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Background: Polysialic acid is a developmentally regulated posttranslational modification.

Results: Loss of the polysialyltransferase ST8Siall but not ST8SiaIV abolished polysialylation of Syn CAM 1 in the mouse brain.
Conclusion: Polysialylation of SynCAM 1 is mediated by ST8Siall throughout postnatal mouse brain development.
Significance: Studying the molecular requirements for protein polysialylation is crucial for understanding how this process is

regulated.

Polysialic acid is a unique carbohydrate polymer specifically
attached to a limited number of glycoproteins. Among them is
synaptic cell adhesion molecule 1 (SynCAM 1), a member of the
immunoglobulin (Ig) superfamily composed of three extracellu-
lar Ig-like domains. Polysialylation of SynCAM 1 is cell type-
specific and was exclusively found in NG2 cells, a class of multi-
functional progenitor cells that form specialized synapses with
neurons. Here, we studied the molecular requirements for Syn-
CAM 1 polysialylation. Analysis of mice lacking one of the two
polysialyltransferases, ST8Siall or ST8SialV, revealed that poly-
sialylation of SynCAM 1 is exclusively mediated by ST8Siall
throughout postnatal brain development. Alternative splicing
of the three variable exons 8a, 8b, and 8c can theoretically give
rise to eight transmembrane isoforms of SynCAM 1. We
detected seven transcript variants in the developing mouse
brain, including three variants containing exon 8c, which was so
far regarded as a cryptic exon in mice. Polysialylation of Syn-
CAM 1 was restricted to four isoforms in perinatal brain. How-
ever, cell culture experiments demonstrated that all transmem-
brane isoforms of SynCAM 1 can be polysialylated by ST8Siall.
Moreover, analysis of domain deletion constructs revealed that
Igl, which harbors the polysialylation site, is not sufficient as an
acceptor for ST8Siall. The minimal polypeptide required for
polysialylation contained Igl and Ig2, suggesting an important
role for Ig2 as a docking site for ST8Siall.

Synaptic cell adhesion molecule 1 (SynCAM 1)? (also known
as Cadml, Necl-2 (nectin-like molecule 2), or TSLC1 (tumor
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suppressor in lung carcinoma 1)) is a member of the immuno-
globulin superfamily that was identified in the nervous system
as a potent inducer of synapse formation (1). SynCAM 1 is
prominently expressed in the developing and mature brain,
mediating Ca®*-independent homo- and heterophilic interac-
tions across the nascent and mature synaptic cleft (1-3). In
developing neurons, SynCAM 1 shapes migrating growth
cones, assembles at axo-dendritic contacts, and participates in
adhesive trans interactions that induce presynaptic specializa-
tions (4, 5). Moreover, studies on genetic mouse models with
increased or no SynCAM 1 expression demonstrated a crucial
role of this synapse-organizing molecule in regulating the num-
ber and plasticity of excitatory synapses (6).

SynCAM 1 is a single-spanning membrane protein with
three extracellular Ig-like domains and a short cytosolic part
(1). The first Ig-like domain provides the binding interface for
homo- and heterophilic trans interactions, whereas Ig2 and Ig3
were shown to drive cis oligomerization of SynCAM 1 (5, 7).
The three Ig-like domains contain six potential N-glycosylation
sites, and the presence of N-glycans at Asn-80 and Asn-104 in
Igl was demonstrated to be essential for synapse induction by
promoting adhesive trans interactions of SynCAM 1 (7).

Genetic and bioinformatic characterization of the human
and murine SynCAM 1 gene revealed that they are composed of
12 and 11 exons, respectively. Alternative pre-mRNA splicing
results in the formation of several transmembrane isoforms and
a secreted form that encompasses only the Ig-like domains of
SynCAM 1 (8-11). In the case of human SynCAM 1, differential
usage of three alternative exons, here termed exons 8a, 8b, and 8¢,
can theoretically lead to eight membrane-bound isoforms, which
differ only in a short juxtamembranous extracellular stem region.
In mice, however, the variable exon 8c has been described as cryp-

3 The abbreviations used are: SynCAM 1, synaptic cell adhesion molecule 1;
Cadm1, cell adhesion molecule 1; endoN, endosialidase; Fnlll, fibronectin
type Il domain; NCAM, neural cell adhesion molecule 1; Neu5Ac, 5-N-
acetylneuraminic acid; pAb, polyclonal antibody; Pn, postnatal day n;
PNGase F, peptide-N-glycosidase F; polySia, polysialic acid; polyST,
polysialyltransferase.
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tic exon, and expression has been reported only for transcript vari-
ants lacking this exon (8, 10, 11). Notably, the peptide sequences
encoded by the variable exons contain a high number of potential
O-glycosylation sites (8), and developmental changes in SynCAM
1 glycosylation that are unique among synaptic adhesion mole-
cules have been observed (12).

Using a glycoproteomics approach, we recently identified
SynCAM 1 as a novel target for polysialylation (13). Polysialic
acid (polySia) is an unusual carbohydrate structure, composed
of a2,8-linked 5-N-acetylneuraminic acid (Neu5Ac), that is
predominantly present in the developing brain of vertebrates.
PolySia was first discovered as a dynamically regulated post-
translational modification of the neural cell adhesion molecule
NCAM, amember of the Ig superfamily that is composed of five
Ig-like and two fibronectin type Il repeats (14 —16). In the nerv-
ous system, NCAM represents by far the major polySia carrier,
and biological roles of polySia have been almost exclusively
studied in relationship to NCAM. Due to its biophysical prop-
erties, the polyanionic and highly hydrated glycan polySia dis-
rupts the adhesive properties of NCAM and acts as a key regu-
lator of NCAM-mediated interactions (17—19). As a modulator
of cell interactions, polySia impacts dynamic processes, such as
migration of neural precursor cells, axon targeting and fascicu-
lation, and synaptic plasticity (20, 21).

Synthesis of polySia is mediated by the two Golgi-resident
polysialyltransferases (polySTs) ST8Siall and ST8SialV (22,
23). They are type II transmembrane proteins and share 59%
sequence identity on the amino acid level. During brain devel-
opment, both enzymes reach peak level in the perinatal phase,
followed by a postnatal down-regulation (24 —27).

In contrast to NCAM, which is fully polysialylated in the
perinatal brain, only a small fraction of SynCAM 1 serves as
polySia carrier (13). Moreover, this fraction of polySia-Syn-
CAM 1 was found to be restricted to a particular cell population
called NG2 cells (13). These multifunctional progenitor cells
form unique synaptic associations with neurons through which
they receive excitatory synaptic inputs (28 =30). On SynCAM 1,
polySia is attached selectively to N-glycans at Asn**® located in
the first Ig-like domain (13). Polysialylation completely abol-
ished homophilic SynCAM 1 binding in vitro, suggesting a
functional role of polySia in regulating SynCAM 1-mediated
interactions of NG2 cells (13).

In the present study, we investigated the molecular require-
ments for SynCAM 1 polysialylation by determining (i) the
enzyme responsible for Syn CAM 1 polysialylation during post-
natal brain development, (ii) the SynCAM 1 isoforms that are
targets for polysialylation, and (iii) the protein parts of Syn CAM
1 that serve as minimal acceptor structure.

EXPERIMENTAL PROCEDURES

Antibodies, Enzymes, and Reagents— The anti-polySia mono-
clonal antibody (mAb) 735 (IgG,,)(31) and endosialidase
(endoN) were purified as described previously (32, 33). The
rabbit polyclonal antibody (pAb) directed against the C-termi-
nal domain of SynCAM 1 was purchased from Sigma-Aldrich.
Chicken anti-SynCAM 1 mAb 3E1 (IgY) was obtained from
MBL, and mouse anti-SynCAM 1 mAb L45/30 (IgG;) was
obtained from the University of California Davis/National
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Institutes of Health NeuroMab Facility. Rabbit anti-human
IgG-Fc pAb was purchased from Bethyl Laboratories. Horse-
radish peroxidase-conjugated antibodies were from Southern
Biotech. Peptide-N-glycosidase F (PNGase F) was purchased
from Roche Applied Science.

Animals—St8sia2~'~, St8sia4~'~, and Ncam '~ mice (22,
23, 34) have been backcrossed to the C57BL/6] genetic back-
ground for six generations. St8sia2~'~ mice were provided by
Jamey Marth (University of California, Santa Barbara, CA), and
Ncam ™'~ mice were provided by Harold Cremer (Develop-
mental Biology Institute of Marseille Luminy, Campus de
Luminy, Marseille, France). All protocols for animal use were in
compliance with the German law for the protection of animals
and approved by the local authorities.

Reverse Transcription-PCR Analysis—Total RNA from
mouse brains was extracted using TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. 2.5 ug of total
RNA of C57BL/6] mouse brain was reverse transcribed using
RevertAid reverse transcriptase (Fermentas) according to the
manufacturer’s recommendations. Amplification of SynCAM
1-specific cDNA was performed by PCR with the primers SK4s
(5'-GTGACCAGTCAGCTGATGCTG-3") and SKb5as (5'-
AAAATAGCGGCCCAGAATGATGAGCAA-3'). PCR prod-
ucts were separated on 3% agarose gels and stained with
ethidium bromide. To verify the identity of the PCR products,
individual bands were excised from the gel. Extracted DNA was
subcloned into the TOPO-TA cloning vector (Invitrogen) and
analyzed by sequencing.

Expression Plasmids—Full-length cDNA of murine SynCAM
1 was transcribed from 1 ug of total RNA of perinatal C57BL/6]
mouse brain using the SuperScript first-strand synthesis system
(Invitrogen). SynCAM 1 cDNAs of the transcript variants 8—,
8a, 8ab, 8b, 8bc, and 8abc were amplified by PCR with the
primer pair MR68s (5'-GATCGGTACCATGGCGAGTGCT-
GTGCTG-3") and MR69%as (5'-GCCATGCGGCCGCCTA-
GATGAAGTACTCTTTCTTTTCTTCG-3'). After digestion
with Kpnl and Notl, the obtained PCR products were ligated
into the corresponding sites of pcDNA3.1-Zeo (Invitrogen).
The identity of each PCR product was confirmed by sequencing
and sequences of variants 8-, 8a, 8ab, 8b, and 8bc were identical
to the reported sequences with GenBank™ accession numbers
NM_001025600, NM_018770, NM_207675, NM_207676, and
AB377192, respectively. To generate a cDNA encoding isoform
8ac, which was not expressed in the mouse brain, the sequence
of exon 8b was deleted in pcDNA3.1-Zeo-SynCAM 1-8abc by
a PCR-based approach using the primers MH37s (5'-CCTTA-
CCATCATCACAGGCCTTACTCAGTTGC-3") and MH37as
(5'-GCAACTGAGTAAGGCCTGTGATGATGGTAAGG-3).
Based on the obtained plasmid pcDNA3.1-Zeo-SynCAM 1-8ac, a
full-length construct encoding isoform 8c was generated by dele-
tion of the exon 8a sequence using the primers MH38s (5'-
GCTGTATGTATACGGCCTTACTCAGTTGC-3") and MH38as
(5'-GCAACTGAGTAAGGCCGTATACATACAGC-3').

For generation of the plasmid encoding a SynCAM 1-Fc chi-
mera composed of all three Ig-like domains of SynCAM 1 fused
to the Fc part of human IgG1, the region encoding the corre-
sponding extracellular domain of SynCAM 1 (amino acids
1-349) was amplified by PCR with primers MR91s (5'-GACT-
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GCTAGCATGGCGAGTGCTGTGCTC-3') and MR106as
(5'"-GATCAGATCTACTTACCTGTGTGGTCCACTGCCC-
CAATG-3') using pcDNA3.1-Zeo-SynCAM 1-8— as template.
The resulting PCR product was digested with Nhel and BglII
and ligated into the Nhel/BamHI sites of pcDNA3.1-Ig up-
stream of the DNA sequence encoding the Fc part of human
IgG1 (35). Constructs encoding the SynCAM 1-Fc chimera
containing Igl and Ig2 (amino acids 1-242) and Igl (amino
acids 1-145) were generated accordingly with primer pairs
MR91s/MR107as (5'-GATCAGATCTACTTACCTGTCAC-
TTCTAGATAGCGCTGGG-3') and MR91s/MR92as (5'-GACT-
AGATCTACTTACCTGTAACCAGGACTGTGATGGTGG-3'),
respectively. The plasmid pFlagHA-ST8Siall encoding the full-
length ¢cDNA of murine ST8Siall with an N-terminal
FLAG-HA tag was constructed as described previously (36).
The identity of all constructs was confirmed by sequencing.

Cell Culture and Transfection—CHO-K1, CHO-2A10, and
LM-TK™ cells were maintained in DMEM/Ham’s F-12 medium
(1:1) (Biochrom) supplemented with 5% FCS and 1 mm sodium
pyruvate in a 37 °C, 5% CO, incubator. CHO-2A10 cells are
polySia-negative due to a defect in the ST8SialV gene (36, 37).
Transfections were performed with Lipofectamine (Invitrogen) as
described (32). For co-transfections, 2.5 X 10° cells were seeded
per well of a 6-well plate. After 24 h in culture, cells were trans-
fected using 6 ul of Lipofectamine per well together with a total of
1 pg of DNA containing 100 ng of plasmid encoding SynCAM 1,
100 ng of plasmid encoding ST8Siall, and 800 ng of empty
pcDNA3.1-Zeo vector. LM-TK™ cells stably expressing FLAG-
HA-tagged ST8Siall were generated as described previously (32).

Immunoprecipitation—Mouse brains and cells were homog-
enized in 50 mm Tris-HCI, pH 8.0, containing 150 mm NaCl, 5
mM EDTA, 1% (v/v) Triton-X-100, 0.5% (w/v) sodium deoxy-
cholate, 200 units/ml aprotinin, 2 mmM phenylmethylsulfonyl
fluoride, and 10 ug/ml leupeptin. For SynCAM 1 isolation, the
supernatants of the obtained homogenates were mixed with
anti-SynCAM 1 pAb (Sigma) and Protein G-Sepharose beads
followed by incubation for 2 h on arotating platform at 4 °C. For
immunoprecipitation of polySia-SynCAM 1, mAb 735 coupled
to M-280 tosyl-activated Dynabeads (Invitrogen) was used.
Immunoprecipitates were washed three times with PBS and
resuspended in sample buffer. For specific removal of polySia,
one part of the isolated material was treated with 50 ug/ml
endoN for 30 min at 37 °C.

Peptide-N-Glycosidase F Digestion—Immunoprecipitates
were resuspended in 40 mm DTT, 0.5% SDS and boiled for 10
min. After adjusting the samples to a final concentration of 50
mwm sodium phosphate, pH 7.5, 40 mm DTT, 0.5% SDS, and 1%
Nonidet P-40, immunoprecipitates were incubated with
PNGase F (50 units/ml) for 16 h at 37 °C.

In Vitro Polysialylation Assay—In vitro polysialylation of
SynCAM 1-Fc was performed as described previously (13).
Briefly, soluble SynCAM 1-Fc chimeras were produced in
CHO-2A10 cells and immunoprecipitated from the cell culture
supernatant with Protein A-Sepharose. After washing twice
with PBS and twice with reaction buffer (10 mm MES, pH 6.7, 10
mM MnCl,), immunoprecipitates were incubated with 1 mm
CMP-Neu5Ac (Nacalai Tesque) for 15 h at room temperature
in the presence of 40 ug/ml of soluble murine ST8Siall, lacking
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the transmembrane domain. After washing three times with
PBS, beads were divided into two aliquots and resuspended in
Laemmli sample buffer. For specific degradation of polySia, one
aliquot was treated with 50 pg/ml SDS-resistant endoN for 30
min at 37 °C.

SDS-PAGE and Western Blot Analysis—SDS-PAGE and
Western blotting was carried out as described (13) using the fol-
lowing primary antibodies: mAb 735 (5 ug/ml), mAb 3E1 (1
pg/ml), mAb 145/30 (1 pg/ml), and anti-SynCAM 1 pAb (0.5
pg/ml).

RESULTS

Polysialylation of SynCAM 1 during Postnatal Mouse Brain
Development Depends Strictly on ST8Siall—To dissect the con-
tribution of the two polySTs ST8Siall and ST8SialV to Syn-
CAM 1 polysialylation, we compared the polysialylation level of
SynCAM 1 in the postnatal brain of wild-type, St8sia2~ ', and
St8sia4~'~ mice. For each genotype, whole brains were col-
lected at eight different time points between postnatal day 1
(P1) and P21 and from adult mice. SynCAM 1 was immunopre-
cipitated from brain lysates by a pAb directed against the intra-
cellular C-terminal domain of SynCAM 1. The isolated protein
was analyzed by Western blotting either with the polySia-spe-
cific mAb 735 to detect polySia-SynCAM 1 (Fig. 1A) or anti-
SynCAM 1 mAb 3E1 to visualize the complete fraction of
immunopreciptated SynCAM 1 (Fig. 1B). In brain homoge-
nates of wild-type mice, analysis with mAb 735 revealed a broad
band with an apparent molecular mass ranging from ~80 to
110 kDa (Fig. 1A, top), representing the polysialylated form of
SynCAM 1 (13). PolySia-SynCAM 1 was expressed at an almost
constant level from P1 to P9, followed by a slight decrease
toward P11. Between P11 and P15, however, a sharp drop in the
polysialylation of SynCAM 1 was observed. At P15, minimal
amounts of polySia-SynCAM 1 were still visible, but the signal
reached the detection limit thereafter. In contrast, the overall
expression level of SynCAM 1 stayed nearly constant (see fop of
Fig. 1B for SynCAM 1 analyzed after immunoprecipitation and
supplemental Fig. S1A for total SynCAM 1 expression moni-
tored by direct Western blot analysis of brain lysates). The total
fraction of SynCAM 1 appeared as a diffuse band centering at
85 kDa throughout the first postnatal week. From P7 on, the
SynCAM 1 signal started to extend toward the lower molecular
mass range, and from P15 to adulthood, two prominent signals
at ~95 and ~50 kDa were observed. Age-dependent variations
in the SynCAM 1 protein pattern have been described previ-
ously and may reflect developmental changes in the iso- and
glycoform pattern (1, 10).

Compared with wild-type animals, polysialylation and
overall expression level of SynCAM 1 were unchanged in
St8sia4~'~ mice. Moreover, down-regulation of polySia-
SynCAM 1 followed the same time course (bottom panels in
Fig. 1, A and B, respectively). Conversely, loss of ST8Siall
resulted in a complete absence of polySia-SynCAM 1 at all time
points analyzed (see Fig. 14, middle, and supplemental Fig. S1B
for data obtained after prolonged exposure time). In contrast,
no changes in the overall expression of SynCAM 1 were
observed (middle panel of Fig. 1B and supplemental Fig. S1A).
These data highlight that throughout postnatal brain develop-
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FIGURE 1. Expression of SynCAM 1 and polySia-SynCAM 1 in postnatal
mouse brain of wild-type, St8sia2~/~, and St8sia4~'~ mice. A, expression
of polySia-SynCAM 1. Using an anti-SynCAM 1 pAb, SynCAM 1 was immuno-
precipitated (/P) from whole brain lysates obtained at P1, P3, P5, P7, P9, P11,
P21, and adult stage. Samples were separated by 8% SDS-PAGE and analyzed
by Western blotting (WB) using the polySia-specific mAb 735. B, expression of
SynCAM 1. To monitor SynCAM 1 expression in all three genotypes and to
control the immunoprecipitation step performed in A, one aliquot of each
sample analyzed in A was separated by 8% SDS-PAGE and analyzed by West-
ern blotting using the anti-SynCAM 1 mAb 3E1. /P,immunoprecipitation; WB,
Western blot analysis.

ment, ST8Siall is essential for the polysialylation of SynCAM 1,
whereas ST8SialV is dispensable for this process.

SynCAM 1 Transcript Variants Expressed during Postnatal
Mouse Brain Development—In the perinatal phase, both
ST8Siall and ST8SialV reach peak levels and an almost ubiqui-
tous expression pattern throughout the brain (24 -26). At this
stage, NCAM is completely polysialylated (27), whereas only a
small subfraction of SynCAM 1 is modified by polySia (13). This
raises the question whether polysialylation of SynCAM 1 is
restricted to particular iso- and/or glycoforms in vivo. To
address this point, we first analyzed the SynCAM 1 isoform
pattern during postnatal mouse brain development.

For informative designation of SynCAM 1 transcripts and
isoforms, we named exons and variable peptides as shown in
Fig. 2A. The N-terminal signal peptide of SynCAM 1 is encoded
by exon 1, and the three Ig-like domains are encoded by exons
2-7. The three variable exons that encode short peptides
located in the juxtamembranous extracellular stem region were
designated as 8a, 8b, and 8c. The transmembrane region is

OCTOBER 12,2012+VOLUME 287+-NUMBER 42

A

Cadm1/Syncam1 variable exons

8a 8b 8c

exon llﬂ-llﬂﬂ- Hly piENEN

variable peptides:
8a [_| DPPTTIPPPTTTTTTTTTTTTTILTIT (17)

8b [0 DTTATTEPAVH (4)
8c [l GLTQLPNSAEELDSEDLS (2)
B
bp
700 P7_P9 P11 P15 P21 adult g,
650 :jBab
600 - £ 8a/8bc
- _ 4— 8c
550 <-\
500/

FIGURE 2. SynCAM 1 transcript variants expressed during postnatal
mouse brain development. A, schematic representation of the murine Syn-
CAM 1 gene (Cadm1). Exons that are subject to alternative splicing were des-
ignated as 8a, 8b, and 8c. The dashed lines indicate which protein parts are
encoded by particular exons. Peptides encoded by the variably spliced exons
8a, 8b, and 8c are shown as white, gray, and black boxes, respectively. Their
peptide sequences are given together with the number of predicted O-gly-
cosylation sites in parentheses. The arrows indicate the binding sites of the
exon 5-specific forward primer SK4 and the exon 9-specific reverse primer
SK5 used for RT-PCR in B. B, RT-PCR analysis of SynCAM 1 transcript variants
during postnatal mouse brain development. Transcript variants encoding
membrane-bound isoforms of SynCAM 1 were amplified by RT-PCR from total
RNA of mouse brains collected at P1, P3, P5, P7, P9, P15, P21, and adult stage.
PCR products were separated on a 3% agarose gel and assigned to individual
transcript variants according to size (see arrows on the right). TMD, transmem-
brane domain.

encoded by exon 9 and the C-terminal intracellular domain by
exon 10. For unequivocal designation of each transcript variant,
we named them according to the absence (variant 8—) or pres-
ence of variable exons (e.g variant 8b contains only exon 8b,
whereas variant 8abc contains all variable exons). Consistent
with the current view that the variable exon 8c is a cryptic exon in
mouse (8, 10), we found no exon 8c-containing murine sequences
in the databases when we searched specifically for expressed
sequence tags. However, by general BLAST search analysis, we
found partial and/or complete coding sequences for the exon
8c-containing murine transcript variants 8abc (GenBank™
accession number EU541476), 8bc (accession numbers EU541477
and AB37719), and 8c (accession number EU541478).

To investigate which transcript variants of SynCAM 1 are
expressed during postnatal mouse brain development, we per-
formed RT-PCR analysis with an exon 5-specific forward and
an exon 9-specific reverse primer as described by Hagiyama et
al. (10). Based on the calculated fragment size, five of the
obtained PCR products could be attributed to transcript vari-
ants 8—, 8b, 8¢, 8ab, and 8abc (see Fig. 2B). Transcript variants
8a and 8bc differ only by 3 bp, and the corresponding PCR
products could not be separated. However, sequencing of the
PCR products demonstrated that during postnatal brain devel-
opment, all possible combinations of the three variable exons
were expressed with the single exception of variant 8ac, which
was not found at any developmental stage.
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Notably, transcript variant 8abc showed a constantly low
expression level throughout postnatal brain development,
which might have hampered the identification of this variant in
previous studies (10, 11). Transcript variant 8c was hardly
detectable before P7/P9 but was constantly expressed thereaf-
ter. The most prominent age-dependent changes were seen for
variant 8—, which was strongly up-regulated between P1 and
P21 and appeared as the predominant transcript variant in the
adult mouse brain.

Polysialylation of SynCAM 1 in Perinatal Mouse Brain Was
Restricted to Four Isoforms—To analyze which SynCAM 1 iso-
forms serve as targets for polysialylation in vivo, we isolated the
polysialylated fraction of SynCAM 1 from P1 brain by immu-
noprecipitation with the anti-polySia mAb 735. Because more
than 95% of all polySia is attached to NCAM in the perinatal
brain of wild-type mice (13), we used brains of Ncam '~ mice
for efficient isolation of polySia-SynCAM 1. As shown previ-
ously, polysialylation of SynCAM 1 occurs independently of
NCAM polysialylation and is identical in Ncam '~ and wild-
type mice. The isolated polysialylated fraction of SynCAM 1
was characterized before and after specific removal of polySia
by endoN or after de-N-glycosylation by PNGase F. After sep-
aration by SDS-PAGE, the material was analyzed by Western
blotting using two different anti-SynCAM 1 antibodies: mAb
3E1 directed against the extracellular part of SynCAM 1 shared
by all isoforms and mAb L45/30 directed against the variable
peptide encoded by exon 8c (see Fig. 3B for schematic repre-
sentation of the antibody binding sites).

In the case of mAb 3E1 (Fig. 34, left), a broad signal with an
apparent molecular mass of 90-125 kDa was detected.
Removal of polySia by endoN resulted in a moderate increase in
electrophoretic mobility, whereas four discrete bands appeared
after de-N-glycosylation by PNGase F. Their apparent molecu-
lar masses of about 50, 60, 70, and 80 kDa exceeded the masses
of 42—48 kDa calculated for the unmodified SynCAM 1 iso-
forms, suggesting the presence of O-glycans. Moreover, the
bands at 60 and 80 kDa were also detected by mAb L45/30 (Fig.
3A, right) which is specific for the peptide encoded by exon 8c
(supplemental Fig. S2, bottom).

To assign the four bands obtained after de-N-glycosylation to
particular isoforms, we compared their electrophoretic mobil-
ities with the mobility of individual de-N-glycosylated SynCAM
1 isoforms. To obtain these marker proteins, we generated full-
length cDNAs for each transmembrane isoform and expressed
them individually in CHO cells. After immunoprecipitation by
an anti-SynCAM 1 pAb recognizing the C-terminal domain, all
isoforms were analyzed by Western blotting before and after
PNGase F treatment (supplemental Fig. S2). All isoforms were
modified by N-glycans as demonstrated by a significant increase in
electrophoretic mobility after de-N-glycosylation. With the excep-
tion of isoforms 8 — and 8¢, the apparent molecular masses of the
de-N-glycosylated isoforms exceeded the mass calculated for the
unmodified polypeptide. This probably reflects the presence of
O-glycans. The most prominent mass difference was seen for the
peptide 8a-containing isoforms (supplemental Fig. S2), which is in
agreement with 17, 4, and 2 O-glycosylation sites predicted for
peptide 8a, 8b, and 8c, respectively.
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Defined, de-N-glycosylated isoforms were then used as
markers to assign the isoforms of SynCAM 1 that served as
polySia carrier in P1 mouse brain. PolySia-SynCAM 1 was again
immunoisolated from perinatal Ncam '~ brain using the anti-
polySiamAb 735. After de-N-glycosylation, the electrophoretic
mobilities of the four bands were directly compared with the
mobility of the de-N-glycosylated forms of each individually
expressed isoform (Fig. 3C). The bands at 80 and 70 kDa co-mi-
grated with isoforms 8abc and 8ab, respectively. The band at 60
kDa co-migrated with the upper band of isoform 8bc, which
represents most likely the fully O-glycosylated form. The fourth
band at ~48 kDa showed an electrophoretic mobility similar to
that of isoforms 8b and 8c. However, due to the fact that this
band was not recognized by the peptide 8c-specific mAb
L45/30 (Fig. 34, right), it was assigned to isoform 8b. Based on
this approach, the isoforms underlying the polysialylated frac-
tion of SynCAM 1 at P1 were identified as 8abc, 8ab, 8bc, and
8b, all characterized by the presence of an exon 8b-encoded
peptide (Fig. 3E). For polySia-SynCAM 1 expressed at P7, we
observed the same set of four isoforms, with 8b and 8bc being
the major polySia carriers (Fig. 3D). At P11, when polysialyla-
tion of SynCAM 1 starts to decrease (Fig. 14), less SynCAM 1
was pulled out by anti-polySia mAb 735 (Fig. 3D). For this mate-
rial, only isoforms 8b and 8bc were detected as underlying poly-
Sia carriers (Fig. 3D). Isoforms 8ab and 8abc, which had been
observed as minor polySia carriers at P1, might have been below
the detection limit at P11 due to the observed overall decrease
in SynCAM 1 polysialylation at this time point.

ST8Siall Can Polysialylate All Transmembrane-bound Iso-
forms of Syn CAM 1—Aimed at understanding the impact of the
variable peptides for efficient polysialylation of membrane-
bound SynCAM 1, we studied polysialylation of individual iso-
forms in cell culture experiments. However, all of our initial
attempts to generate polysialylated SynCAM 1 by transient or
stable co-expression of ST8Siall and SynCAM 1 failed. After we
had established which isoforms of SynCAM 1 were polysialy-
lated in vivo, we selected one of them, namely isoform 8abc, and
optimized co-expression conditions in the murine cell line
LMTK" . This fibroblast cell line lacks endogenous expression
of SynCAM 1 (supplemental Fig. S3) and is negative for NCAM
and both polySTs (32). Under standard transfection conditions,
SynCAM 1 was extremely well expressed, whereas only small
amounts of polySia-SynCAM 1 were generated (supplemental
Fig. S3). Decreasing the amount of SynCAM 1 plasmid resulted
in decreased expression of SynCAM 1 but in parallel resulted in
increased levels of polySia-SynCAM 1, suggesting a detrimental
effect of increased SynCAM 1 expression on the polysialylation
of this acceptor molecule. Optimal polysialylation of Syn CAM
1 was achieved by transient co-transfection of low but equal
amounts of SynCAM 1 and ST8Siall cDNA (see supplemental
Fig. S3, right).

Under these optimized conditions, each SynCAM 1 isoform
was then individually co-expressed with ST8Siall (Fig. 4A).
After immunoprecipitation of SynCAM 1 with anti-SynCAM 1
pAb, the polysialylation status and overall expression level of
SynCAM 1 was compared by Western blot analysis using anti-
polySia mAb 735 (Fig. 44, top) and anti-SynCAM 1 mAb 3E1
(Fig. 4A, bottom), respectively. Notably, polysialylated Syn-
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FIGURE 3.Isoform pattern of polysialylated SynCAM 1. A, analysis of polySia-SynCAM 1immunoprecipitated (IP) from postnatal day 1 Ncam ™~ mouse brain

using the anti-polySia mAb 735. Immunoprecipitated polySia-SynCAM 1 was separated by 10% SDS-PAGE before and after the removal of polySia by endoN
treatment or after de-N-glycosylation by PNGase F. Western blot analysis (WB) was performed with anti-SynCAM 1 antibodies against the extracellular part
shared by all SynCAM 1 isoforms (mAb 3E1), or against the variable peptide encoded by exon 8c (mAb L45/30). The positions of the four protein bands obtained
after de-N-glycosylation and staining with mAb 3E1 are indicated by arrows. Bands obtained after de-N-glycosylation that were stained by both mAb 3E1 and
mAb L45/30 are marked by asterisks. B, schematic representation of anti-SynCAM 1 and anti-polySia antibody binding sites. mAb 3E1 is directed against the
extracellular part of SynCAM 1 encompassing the Ilg domains, mAb L45/30 detects specifically the variable peptide encoded by exon 8c, and the anti-SynCAM
1 pAb used in this study is directed against the C-terminal intracellular part of SynCAM 1. mAb 735 recognizes polySia composed of at least eight «2,8-linked
sialic acids. C, assignment of SynCAM 1 isoforms that serve as polySia carriers in P1 mouse brain. PolySia-SynCAM 1 was immunoisolated from postnatal day 1
Ncam ™'~ mouse brain followed by de-N-glycosylation as described in A. In parallel, each of the indicated SynCAM 1 isoforms was transiently expressed in CHO
cells, immunoprecipitated with the anti-SynCAM 1 pAb, and de-N-glycosylated by PNGase F. Proteins were separated by 8% SDS-PAGE and analyzed by
Western blotting using anti-SynCAM 1 mAb 3E1. The four bands detected after de-N-glycosylation of mouse-derived polySia-SynCAM 1 (brain) are indicated
by arrows on the right and can be assigned to the four isoforms 8abc, 8ab, 8bc, and 8b. Asterisks highlight those isoforms that contain the peptide encoded by
exon 8c as demonstrated by staining with mAb L45/30 in A. D, isoform pattern of polySia-SynCAM 1 at different time points of postnatal brain development.
Using the anti-polySia mAb 735, polySia-SynCAM 1 was immunoisolated from Ncam ™/~ mouse brain obtained at the indicated time points. The immunopre-
cipitated material was de-N-glycosylated and analyzed by Western blotting using anti-SynCAM 1 mAb 3E1. E, schematic representation of the four SynCAM 1
isoforms that serve as targets for polysialylation in postnatal mouse brain.

CAM 1 was detected for all SynCAM 1 isoforms, including iso-
form 8— lacking all variable peptides. Thus, ST8Siall has the
ability to polysialylate all transmembrane isoforms of Syn CAM
1 independent of the presence or absence of variable peptides.

ST8Siall Acts More Efficiently on SynCAM 1 than ST8SialV—The
finding that polysialylation of SynCAM 1 relies exclusively on
ST8Siall in vivo (Fig. 1A) prompted us to compare the ability of
ST8Siall and ST8SialV to polysialylate this acceptor molecule
in a cellular context. The different SynCAM 1 isoforms were
now co-expressed with ST8SialV (Fig. 4B). After an exposure
time of 1 min, polysialylation was only seen for isoforms 8bc
and 8ac (Fig. 4B, top), and prolonged exposure times of =10
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min were required to detect faint signals for all isoforms (data
not shown). By contrast, co-expression with ST8Siall resulted
in strong polySia-SynCAM 1 signals that appeared already after
an exposure time of 15 s (Fig. 44). Moreover, analysis with an
anti-SynCAM 1 antibody revealed that SynCAM 1 that was
co-expressed with ST8Siall showed reduced electrophoretic
mobility compared with SynCAM 1 expressed in the presence
of ST8SialV (Fig. 4, A and B, compare bottom panels). The
observed shift in mobility indicates that ST8Siall had con-
verted the majority of SynCAM 1 to the polysialylated form,
whereas ST8SialV had modified only a limited portion of the
SynCAM 1 pool.
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FIGURE 4. Polysialylation of SynCAM 1 isoforms. A, polysialylation of SynCAM 1 isoforms by ST8Siall. Each transmembrane isoform of SynCAM 1 was
co-expressed with ST8Siall in the murine fibroblast cell line LM-TK™, and SynCAM 1 was immunoprecipitated (/P) with an anti-SynCAM 1 pAb directed against
the C-terminal intracellular domain. Each isoform was then analyzed by SDS-PAGE and Western blotting using anti-polySia mAb 735 to detect polySia-SynCAM
1 (top) or anti-SynCAM 1 mAb 3E1 to control the overall expression of SynCAM 1 (bottom). Exposure time for both blots was 15 s. B, polysialylation of SynCAM
1 isoforms by ST8SialV. Each transmembrane isoform of SynCAM 1 was co-expressed with ST8SialV in LM-TK™ cells, and SynCAM 1 expression was analyzed as

in A. Exposure times were 1 min and 20 s for the top and bottom, respectively.

To visualize these differences on the same blot, SynCAM 1 of
the isoform 8bc was expressed either alone or together with
ST8Siall or ST8SialV (Fig. 5). Although similar amounts of
SynCAM 1 were expressed and immunoprecipitated in all three
settings (Fig. 5, bottom and middle, respectively), clear differ-
ences in the extent of polysialylation were observed. Although
co-expression of ST8Siall resulted in a strong polySia-SynCAM
1 signal, only tiny amounts of polysialylated SynCAM 1 were
detected in the presence of ST8SialV (Fig. 5, top). Analysis of
the total fraction of SynCAM 1 (Fig. 5, bottom) revealed that
co-expression with ST8Siall but not ST8SialV resulted in a
shift in electrophoretic mobility. Together, these experiments
provide the first evidence that ST8Siall and ST8SialV are dis-
tinct in their ability to use SynCAM 1 as an acceptor substrate.

The Ig-like Domains Igl and Ig2 Are Sufficient for in Vitro
Polysialylation of Syn CAM 1—In order to identify the minimal
structural requirements for SynCAM 1 polysialylation, soluble
SynCAM 1-Fc chimera were generated encompassing (i) all
three Ig-like domains, (ii) Ig1 and Ig2, or (iii) exclusively Ig1, the
domain that carries the polysialylation site (13). After secretory
expression in CHO-2A10 cells, which lack endogenous polyST
activity (36, 37), SynCAM 1-Fc chimeras were adsorbed to Pro-
tein A-Sepharose and incubated with purified soluble ST8Siall
and the donor substrate CMP-Neu5Ac. Reaction products
were analyzed before and after endoN treatment by Western
blotting. Polysialylated SynCAM 1 was visualized by the poly-
Sia-specific mAb 735 (Fig. 6, top), whereas overall expression of
the different Fc chimera was controlled by additional staining
with an anti-Fc antibody (Fig. 6, bottom).

For the SynCAM 1-Fc chimeras encompassing all three Ig
domains or exclusively Igl and Ig2, endoN-sensitive signals
were obtained with mAb 735, demonstrating that these variants
were polysialylated by ST8Siall. By contrast, no polysialylation
was observed for SynCAM 1-Fc composed of only Igl, although
similar amounts of this chimera were adsorbed to Protein
A-Sepharose (Fig. 6, bottom). This finding demonstrates that
Igl, the domain harboring the polysialylation site, is not suffi-
cient for polysialylation in vitro and suggests an important role
of Ig2 as recognition site for ST8Siall.
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FIGURE 5. Comparison of the SynCAM 1 polysialylation capacity of
ST8Siall and ST8SialV. SynCAM 1 of the transmembrane isoform 8bc was
transiently expressed in LM-TK™ cells, either alone or together with ST8Siall or
ST8SialV. Afterimmunoprecipitation (/P) with an anti-SynCAM 1 pAb directed
against the C-terminal intracellular domain, SynCAM 1 was analyzed by West-
ern blotting (WB) using anti-polySia mAb 735 to detect polySia-SynCAM 1
(top) or anti-SynCAM 1 mAb 3E1 to control the immunoprecipitation step
(middle). In parallel, equal amounts of lysate were analyzed directly by West-
ern blotting using anti-SynCAM 1 mAb 3E1 (bottom).

DISCUSSION

In contrast to most other glycosyltransferases, which modify
glycan structures irrespective of the underlying protein, the two
polySTs ST8Siall and ST8SialV are highly protein-specific and
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FIGURE 6. In vitro polysialylation of SynCAM 1 domain deletion con-
structs. Soluble SynCAM 1-Fc chimeras containing all three Ig domains of
SynCAM 1 (Ig1-1g2-1g3), the first two Ig domains (Ig1-1g2), or only Ig1 were
expressed in CHO-2A10 cells. After adsorption to Protein A-Sepharose beads,
SynCAM 1-Fc was incubated with ST8Siall in the presence of CMP-Neu5Ac.
Reaction products were separated by 8% SDS-PAGE before and after removal
of polySia by endoN treatment and were analyzed by Western blotting (WB)
with anti-polySia mAb 735 (top) or a combination of anti-polySia and anti-Fc
antibodies (bottom).

polysialylate only a restricted set of acceptor molecules. In addi-
tion to the major polySia carrier NCAM, only a few mammalian
glycoproteins have been identified that can be modified by
polysialylation: the a-subunit of the voltage-gated sodium
channel in adult rat brain (38); the scavenger receptor CD36 in
human milk (39); the cell surface glycoprotein neuropilin-2 on
human dendritic cells (40); SynCAM 1 on NG2 cells of the
developing mouse brain (13); and the two polySTs themselves,
which can polysialylate their own N-glycans in a process called
autopolysialylation (41, 42). Genetic mouse models lacking
either ST8Siall or ST8SialV were generated to unravel the
impact of each polyST in vivo (22, 23). So far, these models have
been used exclusively to study the function of the two polySTs
during polysialylation of the most prevalent polySia carrier
NCAM, which can be polysialylated by ST8Siall and ST8SialV
(22, 23, 43—45). In accordance with the observed differences in
expression patterns, ST8Siall was found to be the predominant
enzyme during early postnatal development, important to keep
the complete brain NCAM pool in the polysialylated state,
whereas in the adult stage, NCAM polysialylation depends
almost exclusively on ST8SialV (22-24, 27, 46). During devel-
opment, both enzymes contribute to NCAM polysialylation,
and in the absence of ST8Siall, more than half of the NCAM
pool is kept in the polysialylated state (26). Moreover, direct
comparison of polySia-NCAM from perinatal brain of wild-
type, St8sia2~ ', and St8sia4~'~ mice revealed only minor dif-
ferences, highlighting that both ST8Siall and ST8SialV have
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the capacity to synthesize polySia of comparable quality on
NCAM (26, 47).

In contrast to NCAM polysialylation, the present study dem-
onstrates that throughout postnatal brain development, poly-
sialylation of SynCAM 1 is catalyzed exclusively by ST8Siall.
Loss of ST8Siall completely abolished SynCAM 1 polysialyla-
tion, whereas no significant changes were observed in the
absence of ST8SialV. Thus, our data highlight a unique role of
ST8Siall in polysialylation of SynCAM 1. During postnatal
brain development, prominent signals for polySia-SynCAM 1
were observed between P1 and P11, whereas polysialylation of
SynCAM 1 was drastically down-regulated thereafter, resulting in
a sharp drop between P11 and P15. This time course followed the
previously described down-regulation of ST8Siall transcript level,
which dropped by 95% during postnatal brain development, with
the strongest reduction between P5 and P11 (27).

Previously, we have shown that in vitro, both polySTs,
ST8Siall and ST8SialV, were able to polysialylate SynCAM 1.
These in vitro polysialylation experiments were performed with
truncated, soluble proteins that lack their transmembrane
domains. In vivo, however, polySTs and SynCAM 1 are trans-
membrane proteins that are fixed to the Golgi membrane dur-
ing the polysialylation step. The observation that ST8SialV can-
not compensate for ST8Siall deficiency in vivo suggests that
SynCAM 1 is a poor substrate for ST8SialV under in vivo con-
ditions. This was further substantiated by our co-expression
experiments, demonstrating that in the cellular context,
ST8Siall is much more efficient in polysialylating SynCAM 1
than ST8SialV. Although ST8SialV was able to recognize Syn-
CAM 1 as an acceptor molecule, the enzyme modified only a
limited portion of the SynCAM 1 pool, resulting in only minute
amounts of polySia-SynCAM 1. By contrast, ST8Siall clearly
outperformed ST8SialV in its ability to modify almost the com-
plete pool of SynCAM 1.

Alternative splicing, representing a versatile mechanism for
generating a large pool of functionally unique proteins, is par-
ticularly frequent in the nervous system (48, 49). In the case of
SynCAM 1, alternative splicing of the short variable exons 8a,
8b, and 8c can, theoretically, give rise to eight transmembrane
isoforms of SynCAM 1. Here, we show that all of them with the
single exception of isoform 8ac were expressed during postna-
tal mouse brain development. So far, exon 8c has been regarded
as cryptic exon in mice (8). However, based on RT-PCR and
sequencing of the obtained products, we demonstrated the occur-
rence of three exon 8c-containing transcript variants (i.e. 8abc,
8bc, and 8c), which were not identified in similar approaches per-
formed previously to study developmental changes in the Syn-
CAM 1 transcript pattern in the mouse brain (10, 11).

Notably, the variable peptides encoded by exon 8a, 8b, and 8¢
contain 17, 4, and 2 putative O-glycosylation sites, respectively,
resulting in numerous glycoforms. Stretches of O-glycosylation
sites are known to influence protein conformation, leading to
an elongated overall structure, as described for P-selectin gly-
coprotein ligand-1 and ovine submaxillary mucin (50, 51).
Accordingly, a highly O-glycosylated stem region in SynCAM 1
was suggested to position the Ig-like domains away from the
plasma membrane, thereby regulating their accessibility for
trans interactions (8). Moreover, O-glycosylation may affect cis
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oligomerization of SynCAM 1, which was shown to precede
synapse assembly and to promote trans adhesion (5).

On the transcript level, we observed the most striking devel-
opmental changes for isoform 8—, which lacks an O-glycosy-
lated stem region. Although expressed at a low level during the
first postnatal week, transcript variant 8 — became the most
prevalent variant in the adult brain (Fig. 2B). This suggests that
SynCAM 1 isoforms with high numbers of potential O-glycosyla-
tion sites may dominate in early brain development, whereas iso-
form 8—, lacking any O-glycosylation sites, becomes the major
isoform in the adult stage. These developmental changes might
regulate the distinct functions of Syn CAM 1 in the developing and
mature brain (4—6, 12).

Precise knowledge on the SynCAM 1 isoform pattern and
recombinant expression of individual isoforms enabled us to
identify the isoforms underlying polySia-SynCAM 1 as 8abc,
8ab, 8bc, and 8b. Although polysialylation of SynCAM 1 was
restricted to four particular isoforms in vivo, our data obtained
by cell culture experiments demonstrated that ST8Siall is able
to polysialylate all transmembrane isoforms of SynCAM 1 in
vitro. Thus, the four isoforms that serve as targets for polysia-
lylation in vivo represent most likely the SynCAM 1 isoforms
expressed in NG2 cells, the cells in which polysialylation of
SynCAM 1 occurs. In vivo, polysialylation of SynCAM 1 is
restricted to these cells, suggesting that they provide the partic-
ular environment required for SynCAM 1 polysialylation. The
key prerequisite might be a critical balance between SynCAM 1
and ST8Siall. High expression levels of the acceptor SynCAM 1
prevented its efficient polysialylation by ST8Siall, as demon-
strated by our co-expression experiments. SynCAM 1 has been
shown to undergo excessive lateral self-assembly, a process that
precedes the engagement of SynCAM 1 in trans interactions
and is mediated by the membrane proximal Ig domains 2 and 3
(5). Thus, elevated SynCAM 1 levels may favor cis oligomeriza-
tion, and the resulting clustering of SynCAM 1 in the mem-
brane might reduce its accessibility for ST8Siall.

Previously, we demonstrated that polySia is selectively
attached to SynCAM 1 via N-glycans at Asn-116 located in
the first Ig-like domain (13). By analysis of domain deletion
variants of soluble SynCAM 1 variants, we now established the
minimal structural requirements for SynCAM 1 polysialylation.
Although Ig1 harbors the polysialylation site, this domain alone
did not serve as an acceptor substrate for ST8Siall. However, a
variant encompassing Igl and Ig2 was efficiently polysialylated,
and no significant differences in polysialylation were observed
compared with a variant containing all three Ig-like domains.
These findings indicate that Ig2 provides the critical interface
for the recognition of SynCAM 1 by ST8Siall.

As summarized in Fig. 7, the minimal structural require-
ments for polysialylation of SynCAM 1 are highly reminiscent
of what was observed for NCAM. The extracellular part of
NCAM is composed of five Ig-like domains followed by two
fibronectin type Il repeats (FnlII-1 and -2) (52). Among the six
N-glycosylation sites of NCAM, only two particular sites
located in Ig5 are used for polysialylation (53-55). Neverthe-
less, Ig5 alone did not serve as an acceptor substrate for the
polySTs, whereas a truncated NCAM variant encompassing the
tandem domains Ig5 and FnllI-1 was efficiently polysialylated
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FIGURE 7. Minimal structural requirements for the polysialylation of
NCAM and SynCAM 1. Tandem domains representing the minimal structural
requirement for polysialylation of NCAM and SynCAM 1 are highlighted by
brackets.

(56). The importance of the FnIII-1 domain as a recognition site
was further substantiated by polyST-NCAM interaction stud-
ies (57). Subsequent structural analysis of FnllI-1 revealed the
presence of an a-helix, an unusual feature among FnlIl repeats,
and an acidic surface patch essentially required for NCAM
polysialylation (58, 59).

For SynCAM 1, structural information is so far only available
for the C-terminal intracellular domain (60). Future work
focused on the structural analysis of the extracellular part will
help to identify structural features in Ig2 that provide the dock-
ing sites for ST8Siall and define SynCAM 1 as a target for
polysialylation.
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