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Polysialic acid is a developmentally regulated, anti-adhe-
sive polymer that is added to N-glycans on the fifth immuno-
globulin domain (Ig5) of the neural cell adhesion molecule
(NCAM). We found that the first fibronectin type III repeat
(EN1) of NCAM is required for the polysialylation of N-gly-
cans on the adjacent Ig5 domain, and we proposed that the poly-
sialyltransferases recognize specific sequences in FN1 to posi-
tion themselves for Ig5 N-glycan polysialylation. Other studies
identified a novel FN1 acidic surface patch and a-helix that play
roles in NCAM polysialylation. Here, we characterize the con-
tribution of two additional FN1 sequences, Pro®'°-Tyr>'!-Ser®'>
(PYS) and GIn®'®-Val®'”-GIn®'® (QVQ). Replacing PYS or the
acidic patch dramatically decreases the O-glycan polysialylation
of a truncated NCAM protein, and replacing the a-helix or QVQ
shifts polysialic acid to FN1 O-glycans in full-length NCAM. We
also found that the FN1 domain of the olfactory cell adhesion
molecule, a homologous but unpolysialylated protein, could
partially replace NCAM FNI1. Inserting Pro®'°-Tyr°'! elimi-
nated N-glycan polysialylation and enhanced O-glycosylation
of an NCAM- olfactory cell adhesion molecule chimera, and
inserting other FN1 sequences unique to NCAM, predomi-
nantly the acidic patch, created a new polysialyltransferase rec-
ognition site. Taken together, our results highlight the role of
the FN1 a-helix and QVQ sequences in N-glycan polysialylation
and demonstrate that the acidic patch primarily functions in
O-glycan polysialylation.

The neural cell adhesion molecule (NCAM)? is a member
of the immunoglobulin superfamily. It is expressed on the
cell surface where it engages in homophilic and heterophilic
interactions, resulting in cell adhesion and modulation of
signal transduction cascades (reviewed in Refs. 1, 2). In the
developing embryo and neonate, NCAM is modified by the

* This work was supported, in whole or in part, by National Institutes of Health
Grant RO1 GM063843 (to K. J. C.).

51 The on-line version of this article (available at http://www.jbc.org) contains
supplemental Table 1.

' To whom correspondence should be addressed: Dept. of Biochemistry and
Molecular Genetics, College of Medicine, University of lllinois, 900 S. Ash-
land Ave., M/C 669, Chicago, IL 60607. Tel.: 312-996-7756; Fax: 312-413-
0353; E-mail: karenc@uic.edu.

2 The abbreviations used are: NCAM, neural cell adhesion molecule; polyST,
polysialyltransferase; FN1, first fibronectin type Il repeat of NCAM; FN2,
second fibronectin type Ill repeat of NCAM; OCAM, olfactory cell adhesion
molecule; N-O, NCAM-OCAM chimera; AP, acidic patch; PNGase F, peptide
N-glycosidase F; Endo N, endo-N-acylneuraminidase; FGFR, fibroblast
growth factor receptor; TM, transmembrane; PDB, Protein Data Bank.

35056 JOURNAL OF BIOLOGICAL CHEMISTRY

addition of long chains of a2,8-polysialic acid (3, 4). The pres-
ence of this highly hydrated and negatively charged carbohy-
drate polymer disrupts overall cell adhesion and allows cell
migration (5-7). Polysialylation is catalyzed by the polysialyl-
transferases (polySTs), ST8Siall and ST8SialV (8-11). NCAM
polysialylation is critical during embryogenesis and early post-
natal development. Mice that are null for both polyST's are born
at Mendelian ratios but have severe neuronal defects, fail to
thrive, and the majority die within 4 weeks of birth (12).
Simultaneous deletion of NCAM and the polySTs rescues
the lethal phenotype, indicating that polysialic acid is
required to down-regulate the adhesive properties of NCAM
during development (12). In addition, using varying allelic com-
binations of ST8SialV, ST8Siall, and NCAM, Hildebrandt et al.
(13) demonstrated that an aberrant increase in the level of
unpolysialylated NCAM caused defects in brain connectivity in
postnatal day 1 mice.

NCAM is mainly unpolysialylated in the adult brain (3, 4).
However, polysialylated NCAM does persist in specific regions
of the central nervous system, including the olfactory bulb and
hippocampus, where it functions in cell migration, synaptic
plasticity, and repair (14—17). Highly polysialylated NCAM is
also re-expressed in several cancers, including neuroblastoma,
glioma, small cell and non-small cell lung tumors, and Wilms’
tumor, where it has been suggested to promote cancer invasive-
ness (18 —23). Recently, polysialylated NCAM has been shown
to enhance metastasis of a murine model of lung cancer (24)
and has been implicated in colorectal carcinoma progression
(25). In addition, polysialic acid has been demonstrated to be
involved in hematopoietic development (26, 27). For example,
ST8SialV ™/~ mice have reduced thymocyte numbers due to
fewer progenitor cells mobilizing to the thymus (27).

Although NCAM is by far the most abundant and well doc-
umented polysialylated protein, it is striking that only six other
polysialylated glycoproteins have been identified. These are the
a subunit of the voltage-dependent sodium channel (28), the
scavenger receptor CD36 found in milk (29), neuropilin-2 ex-
pressed on dendritic cells (30), and the polySTs themselves
(autopolysialylation) (31, 32). Recently, polysialic acid was
reported to be present on another member of the immunoglob-
ulin superfamily of proteins, the synaptic cell adhesion mole-
cule SynCAM 1 (33). The very small number of polysialylated
proteins, and the fact that the polySTs add polysialic acid to
N-glycans associated with NCAM much more efficiently than
to free N-glycans or other typically unpolysialylated proteins in
vitro (34, 35), led to the hypothesis that polysialylation may be a
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protein-specific modification, requiring an initial interaction
between the polyST and protein substrate.

NCAM consists of five immunoglobulin domains (Igl-5),
two fibronectin type III repeats (FN1 and FN2), and either a
transmembrane region (TM) and cytosolic tail (NCAM140
and NCAM180) or a glycosylphosphatidylinositol anchor
(NCAM120) (36). The majority of polysialic acid is added to
N-glycans on Asn**® (Asn5) and Asn*”® (Asn6), the fifth and
sixth N-glycosylation sites located on Ig5 (37). We demon-
strated that a truncated NCAM140 protein consisting of Ig5-
EN1-TM-tail is fully polysialylated when co-expressed with a
polyST, whereas an Ig5-TM-tail protein remains unpolysialy-
lated (38). In addition, deletion of the FN1 domain from full-
length NCAM eliminates Ig5 N-glycan polysialylation (39).
From these and other results, we hypothesized that the polySTs
recognize and bind the FN1 domain, and this positions them to
polysialylate N-glycans on the adjacent Ig5 domain (38 —40).

Molecular modeling and structural analysis of the Ig5-FN1
unit has given us insights into the FN1 sequences that may play
arole in NCAM recognition (39, 40). Molecular modeling led to
the identification of a unique acidic patch on the surface of the
FN1 domain (39). Replacing these sequences with alanine resi-
dues slightly reduced NCAM polysialylation, and replacing
these sequences with arginine residues eliminated polysialyla-
tion (39). These results suggested that some or all of the acidic
patch residues may be part of a larger polyST recognition
region. We solved the crystal structure of NCAM FN1 (40). The
structure confirmed the presence of the acidic patch (Asp®°®,
Asp®?°, Glu®?!, and Glu®?®) and also revealed a unique a-helix
linking strands 4 and 5 of the FN1 B-sandwich (40). Replacing
the a-helix with two threonine residues, as found in the Robo2
EN1 structure, or two alanine residues did not prevent polysia-
lylation. However, polysialic acid was found on FN1 O-glycans
rather than on Ig5 N-glycans (40). These data suggested that the
a-helix has a role in positioning the polySTs and/or mediating
an Ig5-FN1 interaction that allows the polySTs to access Ig5
N-glycans.

To understand the relationship between the NCAM Ig5 and
FN1 domains, we solved the crystal structure of the Ig5-FN1
tandem (41). No interaction between the Ig5 and FN1 domains
was observed, but surprisingly, Asn5 and Asn6 that carry the
N-glycans modified with polysialic acid were not aligned with
the FN1 a-helix and acidic patch. To evaluate how flexible the
polysialylation process is, we engineered glycosylation sites at
different surface positions in the Ig5 domain and evaluated
their polysialylation in the absence of Asn5 and Asn6. Remark-
ably, several of these sites that circled the Igh domain and one
that was positioned further away from the FN1 domain than
Asn5 or Asn6 were polysialylated. These results suggested that,
either because the relationship of the two domains is flexible or
because the polySTs can engage different sites on FN1, N-gly-
cans at a number of positions can be polysialylated (41).

In this study, to further evaluate the role of the FN1 acidic
patch and a-helix in polyST recognition, and to identify other
polyST recognition sequences, we decided to compare NCAM
EN1 to a similar domain in the unpolysialylated olfactory cell
adhesion molecule, OCAM, and then use the OCAM FNI1
domain to create a chimeric protein for gain-of-polysialylation

NOVEMBER 5, 2010+VOLUME 285+NUMBER 45

studies. We report the identification of two sequences unique
to NCAM FN1, Pro®*°-Tyr**'-Ser®'? and GIn>'®-Val®'”-GIn"°%,
that are particularly important for O-glycan and N-glycan poly-
sialylation, respectively. In the creation of an NCAM-OCAM
chimera, we made two surprising observations. First, we found
that placing three amino acids between the Ig5 and FN1 do-
mains eliminates Ig5 N-glycan polysialylation. Second, we
found that OCAM FN1 can partially replace NCAM EN1 in the
chimera to allow the polysialylation of Ig5 N-glycans. Inserting
NCAM FN1 sequences (acidic patch, a-helix, PYS, and QVQ)
does not substantially enhance the polysialylation of the chime-
ras, but instead it shifts the addition of polysialic acid to O-gly-
cans. Further dissection of the contribution of inserted NCAM
FNI1 residues demonstrated that the FN1 «a-helix and QVQ
sequences are critical for polyST positioning and Ig5 N-glycan
polysialylation, whereas the acidic patch and PYS sequences
play a primary role in FN1 O-glycan polysialylation.

EXPERIMENTAL PROCEDURES

Tissue culture materials, including Dulbecco’s modified
Eagle’s medium (DMEM), Opti-MEM 1, Lipofectin, and fetal
bovine serum (FBS), were purchased from Invitrogen. Oligonu-
cleotides, restriction enzymes, PCR supermix, and anti-V5
epitope tag antibody were obtained from Invitrogen. The
¢DNA for human NCAM140 was a gift from Dr. Nancy Keder-
sha (Brigham and Women’s Hospital, Boston). The cDNA for
rat GPI-linked OCAM was provided by Drs. John A. Hamlin
and James E. Schwob (Tufts University, Boston). The cDNA for
human ST8SialV was obtained from Dr. Minoru Fukuda (Burn-
ham Institute, La Jolla, CA). The QuikChange™" site-directed
mutagenesis kit and Pfu DNA polymerase were purchased from
Stratagene. DNA purification kits were purchased from Qia-
gen. Protein A-Sepharose was purchased from GE Healthcare.
Protein N-glycosidase F (PNGase F) and T4 DNA ligase were
obtained from New England Biolabs. Neuraminidase purified
from Clostridium perfringens and neuraminidase purified from
Vibrio cholerae were purchased from Roche Applied Science.
Phage PK1E endo-N-acylneuraminidase (Endo N) cloned in the
pEndo-N expression plasmid was a kind gift from Dr. Eric Vimr
(University of Illinois, Champagne-Urbana). Precision Plus
Protein™ standard was purchased from Bio-Rad. Nitrocellu-
lose membranes were purchased from Schleicher & Schuell.
Horseradish peroxidase (HRP)-conjugated secondary antibod-
ies were obtained from The Jackson Laboratories. Supersignal
West Pico chemiluminescence reagent was obtained from
Pierce. Other chemicals and reagents were purchased from
Sigma and Fisher.

Construction of NCAM-OCAM Chimeras—The OCAM FN1
domain was PCR-amplified from rat GPI-linked OCAM using
PCR supermix and the following primers: 5'-TCTAGACGAT-
GTCCCCTCTAGTCCCC-3" and 5'-TCTAGACCCTCAC-
GAACTGGCAGTGTC-3'. These primers introduced an Xbal
site at both ends of the amplified OCAM FN1 sequence. An
NCAM construct cloned upstream of the epitope tag in the
pcDNA3.1 V5/HisB vector, which lacks the FN1 domain
(NCAM AEFNI1 (39)) and contains an Xbal site between the Ig5
and FN2 domains, was digested with Xbal and gel-purified. The
OCAM ENI1 PCR product was cut with Xbal, gel-purified, and
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ligated into linearized NCAM AFNI. In this way, OCAM
FN1 was ligated between Ig5 and FN2 of NCAM to form the
NCAM-OCAM chimera. The correct orientation of the
OCAM ENI1 insert was confirmed by DNA sequencing. A con-
sensus glycosylation site within OCAM FN1 was mutated
(N562N/T563T/T564A) using the following primers: 5’ -GAA-
CCAAATACTGCATATGAAGTCAGGG-3' and 5'-CCCTG-
ACTTCATATGCAGTATTTGGTTC-3'. The 5 Xbal site
between Ig5h and FN1 and the 3’ Xbal site between FN1
and FN2 of the chimera were subsequently removed using
the following primers: 5'-CCTTGTTCAAGCAGATGTCC-
CCTCTAG-3'/5"-CTAGAGGGGACATCTGCTTGAACA-
AGG-3' and 5'-CTGCCAGTTCGTGAGCCCAGTGCAC-
CTAAG-3'/5'-CTTAGGTGCACTGGGCTCACGAACTG-
GCAG-3’, generating NCAM-OCAM + GLE and NCAM-
OCAM + ALD, respectively.

Mutagenesis of NCAM and NCAM-OCAM Chimeras—
Insertion and mutagenesis reactions were performed using
the Stratagene QuikChange™™ site-directed mutagenesis kit
according to the manufacturer’s protocol. Insertion of the
acidic patch involved replacement of OCAM Lys*® with Asp,
Asn®'” with Asp, and Lys®'® with Glu. Insertion of the a-helix
involved replacement of OCAM Lys>*® to Ser®*® with the cor-
responding His>*® to Gly>®® of the B4-aH-B5 strands of NCAM
EN1. The PYS and QVQ insertions replaced OCAM Leu®®’-
Ser®®®-GIn>®® and Lys®'3-1le®**-Ser®'®, respectively. Primers
used for insertions are listed in supplemental Table 1. All
replacements and mutations were confirmed by DNA sequenc-
ing performed by the DNA Sequencing Facility of the Research
Resources Center at the University of Illinois, Chicago.

Transfection of COS-1 Cells with NCAM or NCAM-OCAM
Chimera and ST8SialV ¢cDNAs—CQOS-1 cells maintained in
DMEM, 10% FBS were plated on 100-mm tissue culture plates
and grown at 37 °C, 5% CO, until 50-70% confluent. Cells
were transfected using 30 ul of Lipofectin in 3 ml of Opti-
MEM 1 and 10 pg of both V5-tagged NCAM and ST8SialV-
Myc cDNA, according to the manufacturer’s protocol. The
NCAM or NCAM-OCAM chimera cDNAs were cloned into
the pcDNA3.1 V5/HisB vector. ST8SialV ¢DNA was cloned
upstream of the Myc tag in the pcDNA3.1 Myc/HisB vector, in
which a stop codon was placed before the His, coding sequence.
Cells were incubated with transfection mixture for 6 h and then
7 ml DMEM, 10% FBS was added to bring the mixture to a final
volume of 10 ml

Immunoprecipitation of NCAM and NCAM-OCAM Chi-
meric Proteins—Eighteen hours post-transfection, cells were
washed with 10 ml of phosphate-buffered saline (PBS) and lysed
in 1 ml of immunoprecipitation buffer (50 mm Tris-HCI, pH
7.5, 150 mm NaCl, 5 mm EDTA, 0.5% Nonidet P-40, 0.1% SDS).
Lysates were pre-cleared with 50 ul of protein A-Sepharose
beads (50% suspension in PBS) for 1 h at 4°C. NCAM or
NCAM-OCAM chimera proteins were immunoprecipitated
with 3 ul of anti-V5 epitope tag antibody for 2 h at 4 °C, fol-
lowed by incubation for 1 h with 50 ul of protein A-Sepharose
beads. Beads were washed four times with immunoprecipita-
tion buffer and once with immunoprecipitation buffer contain-
ing 1% SDS. For PNGase F treatment, transfections were per-
formed in duplicate, and after immunoprecipitation and
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washing, identical samples were resuspended in 77 ul of dis-
tilled H,O, 10 ul of Nonidet P-40, 10 ul of G7 buffer (0.5 m
sodium phosphate, pH 7.5), with or without 3 ul of PNGase F
and incubated with shaking at 37 °C overnight. Samples were
then resuspended in 50 ul of Laemmli sample buffer containing
5% B-mercaptoethanol, heated at 65 °C for 10 min, and sepa-
rated on a 3% stacking, 5% resolving SDS-polyacrylamide gel.
To evaluate relative NCAM and NCAM-OCAM protein
expression levels, an aliquot of cell lysate was removed prior to
immunoprecipitation, and an equal volume of Laemmli sample
buffer, 5% B-mercaptoethanol was added. Samples were boiled
at 110°C for 10 min and separated on a 5% stacking, 7.5%
resolving SDS-polyacrylamide gel.

Immunoblot Analysis of Expression and Polysialylation of
NCAM and NCAM-OCAM Chimeric Proteins—Following gel
electrophoresis, proteins were transferred to a nitrocellulose
membrane at 500 mA overnight. Membranes were blocked for
1 h at room temperature in blocking buffer (5% nonfat dry milk
in Tris-buffered saline, pH 8.0, 0.1% Tween 20). To detect poly-
sialic acid, membranes were incubated overnight with a 1:50—
1:250 dilution of OL.28 anti-polysialic acid antibody in 2% non-
fat dry milk in Tris-buffered saline, pH 8.0, and for 1 h with
HRP-conjugated goat anti-mouse IgM, diluted 1:4000 in block-
ing buffer. To test relative NCAM and NCAM-OCAM expres-
sion levels, membranes were incubated for 2 h or overnight
with a 1:5000 dilution of anti-V5 epitope tag antibody diluted in
blocking buffer and for 1 h with HRP-conjugated goat anti-
mouse IgG, diluted 1:4000 in blocking buffer. Membranes were
washed with Tris-buffered saline, pH 8.0, 0.1% Tween 20 for 15
min two or four times before and after secondary antibody
incubation, respectively. Immunoblots were developed
using the SuperSignal West Pico chemiluminescence kit and
BioExpress Blue Ultra Autorad film.

Pulse-Chase Analysis of NCAM-OCAM Chimera Poly-
sialylation—COS-1 cells were transfected with V5-tagged
NCAM-OCAM or mutants along with ST8SialV-Myc, as
described above. Eighteen hours post-transfection, cell media
were removed, and 5 ml of Met/Cys-free DMEM was added to
the plates for 1 h. Cells were then labeled with 100 wCi/ml
35S-Express protein labeling mix (PerkinElmer Life Sciences)
diluted in 4 ml of fresh Met/Cys-free DMEM. The labeling mix-
ture was removed after a 1-h incubation, and 4 ml of DMEM,
10% EBS, was added to each plate. Following a 3-h chase, media
were removed, and cell lysates were collected. NCAM-OCAM
proteins were immunoprecipitated with anti-V5 epitope tag
antibody as described above. Following immunoprecipitation
and washing, proteins bound to protein A-Sepharose beads
were subjected to enzyme digestion. To cleave N-linked gly-
cans, PNGase F treatment was performed as described above.
To cleave N-linked glycans and «2,8-linked sialic acid chains of
8 units and higher, beads were incubated with 67 ul of distilled
H,0, 10 ul of Nonidet P-40, 10 ul of G7 buffer, 10 ul of Endo N,
and 3 pl of PNGase F. To digest N-linked glycans and all «2,3-,
a2,6-, and a2,8-linked sialic acid, beads were incubated with 67
wl of distilled H,O, 10 ul of Nonidet P-40, 10 ul of G7 buffer, 5
wl of V. cholerae neuraminidase, 5 ul of C. perfringens neura-
minidase, and 3 wl of PNGase F. For untreated samples, 80 ul of
distilled H,O, 10 ul of Nonidet P-40, and 10 ul of G7 buffer was
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FIGURE 1. Schematic of NCAM and NCAM-OCAM chimeras used in the study. The FNT domain of NCAM140 was replaced with OCAM FN1 to generate an
NCAM-OCAM chimera. Specific NCAM sequences inserted into the OCAM FN1 domain of the chimera are indicated. Residues of the acidic patch are in boldface,
PYS and QVQ are in italicized boldface, and the B4-aH-B5 region is underlined with residues of the a-helix double-underlined. Xbal restriction sites flanking the
FN1 domain of the chimera introduced during cloning are Ala-Leu-Asp (ALD) between Ig5 and FN1 and Gly-Leu-Glu (GLE) between FN1 and FN2. These sites
were individually removed from the N-O + ALD/GLE chimera to generate N-O + ALD and N-O + GLE. The N-O chimera used in the majority of the work has both
restriction sites removed (N-O). A truncated NCAM construct, NCAM7, consisting of FN1-FN2-TM-tail is also shown.

added to the beads. All samples were incubated overnight at
37 °C, with rotation, and then 50 ul of Laemmli sample
buffer containing 5% [-mercaptoethanol was added. Sam-
ples were heated at 65 °C for 10 min and resolved on a 3%
stacking, 5% separating SDS-polyacrylamide gel. The gel was
treated with 10% 2,5-diphenyloxazole in dimethyl sulfoxide
to visualize radiolabeled proteins by fluorography and expo-
sure to BioExpress Blue Ultra Autorad film.

RESULTS

In this study we have used the FN1 domain from the unpoly-
sialylated olfactory cell adhesion molecule, OCAM, for both
sequence comparisons and gain-of-polysialylation experi-
ments. OCAM (42), also known as Rb-8 neural cell adhesion
molecule (RNCAM) (44), NCAM2 (44), or mammalian fasci-
clin IT (mamFaslI) (45), was cloned by three groups in 1997
(42—44). It is an adhesion protein and in adults is expressed on
the surface of specific neurons within the olfactory system and
in other neural tissues, such as the retina (42, 43). There are two
isoforms of OCAM, a transmembrane form and a GPI-linked
form, and both have the same extracellular domain structure as
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NCAM (42, 43). In addition, there are consensus N-linked gly-
cosylation sites on OCAM Ig5 in positions equivalent to those
that are polysialylated on NCAM Ig5. Notably, OCAM FN1
shares 37% identity with NCAM FN1 and is expressed at some
of the same times and in some of the same places as NCAM (42).
Despite these features in common with NCAM, OCAM is not
polysialylated (42).

Modeling of the OCAM FN1 domain based on the struc-
ture of NCAM FNI1 predicts that OCAM FN1 lacks the acidic
patch, and a-helix that we have shown play roles in the poly-
sialylation of NCAM Ig5 N-glycans. The deposited crystal
structures of OCAM Ig4-Ig5-FN1 and Ig4-I1g5-FN1-FN2
confirmed these predictions (PDB codes 1JLK and 1JLL).
Comparison of the NCAM and OCAM FN1 domains revealed
two regions that are significantly different between the
domains. Pro®'%-Tyr>''-Ser®'* (PYS) and GIn®>'®-Val®'”-GIn®'®
(QVQ) of NCAM FN1 align with Leu®*”-Ser®°®-GIn®*° and
Lys®'3-1le®**-Ser®'®> of OCAM FN1 (numbered according to
OCAM amino acid sequence, beginning at Met' of signal
sequence) (Fig. 1). We investigated the roles of these sequences
in the N-glycan polysialylation of NCAM and the O-glycan
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polysialylation of a truncated NCAM protein, NCAM7, by
mutation and immunoblot analysis.

FNI1 QVQ Sequence Plays a Role in PolyST Positioning for Ig5
N-Glycan Polysialylation, and FN1 PYS Sequence Is Critical for
the O-Glycan Polysialylation of a Truncated NCAM Protein—
PYS and QVQ were individually replaced with three alanine
residues in NCAM. Mutated or wild type NCAM was co-ex-
pressed with the polyST, ST8SialV, in COS-1 cells. Cell lysates
from expressing cells were collected and NCAM proteins
immunoprecipitated, and their polysialylation was evaluated by
immunoblotting with the anti-polysialic acid antibody, OL.28.
Mutation of the core acidic patch residues to alanine had no
effect on NCAM polysialylation as observed previously (Fig.
2A) (39). Replacement of PYS led to only a slight decrease in the
polysialylation of NCAM (Fig. 24). However, we noticed that
like the Ahelix-AA protein, the QVQ-AAA mutant migrated
with a higher molecular mass than NCAM (Fig. 24). We there-
fore used PNGase F treatment to determine whether polysialy-
lation was occurring on N- or O-glycans. PNGase F is a glyco-
sidase that cleaves N-glycans from the protein backbone but
leaves O-glycans intact (46). We found that replacing QVQ
resulted in polysialic acid being added to PNGase F-insensitive
O-glycans rather than N-glycans (Fig. 2B), suggesting that
QVQ, like the a-helix, may have a role in positioning the
polySTs to polysialylate Ig5 N-glycans.

Previous work demonstrated that NCAM?7, a truncated
NCAM protein lacking all the Ig domains and consisting of the
FN1-FN2-TM-tail (Fig. 1), is polysialylated exclusively on
O-glycans (38). We also showed that replacing the acidic patch
with either alanine or arginine residues substantially decreases
or eliminates NCAM7 polysialylation, although replacing the
a-helix has no effect (40). We evaluated whether replacing PYS
and QVQ in the simpler NCAM?7 protein might reveal roles for
these sequences not observed in full-length NCAM. Just like
replacing the acidic patch, replacing PYS also substantially
reduced O-glycan polysialylation (Fig. 3, AP-AAA and PYS-
AAA). Replacing QVQ did not eliminate polysialylation but
caused polysialylated NCAM7 to migrate as a somewhat
smaller molecular mass protein suggesting that this sequence
might have some impact on the efficiency of polyST recogni-
tion (Fig. 3, QVQ-AAA).

In sum, these results showed that the acidic patch plays a
more major role in the O-glycan polysialylation of NCAM7
than it does in the N-glycan polysialylation of full-length
NCAM, where other FN1 domain sequences, and even the Ig5
domain, may be involved in polyST recognition. The striking
effect of replacing either the acidic patch or PYS on NCAM7
O-glycan polysialylation was a bit puzzling. It was clear that the
presence of the acidic patch could not compensate for the
absence of PYS and vice versa and suggested that although both
these sequences are required for the polysialylation of O-gly-
cans, they may be functioning in different ways. The absence of
asignificant effect of PYS replacement on the N-glycan polysia-
lylation of full-length NCAM made us wonder whether the
presence of PYS was particularly important for the polysialyla-
tion of O-glycans. Finally, these results supported the idea that
the QVQ sequence, in addition to having a positioning role in
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FIGURE 2. Replacing PYS in NCAM has no effect on polysialylation, and
replacing QVQ causes a switch from N- to O-glycan polysialylation.
A, COS-1 cells were co-transfected with wild type NCAM or NCAM proteins
with AP-AAA, PYS-AAA, QVQ-AAA, or Ahelix-AA mutations and ST8SialV-Myc.
NCAM proteins were immunoprecipitated from cell lysates with anti-V5
epitope tag antibody. B, COS-1 cells were co-transfected in duplicate with
mutated NCAM proteins and ST8SialV-Myc. After immunoprecipitation, one
sample was treated with PNGase F, to remove N-linked glycans, and the sec-
ond sample was left untreated. Upper panels, the polysialylation of immuno-
precipitated proteins was measured by immunoblotting with the anti-poly-
sialic acid antibody OL.28. Lower panels, relative NCAM protein expression
levels were determined by immunoblotting with anti-V5 epitope tag anti-
body after boiling samples to remove polysialic acid.

Expression
Anti-V5 Antibody

full-length NCAM to ensure Ig5 N-glycan polysialylation, may
also have a second role in polyST recognition.

Replacing Either the FNI a-Helix or QVQ Sequence Leads to
Polysialylation of O-Glycans, Including Thr**>—Our results
suggest that the FN1 a-helix and QVQ sequence are important
for positioning the polyST to modify Ig5 N-glycans. We rea-
soned that if replacing QVQ or the a-helix causes the same type
of positioning defect, then the same O-linked glycans would be
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FIGURE 3. Acidic patch and PYS sequences are required for optimal O-linked
polysialylation of the truncated NCAM protein NCAM?7. Wild type or mutated
NCAM? proteins were co-expressed with ST8SialV-Myc in COS-1 cells. NCAM7
proteins were immunoprecipitated from cell lysates, and polysialylation was
evaluated by immunoblotting with the anti-polysialic acid antibody OL.28. Lower
panel, the relative expression levels of NCAM7 proteins were determined by
immunoblotting with anti-V5 epitope tag antibody.

polysialylated in both mutant proteins. We previously demon-
strated that the sites of polysialylation in the NCAM Ahelix-AA
mutant are located in the FN1 domain on O-glycans attached to
Thr®'*, Thr®?°, and Thr®®?, with the O-glycan on Thr®¢? being
the major site of modification (40). The structure of the NCAM
FN1 domain reveals that both Thr®'* and Thr°®? are positioned
very close to GIn®'® of QVQ, and interestingly, Thr®**is located
between both the a-helix and GIn®'® (Fig. 4A4). We mutated
Thr®®? to alanine in both the Ahelix-AA and QVQ-AAA back-
grounds, alone or in combination with a T514A mutation. The
T562A mutation caused a dramatic drop in polysialylation of
NCAM Ahelix-AA and a noticeable drop in polysialylation of
NCAM QVQ-AAA (Fig. 4B). The additional T514A mutation
did not cause a further decrease in polysialylation in either pro-
tein. The fact that the same O-linked glycan on the FN1 domain
is most prominently polysialylated when either the a-helix or
QVQ is replaced suggests that both sequences may play a sim-
ilar role in simultaneously blocking FN1 O-glycan polysialyla-
tion and promoting Ig5 N-glycan polysialylation.

OCAM ENI Supports Recognition and Polysialylation of an
NCAM-OCAM Chimera—To determine whether the FN1
sequences we identified were sufficient for polyST recognition
and NCAM polysialylation, we wanted to create an unpolysia-
lylated NCAM-OCAM chimera in which NCAM EN1 was
replaced with OCAM EN1. To remove NCAM FN1 and insert
the OCAM FENI1 into the NCAM sequence, additional Xbal
sites were created that generated the sequence Ala-Leu-Asp
between the Ig5 and FN1 domains and the sequence Gly-Leu-
Glu between the FN1 and FN2 domains (N-O + ALD/GLE)
(Fig. 1). A consensus N-glycosylation site within OCAM FN1

NOVEMBER 5, 2010+VOLUME 285+NUMBER 45

that is not present in NCAM FN1 was eliminated to avoid any
potential adverse effect on polyST recognition. Subsequently,
either the Ala-Leu-Asp or Gly-Leu-Glu sequences were
removed, generating N-O + GLE and N-O + ALD, respectively
(Fig. 1). Finally, both sequences were removed to generate a
chimera with no linkers flanking the FN1 domain (N-O).

As ameasure of the folding of the NCAM-OCAM chimeras, we
evaluated their subcellular localization by immunofluorescence
microscopy and found that like wild type NCAM, the chimeras
were efficiently transported out of the endoplasmic reticulum,
through the Golgi, and to the cell surface (data not shown). This
suggested that they were not recognized as misfolded by the qual-
ity control system of the cell. Next, we determined whether the
chimeras could be polysialylated by ST8SialV. As shown in Fig. 54,
N-O + ALD/GLE containing both linkers was not polysialylated.
However, although removing the Gly-Leu-Glu linker between
EN1 and FN2 had no effect (Fig. 54, N-O + ALD), removing the
Ala-Leu-Asp linker between Ig5 and FN1 restored polysialylation
(Fig. 54, N-O + GLE). Additional deletion of the Gly-Leu-Glu
linker did not further enhance chimera polysialylation and may
have even reduced polysialylation somewhat (Fig. 54, N-O).
PNGase F analysis demonstrated that the N-O chimera is polysia-
lylated on N-linked glycans (Fig. 5B). Elimination of the Asn5 and
Asnb6 consensus glycosylation sites in N-O demonstrated that gly-
cans on these sites were polysialylated in the chimera (data not
shown). We also noticed that the N-O chimera was not poly-
sialylated as efficiently as wild type NCAM, exhibiting only 50%
of the polysialylation of the wild type molecule (Fig. 5, A and B).
This suggested that NCAM FN1 is more effective in promoting
polyST recognition than OCAM EN1. In sum, these results sur-
prisingly demonstrated that the FN1 domain of OCAM allows
polysialylation of the NCAM Ig5 N-glycans, albeit more weakly
than NCAM FN1, and demonstrate that a precise spacing of the
Ig5 and FN1 domains in the chimera is critical for Ig5h N-glycan
polysialylation to occur.

Spacing between Ig5 and FN1 Is Critical for NCAM Ig5 N-Gly-
can Polysialylation—To determine whether maintaining a pre-
cise spacing of Ig5 and FN1 domains in full-length NCAM is
also critical for Ig5 N-glycan polysialylation, and not a specific
requirement for N-O chimera polysialylation, we inserted the
Ala-Leu-Asp linker between the Ig5h and FN1 domains of
NCAM. We found that this eliminated NCAM N-glycan poly-
sialylation while retaining a lower level polysialylation on
O-glycans (Fig. 5C, NCAM + ALD). To rule out the possibility
that it was the specific amino acids in the linker, rather than
changes in spacing between domains, that caused this effect, we
inserted an Ala-Ala-Ala linker between Ig5 and FN1 of NCAM
and observed even further reduction with retention of O-glycan
polysialylation (data not shown). These results demonstrated
that a precise relationship between the Ig5 and FN1 domains in
NCAM must be maintained to allow the polysialylation of
N-glycans on Ig5. They suggest that when Ig5 N-glycans are not
accessible to the polySTs due to linker insertion, O-linked gly-
cans on NCAM but not the chimera, are polysialylated.

Inserting NCAM FNI1 Sequences into the Polysialylated
NCAM-OCAM Chimera Shifts Polysialylation from N-Glycans
to O-Glycans—The data in Fig. 5, A and B, demonstrate that
OCAM FEN1 does not support the polysialylation of the NCAM

JOURNAL OF BIOLOGICAL CHEMISTRY 35061



Polysialylation of O-Glycans in an NCAM-OCAM Chimera

A

o helix ——— |

Thr562
GIn516

Thr514

PYS

<«

-n
4
N

Ahelix-AA
Ahelix-AA
T562A
Ahelix-AA
T562A/T514A
QVQ-AAA
QVQ-AAA
T562A
QVQ-AAA
T562A/T514A

=
<
o
4

250 kDa ——

Polysialylation
OL.28 Antibody

Expression
Anti-V5 Antibody

FIGURE 4. O-Glycan on Thr*¢2 is the major site of O-glycan polysialylation
for the Ahelix-AA and QVQ-AAA mutants. A, schematic diagram of NCAM
FN1 showing the relative positions of Thr>'* (pink), Thr>®? (blue), PYS (brown),
QVQ (orange), and the a-helix (yellow) (41) (PDB code 3MTR). B, COS-1 cells
were co-transfected with NCAM Ahelix-AA, NCAM QVQ-AAA, or mutants with
indicated threonine replacements and ST8SialV-Myc. NCAM proteins were
immunoprecipitated from cell lysates with anti-V5 epitope tag antibody, and
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Ig5 N-glycans to the same extent as NCAM FN1. We consid-
ered the possibility that we might be able to enhance the poly-
sialylation of the N-O chimera by inserting NCAM FN1
sequences in OCAM EFN1. We found that replacing corre-
sponding OCAM FN1 sequences with the NCAM FN1 acidic
patch and a-helix did not enhance N-glycan polysialylation and
only weakly enhanced PNGase F-insensitive O-glycan polysia-
lylation (Fig. 6A, N-O + AP/helix). Strikingly, further replacing
LSQ and KIS of OCAM with the corresponding PYS and QVQ
sequences of NCAM FENI1 shifted polysialic acid addition to
O-glycans (Fig. 64, N-O + AP/PYS/QVQ/helix). The polysialy-
lation of the N-O + AP/PYS/QVQ/helix protein was particu-
larly robust compared with other proteins we had seen with
O-glycan polysialylation (NCAM7 and NCAM + ALD), and it
migrated with a much broader molecular mass that included
smaller species in the <250-kDa range not found, or found at
lower levels, in these other polysialylated proteins (Fig. 64).

Additional analysis of the N-O chimera showed that replac-
ing OCAM ENI1 KIS with NCAM EN1 QVQ somewhat de-
creased the extent of polysialylation but did not significantly
change the location of polysialic acid (Figs. 68 and 84, N-O +
QVQ). In contrast, replacing OCAM FN1 LSQ with NCAM
FN1 PYS caused a dramatic decrease in N-glycan polysialyla-
tion (Fig. 6B, N-O + PYS). Further analysis revealed that replac-
ing OCAM Leu®*”-Ser®®® with NCAM Pro®'°-Tyr*'* is suffi-
cient to cause this dramatic drop in polysialylation (Fig. 6C).
Individually replacing OCAM Leu”” with NCAM Pro>'°
(N-O + Pro°®'°) causes about 50% decrease in N-O polysialyla-
tion, whereas replacing OCAM Ser®°® with NCAM Tyr>'!
(N-O + Tyr®'') or GIn®*° with Ser®'? (N-O + Ser'?) had little
effect. In contrast, replacing OCAM LSQ with NCAM PYS
(N-O + PYS) or PYA (N-O + PYA) or replacing OCAM LS
with NCAM PY (N-O + PY) all cause a similar dramatic
decrease in N-O polysialylation (Fig. 6C).

The robust O-glycan polysialylation observed for the N-O +
AP/PYS/QVQ/helix chimera was unexpected, as the N-O chi-
mera with or without the ALD linker is not significantly poly-
sialylated on O-glycans (Fig. 5A). Likewise, although full-length
NCAM exhibits some weak O-glycan polysialylation that is
slightly enhanced in the presence of the ALD linker, it is not
observed at the same level as the N-glycan polysialylation of the
wild type protein (see Fig. 5C, + PNGase F). Taking these obser-
vations into consideration, we predicted that inserting Pro°t0-
Tyr®"! into the OCAM FN1 domain in the N-O chimera not
only disrupted OCAM EN1 polyST recognition, but also may
have allowed additional O-glycans to be added or existing
O-glycans to become more accessible to the polyST.

The N-O Chimera Containing NCAM FN1 PYS Sequences Is
Modified by Additional Sialylated O-Glycans—To test the idea
that inserting PYS into the N-O chimera may have changed its
O-glycosylation, we evaluated the glycosylation status of the
N-O and N-O + PYS chimeras following co-expression with
ST8SialV. Expressing cells were labeled with **S-Express pro-
tein labeling mix for 1 h and chased with media containing

polysialylation was determined by immunoblotting with OL.28 antibody.
Lower panel, relative expressions of NCAM proteins were determined by
immunoblotting with anti-V5 epitope tag antibody.
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FIGURE 5. FN1 domain of OCAM allows N-linked polysialylation of an N-O chimera, and correct spacing
between the Ig5 and FN1 domains is critical for the polysialylation of both NCAM and N-O N-glycans.
A, polysialylation of NCAM, N-O, and N-O chimeras with an ALD sequence between Ig5 and FN1, a GLE
sequence between FN1 and FN2, or both ALD and GLE insertions were compared. NCAM and N-O proteins
were immunoprecipitated from the lysates of COS-1 cells also expressing ST8SialV-Myc. B, COS-1 cells were
co-transfected in duplicate with NCAM or N-O, along with ST8SialV-Myc. After immunoprecipitation, one
sample was treated with PNGase F, and the second sample was left untreated. C, lysates from COS-1 cells
co-expressing ST8SialV-Myc and either NCAM or NCAM with the three amino acids Ala-Leu-Asp inserted
between the Ig5 and FN1 domains were either treated with PNGase F or left untreated after immunoprecipi-
tation. Upper panels, the polysialylation of immunoprecipitated proteins was analyzed by immunoblotting
with the OL.28 anti-polysialic acid antibody. Lower panels, relative NCAM protein expression levels were deter-
mined by immunoblotting with anti-V5 epitope tag antibody.

cells and the incomplete processing
of the N-glycans in the overex-
pressed proteins (41). This was even
more pronounced for the N-O chi-
mera that exhibits lower polysialyla-
tion than wild type NCAM (Fig. 7,
N-O (—)). Nevertheless, what was
most striking was the difference in
molecular mass of the N-O and
N-O + PYS proteins (Fig. 7). The
N-O chimera migrated as a 130-kDa
band that collapsed upon PNGase F
treatment to ~110-115 kDa and
remained at that molecular mass
following PNGase F + Endo N
treatment, and PNGase F + com-
bined neuraminidase treatment
(Fig. 7, N-O). In contrast, N-O +
PYS migrated as two bands as fol-
lows: one band of ~130-kDa molec-
ular mass that is identical to the
major unpolysialylated band ob-
served for the N-O chimera, and a
second higher molecular mass band
of 160 kDa. PNGase F treatment of
the N-O + PYS protein led to a
collapse of the 160-kDa band to
140-145 kDa and a collapse of the
130-kDa band to ~110-115 kDa.
Although the 130-kDa bands of
both the N-O and N-O + PYS pro-
teins appeared similarly modified by
N-glycans, the 160-kDa band con-
tained these N-glycans and was
additionally modified. Treatment
with both PNGase F and Endo N,
expected to remove not only N-gly-
cans but also any polysialic acid
attached to O-glycans, did not de-
crease the molecular mass of N-O +
PYS suggesting that O-glycan «2,8-
polysialylation was not responsible
for the molecular mass increase
(Fig. 7, N-O + PYS, p/e). In contrast,
PNGase F and combined neuramin-
idase treatment did decrease the
molecular mass of the larger band to

unlabeled amino acids for 3 h. N-O proteins were immunopre-
cipitated using the anti-V5 epitope tag antibody. The types of
glycans found on the immunoprecipitated proteins were eval-
uated using PNGase F, Endo N (removes «2,8-polysialic acid)
(47), and a combination of neuraminidases that remove «2,3-,
a2,6-, and «2,8-linked sialic acid. Treated and untreated pro-
teins were subjected to SDS-PAGE and fluorography, as
described under “Experimental Procedures.”

As observed previously, transient co-expression of ST8SialV
and NCAM proteins leads to a partial polysialylation of the
NCAM proteins due to the absence of the polyST from some

ACSEVEN
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115-120 kDa suggesting that O-glycans modified with &2,3- or
a2,6-linked sialic acids contribute substantially to the increase in
molecular mass for a population of the N-O + PYS protein (Fig. 7,
N-O + PYS, p/n). We cannot completely rule out that ST8SialV
may add mono-, di-, or short a2,8-oligosialic acid chains to O-gly-
can termini that would be removed by the combined neuramini-
dases but not Endo N. However, we observed a similar high molec-
ular mass band of N-O + PYS in cells not expressing ST8SialV,
suggesting that this is not likely (data not shown). Because we did
not observe polysialylated O-glycans in the N-O + PYS chimera,
we conclude that PYS itself is not promoting polysialylation per se,
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antibody, OL.28. Lower panels, relative N-O protein expression levels.

but instead is causing an increase in sialylated O-glycans on the
N-O + PYS chimera. Some or all of these glycans are then polysia-
lylated when other NCAM FN1 sequences are present and allow
engagement by the polyST.

The a-Helix and Acidic Patch Are Primarily Responsible for
Promoting Polysialylation in the N-O + AP/PYS/QVQ/Helix
Chimera—To further dissect the contributions of the acidic
patch, a-helix and QVQ sequences to N-O + PYS chimera O-gly-
can polysialylation, we tested different combinations of these
sequences in the N-O + PYS background. We found that the pres-
ence of QVQ, the acidic patch, or both did little to increase the
polysialylation of the N-O + PYS chimera (Fig. 84, N-O + PYS/
QVQ, N-O + AP/PYS, N-O + AP/PYS/QVQ). However, an N-O +
PYS/helix chimera exhibited a substantial increase in polysialyla-
tion that included the lower molecular mass species (<250 kDa)
observed in the N-O + AP/PYS/QVQ/helix chimera in Fig. 6A.
Addition of QVQ to the N-O + PYS/helix protein decreased the
higher molecular mass polysialylated species while enhanc-
ing the <250-kDa lower molecular mass species. In contrast,
when the acidic patch was added to the N-O + PYS/helix
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FIGURE 6. Insertion of specific NCAM FN1 sequences into the N-O chimera causes a switch from N-linked
to O-linked polysialylation. A, COS-1 cells were transfected in duplicate with NCAM, N-O, N-O with NCAM
acidic patch and a-helix sequences inserted, or N-O with acidic patch, a-helix, PYS, and QVQ insertions, along
with ST8SialV-Myc. One sample was treated with PNGase F, and the other sample was left untreated. B, COS-1
cells were transfected in duplicate with N-O, N-O + PYS, and N-O + QVQ proteins along with ST8SialV-Myc. One
sample was treated with PNGase F, and the other sample was left untreated. C, COS-1 cells were co-transfected
with N-O or PYS mutants and ST8SialV-Myc. Upper panels, after immunoprecipitation of N-O proteins with
anti-V5 epitope tag antibody, polysialylation was measured by immunoblotting with the anti-polysialic acid

chimera, both high and low molec-
ular mass species were enhanced,
and the lower molecular mass
polysialylated species was further
enhanced when the QVQ se-
quences were then added to gener-
ate the complete N-O + AP/PYS/
QVQ/helix chimera (Fig. 84).

PNGase F treatment demon-
strated that in the presence of the
a-helix, the PYS-containing chi-
mera was primarily polysialylated
on N-glycans, although there was
also an increase in O-glycan polysia-
lylation compared with N-O (Fig.
8B, N-O + PYS/helix). QVQ allowed
additional low molecular weight
O-glycan polysialylation (Fig. 8B,
N-O + PYS/QVQ/helix). Interest-
ingly, the further addition of the
acidic patch resulted in a striking
enhancement of O-glycan polysialy-
lation of both chimeras (N-O +
AP/PYS/helix and N-O + AP/PYS/
QVQ/helix). Taken together, the
a-helix supports both N- and O-gly-
can polysialylation of the chimera in
the presence of PYS, whereas the
acidic patch is the major mediator of
robust O-glycan polysialylation.
These results highlight the impor-
tance of the PYS and acidic patch
sequences in O-glycan polysialyla-
tion and correspond with the
observed decrease or elimination of
O-glycan polysialylation when these
sequences are replaced in NCAM7
(Fig. 3).

Analysis of Potential Sites of O-Glycan Polysialylation in the
N-O + AP/PYS/QVQ/Helix Chimera—We reasoned that the
changes in O-glycosylation and polysialylation may have
occurred close by the PYS insertion. Indeed, O-glycosylation
sites are frequently found near proline residues (48). We first
focused on potential O-glycosylation sites in the loop adjacent
to the PYS sequences. Within this loop, PYS is followed by
Ser'®-Thr*'* in NCAM FNI1 and two threonine residues in
OCAM FNI1. We found that replacing the two threonines with
alanine residues in the N-O + AP/PYS/QVQ/helix chimera
only slightly decreased the higher molecular mass O-linked
polysialylated species (Fig. 9, N-O + AP/PYS/QVQ/helix
PYSTT-PYSAA). However, additionally replacing the serine
residue contributed by PYS caused a dramatic drop in total
O-glycan polysialylation, suggesting that the bulk of polysialic
acid is found on an O-glycan on Ser'?,

N-O + Pro510
N-O + Tyr511
N-O + Ser512
N-O + PYA

N-O + PY

DISCUSSION

In this study, we further investigated the role of the FN1
domain in the protein-specific polysialylation of NCAM and
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FIGURE 7. Pulse-chase analysis reveals that inserting PYS into N-O leads
to increased levels of sialylated O-glycans. COS-1 cells expressing N-O or
N-O + PYS along with ST8SialV-Myc were labeled for 1 h with 3*S-Express
protein labeling mix followed by a 3-h chase in unlabeled media. N-O proteins
were immunoprecipitated from cell lysates with anti-V5 epitope tag antibody
and either left untreated or incubated with PNGase F to remove N-glycans (p),
PNGase F and Endo N to remove N-glycans and all «2,8-polysialic acid (p/e), or
PNGase F and neuraminidases to remove N-glycans and all sialic acid (p/n).
Samples were resolved by SDS-PAGE and visualized by fluorography.

provided evidence that its relationship to the Ig5 domain, as
well as specific sequences within the domain, plays roles in both
N- and O-glycan polysialylation. The most surprising finding of
these studies was that OCAM FN1 could replace NCAM FN1 to
promote polysialylation of the N-O chimera. Because OCAM
itself is not polysialylated, this implies that other aspects of the
OCAM protein are preventing polysialylation. It also suggests
that sequences common to NCAM and OCAM FENI1 domains
may be required for polysialylation and are recognized by the
polySTs. We are currently evaluating these possibilities.

Inserting a three-amino acid linker between the Ig5 and
FN1 domains of both NCAM and N-O dramatically reduced
polysialylation, although some O-linked polysialylation of
NCAM did occur. The most straightforward explanation is
that increasing the distance between the domains disrupts
polyST access to N-glycans on Ig5, which would suggest a
relatively rigid relationship between Ig5h and FN1. We
recently solved the crystal structure of NCAM Ig5-FN1, and
although we observed some flexibility in the location of N-gly-
cans that can be polysialylated (41), the relatively short linker
region and the fact that the insertion of three amino acids has
such a profound effect on polysialylation would seem to imply
minimal flexibility. In contrast, the structures of OCAM Ig4-
Ig5-FN1 (PDB code 2JLK) and Ig4-Ig5-FN1-EN2 (PDB code
2JLL) differ in the lengths of the unstructured region between
the Ig5 and FN1 domains, and they exhibit a sharp difference in
the bend of the linker region between the domains depending
on the presence of FN2 in the structure. This suggests that the
relationship between the Ig5 and FN1 domains in OCAM is
somewhat flexible. Although this may in part explain the lack of
OCAM polysialylation, we cannot rule out the possibility that
the NCAM Ig5-FNI1 relationship might be different in the pres-
ence of additional domains.
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FIGURE 8. The Acidic patch is largely responsible for the O-linked polysia-
lylation of N-O + AP/PYS/QVQ/helix. A, NCAM or the indicated N-O chime-
ras were immunoprecipitated from the lysates of COS-1 cells also expressing
ST8SialV-Myc. B, COS-1 cells were co-transfected in duplicate with N-O or N-O
with various combinations of NCAM FN1 sequence insertions, along with
ST8SialV-Myc. N-O proteins were immunoprecipitated with anti-V5 epitope
tag antibody and either treated with PNGase F or left untreated. Upper panels,
polysialylation of immunoprecipitated proteins was analyzed by immuno-
blotting with the anti-polysialic acid antibody OL.28. Lower panels, relative
N-O protein expression levels were determined by immunoblotting with
anti-V5 epitope tag antibody.

Comparing the sequence of NCAM FN1 to OCAM FN1, we
identified two nonconserved regions, PYS and QVQ, that play
roles in O-glycan polysialylation and polyST positioning,
respectively. Replacing QVQ, like replacing the a-helix, shifts
polysialic acid addition to O-glycans on FN1 with the major site
of polysialylation in both cases being an O-glycan on Thr>®2,
Based on the location of these sequences and the location of
Thr>®%, we suggest that both the a-helix and QVQ function to
block the access of the polyST to this glycan, which may be the
better or closer acceptor if available.

The role of PYS was initially more difficult to explain but was
later facilitated by our studies of the N-O chimera. We observed
little change in NCAM polysialylation when PYS was replaced.
In contrast, replacing PYS essentially eliminated O-glycan poly-
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FIGURE 9. Ser>'? of PYS is a major site of polysialylation in the N-O +
AP/PYS/QVQ/helix chimera. Cell lysates from COS-1 cells expressing N-O +
AP/PYS/QVQ/helix or its serine/threonine mutants along with ST8SialV-Myc
were collected, and N-O proteins were immunoprecipitated with anti-V5
epitope tag antibody. Samples were either subject to PNGase F digestion or
left untreated, and polysialylation was determined by immunoblotting with
the OL.28 antibody. Lower panel,immunoblot analysis of relative N-O protein
expression levels.

sialylation of NCAM?7. Further analysis of an N-O chimera plus
and minus NCAM FN1 sequences suggested that PYS and,
more specifically, the Pro°'°-Tyr®'! sequence functions to
maintain a particular conformation of the FN1 domain that
eliminates N-O N-glycan polysialylation and promotes the gen-
eration of sialylated O-glycans in N-O. How did these changes
occur? PYS was inserted at the carboxyl terminus of the first
strand of OCAM ENI1 (Fig. 44), which is immediately adjacent
to an unstructured region, including the Ig5-FN1 junction. One
possibility is that the presence of Pro®'°-Tyr®'" caused a con-
formational change in the first strand of OCAM FENI1 that
altered the Ig5-FN1 interface and possibly made the Ig5 N-gly-
cans inaccessible to the polyST engaged with the FN1 domain.
Alternatively, this possible conformational change could have
altered the site in OCAM FN1 that was being recognized by the
polyST. In addition, the structure of the loop between the first
and second strands of FN1 could have been altered promoting
O-glycosylation of the serine and threonine residues in the loop
and/or enhanced the terminal sialylation of existing O-glycans.

O-Glycan polysialylation is not unique to the N-O +
AP/PYS/QVQ/helix chimera. It was first observed on salmonid
egg polysialoglycoprotein, PSGP (49), and later found on neu-
ropilin-2, CD36, unidentified proteins in the RBL-1 rat baso-
philic leukemia cell line, and several NCAM mutants, such as
those lacking the FN1 a-helix or QVQ sequences, and the trun-
cated NCAM protein NCAM?7 (29, 30, 38, 40, 50). In addition,
we frequently observe a small amount of O-glycan polysialyla-
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tion in full-length NCAM (see Fig. 5). Our earlier work and this
study support a function for the acidic patch in polyST recog-
nition and O-glycan polysialylation. In NCAM?7, Asp>2°, Glu®*,
and Glu®>® of the acidic patch appear to be a primary recogni-
tion site for O-glycan polysialylation, and in NCAM they may
be part of a recognition site or one of multiple recognition sites
for N-glycan polysialylation. We have previously demonstrated
that replacing the acidic patch with alanines severely disrupts
N-linked polysialylation of a truncated Ig5-FN1-TM-tail con-
struct (39). It appears that the polySTs interact with the acidic
patch within FN1 in a different manner depending on what
other domains (Ig5 or FN2) are present. However, in the con-
text of full-length NCAM, the acidic patch has a lesser role. We
show in this work that the acidic patch residues (including
Asp®®®) function in enhancing the O-polysialylation of both the
N-O + AP/PYS/helix and N-O + AP/PYS/QVQ/helix chime-
ras, consistent with the acidic patch playing a larger role in
O-glycan polysialylation.

The deposited OCAM domain structures (PDB codes 2JLK
and 2JLL) demonstrate that the NCAM and OCAM FNI1
domains are very similar except for the absence of the a-helix in
OCAM ENI. Despite this similarity in structure, the two
domains are only 37% identical. OCAM engages in homophilic
anti-parallel interactions in cell aggregation assays (42). NCAM
is believed to engage in not only homophilic anti-parallel inter-
actions to mediate cell adhesion but also parallel homophilic
and heterophilic interactions (reviewed in Ref. 1). For example,
NCAM interacts with the fibroblast growth factor receptor
(FGFR), promoting signaling events that lead to neurite out-
growth (51, 52). In non-neuronal cells, the binding of soluble
NCAM to FGFR1 has been shown to induce receptor internal-
ization and recycling, thereby prolonging signaling and pro-
moting cell migration (53). Two peptides derived from the
NCAM ENI1 and EN2 domains have been identified that can
stimulate FGFR signaling and neurite outgrowth (52, 54). The
putative FGFR activation motif (FRM) within NCAM FN1
includes residues Asp°°® of the acidic patch, PYS, and GIn®'® of
QVQ (55), residues not conserved in OCAM FN1. Therefore,
specific residues in NCAM EN1 appear to have a dual function,
in both binding FGFR and mediating or modulating NCAM
modification. These roles are not evolutionarily conserved in
OCAM, and this may have led to distinct structural differences
between these domains.

In conclusion, our results have highlighted the importance
of proper Ig5-FN1 spacing in NCAM Ig5 N-glycan polysia-
lylation and revealed the contributions of four NCAM
sequences to N-glycan and O-glycan polysialylation. QVQ,
like the a-helix, is required for Ig5 N-glycan polysialylation.
For both sequences, this is likely achieved by positioning the
polyST to polysialylate N-glycans and at the same time prevent-
ing the polysialylation of a nearby O-glycan. PYS maintains a
conformation of the FN1 domain that promotes the generation
of sialylated O-glycans, and its presence is particularly impor-
tant for O-glycan polysialylation. Unexpectedly, our results
strongly indicate that the FN1 acidic patch residues are primar-
ily responsible for the polysialylation of FN1 O-glycans, leaving
us to consider which sequences mediate polyST recognition
leading to Ig5 N-glycan polysialylation. The discovery that
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OCAM ENI1 can replace NCAM FNI1 to allow Ig5 N-glycan
polysialylation now provides us with a new approach to under-
stand the mechanism of polysialylation by allowing us to
address whether FN1 sequences common to both proteins are
mediating NCAM N-glycan polysialylation and the factors that
could prevent OCAM polysialylation.
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