
synapses and reducing the occurrence of electrical cou-
pling on paired neurons (Fiumara et al., 2005). Because
we found the presence of HCPR2 in the conditioned
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Fig. 8. Neurite elongation in Helix neurons cultured on different
substrates. A=D: Phase-contrast images of C3 neurons cultured on
poly-L-lysine (A,B) or on HCRP2 (C,D) substrates at the 36 (A,C)
and 60 (B,D) hr time points. Longer neurites developed on the
HCRP2 substrate, and they displayed a higher level of branching. E:
Graphic representation of neurite elongation from neurons cultured
on HCRP2 or poly-L-lysine (PL) substrates at different time points.

medium, we performed preliminary electrophysiological
recordings from the Helix B2-B2 neurons pairs in the
soma—soma configuration plated on HCRP2 substrate to
analyze its hypothetical involvement in the synaptogene-
sis process. With 46 recorded B2-B2 neurons pairs, we
did not observe any change induced by HCRP2 on the
chemical/electrical synapses rate compared with the
results obtained with neurons cocultured on poly-L-ly-
sine substrate (data not shown).

DISCUSSION

We report on the structural properties and on a
further functional characterization of the HCRPs, previ-
ously identified in the nervous tissue of the land snail
H. pomatia, which mediate cell adhesion to the substrate
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Quantitative data were expressed as percentage mean value (£ SEM)
of radius length normalized to the mean value measured on PL at the
12-hr time point, used as control. Two-way repeated-measures
ANOVA showed a significant effect between treatments [F(1,53) =
16.018, P < 0.001] and time [F(2,106) = 18.001, P < 0.001] and

a significant interaction between time and treatments [F(2,106) =
6.633, P = 0.002]. Scale bars = 50 pm.

and modulate neurite growth (Milanese et al., 2008).
For both attempts, full-length HCRP c¢DNAs were
1solated.

HCRPs Structural Properties

cDNA cloning revealed that HCRPs include two
glycoproteins, built of three to five fibronectin type III
domains and carrying both N-linked sugars and consen-
sus motives for O-glycosylation. Furthermore, these
molecules bear sequence similarities to vertebrate FNIII
domain-carrying molecules, including receptor protein
tyrosine phosphatases (Tagawa et al., 1997; Oganesian
et al., 2003), Nr-CAM (Kayyem et al., 1992), and tenas-
cin N (Tucker et al., 2006). The absence of membrane
anchoring sequences and the presence of a typical signal
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Fig. 9. Substrate-bound HCRP2 counteracts the neurite growth in-
hibition showed by Helix neurons in the soma—soma culture configu-
ration. A,B: Paired B2-B2 neurons plated on poly-L-lysine substrate
immediately after plating (A) and after 24 hr (B). Adhesion between
cells increased with time, and no neurite sprouting was visible after
24 hr. C,D: Paired B2-B2 necurons plated on HCRP2-coated dish

peptide (Bendtsen et al., 2004) support the view that
HCRPs represent secreted glycoproteins, in agreement
with the evidence that soluble components are detected
in Helix ganglia isotonic extracts and in the medium
conditioned with Helix nervous system. The expression
of HCRPs at the neuronal surface could be ascribed to
their cis interaction with cell surface components, indi-
cating that these molecules may also behave as mem-
brane-associated proteins. A similar association has been
demonstrated in vertebrates for the closely related axonal
glycoproteins F3/contactin (Rios et al., 2003) and TAG-
1 (Traka et al., 2003) with the transmembrane compo-
nents of neurexin families, which may allow the reten-
tion of the soluble forms of these molecules to the cell
membrane. However, HCRPs may also interact in trans
with cell surface receptors via their polysaccharide chain,
as reported for many proteoglycans (Hook et al., 1987;
Carey, 1997; Seidenbecher et al., 2002), with which
HCRPs have many features in common, including the
high sugar content and the expression profile at the tis-
sue level (Milanese et al., 2008).

Cloning of HCRPs allowed us to produce the
anti-HCRPs serum, which identified molecular forms
bearing the same size as detected in the previous study
(Milanese et al., 2008) by mouse F3/contactin antibod-
ies, with some differences. Indeed, HCRPs were origi-
nally described as complex glycosylated proteins includ-
ing 240-, 200-, and 90-kD chains. The results of
N-deglycosylation experiments revealed that N-linked
sugars contribute to the size of the 240- and 200-kD
components, whereas the 90-kD protein represented the

immediately after plating (C) and 24 hr later (D). Interactions
between cells progressively decreased, and neurite sprouting occurred
after a few hours. Twenty-four hours later, the soma were consider-
ably outdistanced, and growing neurites developed an extended arbo-
rization (D). Scale bar = 100 pm.

protein backbone (Milanese et al., 2008). In the present
study, no 240-kD chain could be detected by the anti-
HCRPs serum, the most likely explanation being that
this highly glycosylated chain was not recognized by this
antibody. The location of the peptide sequence chosen
for PF3 serum generation between the first two putative
N-glycosylation sites supports the hypothesis that
changes in the extent of glycosylation may affect the
ability of the PF3 antibodies to bind HCRPs chains.
Therefore, the results obtained using first and second
generation antibodies are both consistent with the hy-
pothesis that HCRPs heterogeneity results at least in part
from differential addition of N-linked sugars. However,
the identification of a cluster of O-glycosylation consen-
sus within the HCRP1 sequence, located between FINIII
domains 4 and 5, strongly suggests that also O-linked
sugars contribute to the HCRP1 molecular size. Based
on these observations, the most likely model we can
propose for the HCRPs overall structure is represented
by a complex of glycoproteins, built by distinct isoforms
implying differential addition of O- and N-linked sugars.

In addition to posttranslational modifications, tran-
scriptional or posttranscriptional mechanisms could also
be responsible for the HCRPs diversity. Indeed, cDNA
cloning revealed the existence of two isoforms, HCRP1
and HCRP2, encoded by two different mRNAs. The
former corresponds to a nearly 80-kD protein, quite
close to the 90-kD HCRP chain identified by Western
blotting (Milanese et al., 2008; this study). On the other
hand, HCRP2 was a previously undetected 45-kD pro-
tein, which could be demonstrated by the anti-HCRPs
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serum in the isotonic extracts from the Helix nervous
system as well as in the medium conditioned with gan-
glia, indicating that this molecule corresponded to an
HCRP component undergoing secretion or shedding
from the cell surface. HCRP2 bears a lower number of
ENIII domains, which are mostly similar to the first
HCRP1 domain, suggesting that signals for HCRPs
retention to the cell membrane could be located within
the most C-terminal HCRP1 domain. Whether these
domains correspond to protein sequences or carbohy-
drate chains will be a matter for further investigation.
HCRP1 and HCRP2 similarity mostly concerns
the whole HCRP2 sequence and the first HCRP1
FNIII domain, whereas the downstream HCRP1 region
is divergent and displays low similarity to HCRP2. The
evidence that the two HCRP isoforms bear the same
signal peptide strongly suggests that their generation
depends on alternative splicing events within the same
gene. In this case, the identification of a single 6.3-kb
HCRP mRNA (Milanese et al., 2008) would imply that
this chain included different isoforms bearing similar rel-
ative mobility, as reported for the gene encoding the
myelin-associated glycoprotein (Erb et al., 2003). Alter-
native splicing may thus be responsible for the genera-
tion of HCRP isoforms undergoing difterent subcellular

distribution, as shown for the myelin basic protein
(Gould et al., 1999), the spectrin isoforms (Berghs et al.,
2000), and the GluR7 kainate receptor subunits (Jas-

kolski et al., 2005).

In addmon different glycosylation pathways can
regulate proteins processing and may remarkably influ-
ence their size, targeting, and functions (Varki, 1998).
Therefore, the glycosylation heterogeneity observed in
the HCRPs may be the cause of their difterential parti-
tion within different compartments. The occurrence of
the 200-kD protein in both soluble and membrane frac-
tions indicates that this higher variant bears the potential
to be associated with the cell membrane and also to be
delivered in soluble form. On the other hand, the 45-
kD component was specifically detected in soluble
extracts, and its absence in the membrane fractions could
be ascribed to the lack of the full domain repertoire re-
sponsible for the cis association with the cell surface. In
contrast, the 90-kD chain was never detected in soluble
form, and, in agreement with its low sugar content (Mil-
anese et al., 2008), this chain may represent an intracel-
lular component undergoing initial glycosylation during
its transit through the endoplasmic reticulum to the cell
surface.

Given the above considerations, HCRPs may rep-
resent a glycoprotein family built of different chains
bearing a modular structure with domains undergoing
high glycosylation, responsible for cell surface expression,
and domains responsible for cis interactions, which
potentially mediate their association with the cell mem-
brane components. These domains may be difterentially
included in the mature proteins and then result in differ-
ential HCRPs subcellular distribution. Further studies
will be necessary to elucidate the overall organization of
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the HCRP gene and the mechanism by which the dit-
ferent HCRP isoforms are generated.

HCRPs Structure—Function Relationships

HCRPs are built of a variable number of FNIII
domains, ranging from three to five. The lack of further,
structurally different functional domains indicates that
these sequences are responsible for the described func-
tions and in particular for the control of neurite growth,
for which several studies have indicated that FNIII
domains are involved (Xiao et al., 1996; Rigato et al.,
2002; Gonzalez-Brito and Bixby, 2006). Several lines of
evidence suggest that FNIII domains play relevant roles
in the functions of axonally expressed glycoproteins, as
demonstrated for L1 (Pocock et al., 2007) and for anos-
min, the protein encoded by KAL-1, whose mutation is
responsible for the X-linked Kallmann’s syndrome (Hu
et al., 2003).

The significance of the two HCRP isoforms in
these functions is obscure. However, the three FNIII
domains of HCRP2 are highly homologous to each
other, in particular to the first HCRP1 FNIII domain,
suggesting that interactions of these domains are likely
responsible for the functional effects on neurite growth
and on cell adhesion. On the other hand, the down-
stream HCRP1 domains may rather work as spacers,
responsible for HCRP1 cis interactions, which might
regulate the observed difterential HCRP1 distribution
across subcellular compartments.

HCRPs Functional Properties

We previously showed that HCRP antibodies
affect neuronal adhesion to the substrate, neurite elonga-
tion, and neurotransmitter release (Milanese et al., 2008).
In this study, the functional role of HCRPs in neurite
elongation was confirmed, insofar as the HCRP2 anti-
sense mRINA was found to exert inhibitory effects on
axonal growth from cultured H. pomatia neurons, and
we also provide evidence that the purified recombinant
HCRP2 molecule promotes neurite growth when used
as a substrate for growing Helix neurons.

Theretore, the significance of HCRPs as neurite
growth-promoting molecules could be subsequent to
their ability to modulate substrate adhesion as demon-
strated in the present work and in previous studies
(Milanese et al., 2008), which fits with the results of
several studies relating adhesion of neurons to the substrate
to the extent of neurite elongation in different systems
(Gruenbaum and Carew, 1999; Forni et al., 2004).

For Lymnaea stagnalis, it has been demonstrated that
soma—soma contacts prevented neurite formation even in
the presence of the appropriate trophic factors (Feng
et al., 2000; Munno et al., 2000). Conversely, we found
that the presence of HCRP2 as substrate for paired neu-
rons is sufficient to counteract the strong adhesion estab-
lished between Helix somata juxtaposed in culture (Feng
et al.,, 2000; Fiumara et al., 2005), promoting neurite
sprouting and growth in an extended arborization.
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Electrophysiological recordings show that HCRP2
substrate failed in the induction of chemical excitatory
synapse formation in soma—soma cultures, corroborating
the hypothesis that molecules mediating neurite out-
growth are not sufficient for the formation of chemical
excitatory synapses in invertebrates (Feng et al., 1997;
Woodin et al, 1999; Hamakawa et al., 1999; Munno
et al., 2000; Fiumara et al., 2005). Taken together, these
results show that HCRP2 is directly involved in neurite
growth regulation and could mediate its functions, prob-
ably activating a signalling pathway, such as the tyrosine
kinase systems, as described for several extrinsic growth
factors (Shelessinger and Ullrich, 1992; Hamakawa et al.,
1999; Munno et al., 2000; Meems et al., 2003; Fiumara
et al., 2005). This hypothesis should imply the presence
of HCRPs transmembrane receptors on Helix neurons,
whose nature remains to be identified.
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