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Structure and Mutagenesis of Neural Cell Adhesion Molecule

Domains

EVIDENCE FOR FLEXIBILITY IN THE PLACEMENT OF POLYSIALIC ACID ATTACHMENT SITES™

Received for publication, April 30,2010, and in revised form, June 8, 2010 Published, JBC Papers in Press, June 23,2010, DOI 10.1074/jbc.M110.140038

Deirdre A. Foley, Kristin G. Swartzentruber, Arnon Lavie, and Karen J. Colley'
From the Department of Biochemistry and Molecular Genetics, University of lllinois College of Medicine, Chicago, lllinois 60607

The addition of «2,8-polysialic acid to the N-glycans of
the neural cell adhesion molecule, NCAM, is critical for brain
development and plays roles in synaptic plasticity, learning and
memory, neuronal regeneration, and the growth and invasive-
ness of cancer cells. Our previous work indicates that the poly-
sialylation of two N-glycans located on the fifth immunoglobu-
lin domain (Ig5) of NCAM requires the presence of specific
sequences in the adjacent fibronectin type III repeat (FN1). To
understand the relationship of these two domains, we have
solved the crystal structure of the NCAM Ig5-FN1 tandem.
Unexpectedly, the structure reveals that the sites of Ig5 polysia-
lylation are on the opposite face from the FN1 residues previ-
ously found to be critical for N-glycan polysialylation, suggest-
ing that the Ig5-FN1 domain relationship may be flexible and/or
that there is flexibility in the placement of Ig5 glycosylation sites
for polysialylation. To test the latter possibility, new Ig5 glyco-
sylation sites were engineered and their polysialylation tested.
We observed some flexibility in glycosylation site location for
polysialylation and demonstrate that the lack of polysialylation
ofa glycan attached to Asn-423 may be in part related to a lack of
terminal processing. The data also suggest that, although the
polysialyltransferases do not require the Ig5 domain for NCAM
recognition, their ability to engage with this domain is necessary
for polysialylation to occur on Ig5 N-glycans.

In mammalian cells, polysialylation is a protein-specific gly-
cosylation event involving the addition of multiple «2,8-linked
sialic acid residues to N- or O-linked glycans. Two enzymes,
ST8Sia II and ST8Sia IV (PST),* catalyze the polysialylation
reaction, which takes place in the Golgi apparatus as proteins
progress through the secretory pathway (1-4). The polysialyl-
transferases (polySTs) have a very limited number of substrates,
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including the neural cell adhesion molecule (NCAM) (5, 6),
neuropilin-2 (7), the CD36 scavenger receptor in milk (8), the «
subunit of the voltage dependent sodium channel (9), and the
enzymes themselves (autopolysialylation) (10, 11). NCAM is by
far the most abundant polysialylated protein in mammalian
cells. Addition of large, negatively charged, highly hydrated
polysialic acid chains generally results in a switch in the prop-
erties of NCAM, from being an adhesive protein involved in
cell-cell interactions to having a global anti-adhesive function
(12-14).

NCAM is heavily polysialylated during embryogenesis and
early postnatal development, due to abundant polyST
expression (15, 16). Mice completely devoid of all NCAM
isoforms have specific defects, including a smaller olfactory
bulb, decreased mossy fiber fasciculation, and deficits in spatial
learning (17, 18). In contrast to the relatively mild phenotype of
NCAM knock-out mice, mice that lack both polySTs and are
therefore completely devoid of polysialic acid, demonstrate
postnatal growth retardation and severe neurological defects,
and usually die within 4 weeks of birth (19). Surprisingly, simul-
taneous deletion of NCAM and the polySTs results in a similar
mild phenotype as the NCAM single knock-out mice. This sug-
gests that the effects observed in polysialic acid-null mice are
caused by uncontrolled NCAM adhesion during development
(19). In most locations in the adult brain NCAM is not polysia-
lylated (5, 6). However, polysialylated NCAM is detected in
specific regions that require continuous cell migration and
display synaptic plasticity, such as the olfactory bulb and the
hippocampus (20-23). Moreover, polysialylated NCAM is
re-expressed in certain cancers, where it promotes tumor
cell growth and invasiveness (24 —31). In neuroblastoma cells,
it has been demonstrated that the presence of polysialic acid
negatively regulates heterophilic NCAM signaling events, such
as those that involve mitogen-activated protein kinase activa-
tion, thereby promoting tumor progression (32).

There are three mammalian NCAM isoforms. NCAM-140
and NCAM-180 are transmembrane proteins that differ in the
length of their cytosolic tails, whereas NCAM-120 does not
traverse the membrane but is attached to the lipid bilayer via a
glycosyl phosphatidylinositol anchor (33). The three isoforms
share a common extracellular domain structure, with five im-
munoglobulin (Ig) domains and two fibronectin type III
repeats. NCAM molecules on the cell surface are postulated to
engage in cis homophilic as well as trans homophilic interac-
tions, and the cis interactions are predicted to stabilize the trans
interactions and therefore cell adhesion (34).
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There are six consensus N-linked glycosylation sites within
the extracellular domain of NCAM. Of these, polysialic acid
is added to the fifth and sixth N-glycans located on Ig5 (35). It has
been demonstrated that the polySTs polysialylate N-glycans
attached to NCAM far more efficiently than free N-glycans
enzymatically released from NCAM, providing evidence of a
protein-specific recognition event between NCAM and the
polySTs (36, 37). Previous work from our laboratory and others
using truncated NCAM proteins demonstrated that the first
fibronectin type Il repeat (FN1), adjacent to Ig5, is required for
polysialylation of N-linked glycans on Ig5 (35, 38). Nelson et al.
(35) determined that the minimal structural unit that can be
polysialylated was a membrane-bound Ig4-Ig5-FN1 tandem.
We subsequently demonstrated that an even more truncated
NCAM protein with an extracellular region composed of only
the Ig5 and FN1 domains was efficiently polysialylated, and that
membrane attachment was not a requirement. Moreover, we
found that a protein containing just the Ig5 domain was not
polysialylated (38). These results highlighted the importance of
the FN1 domain and suggested a model in which the polySTs
recognize and bind to FN1 to position themselves for polysia-
lylating the N-glycans on the adjacent Ig5 domain.

To identify specific regions within NCAM FN1 that may be
required for enzyme recognition, we modeled and subsequently
solved the structure of the FN1 domain and identified a unique
surface acidic patch and « helix (39, 40). Mutation of the core
residues of the acidic patch, Asp-520, Glu-521, and Glu-523
(numbering includes the signal sequence and no VASE exon),
to alanine residues reduced NCAM polysialylation, whereas
replacement with arginine residues eliminated polysialylation
(39). Replacement of the « helix linking strands five and six of
the FN1 B sandwich with two threonine or alanine residues
resulted in a shift in the location of polysialic acid from N-gly-
cans on the Ig5 domain to O-glycans on the FN1 domain (40).
These and other results suggest that the acidic patch is likely
part of a larger recognition region required for initial interac-
tion with the polyST's (39), whereas the « helix may be required
to correctly position the N-glycans on Ig5, or the polyST itself,
for polysialylation to occur (40).

One possibility is that the o helix mediates an interaction
between the Ig5 and FN1 domains and this allows polyST access
to Igh N-glycans (40). In support of this hypothesis, early rotary
shadowing electron microscopy studies demonstrated the pres-
ence of a flexible hinge in the extracellular region of NCAM, in
the vicinity the polysialic acid attachment site (41, 42). The
presence of a flexible hinge was later supported by Leckband
and colleagues using direct force measurements (43). These
authors suggested that their data were most consistent with the
flexible hinge being found between the Ig5 and FN1 domains
(43), as originally predicted by Becker et al. (42), whereas others
suggested that the flexible hinge was more likely to be between
Ig4 and Ig5 (34, 44). However, arecently solved crystal structure
of the NCAM FN1-FN2 tandem indicated a large degree of
flexibility between these domains, suggesting that the flexible
linker demonstrated by the electron microscopy studies might
actually be positioned between FN1 and FN2 (45).

In this report, we have evaluated the relationship of the Ig5
and FN1 domains by solving the crystal structure of the bacte-
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rially expressed, unglycosylated Ig5-FN1 tandem. The Ig5-FN1
tandem crystallized as a dimer. However, our data suggest that
this dimer is not formed in vivo and is prevented by the pres-
ence of an N-linked glycan on Asn-423 (ASN4). In the Ig5-FN1
monomer structure we observed that the attachment sites for
the two polysialylated Ig5 N-glycans (ASN5 and ASN6) are on
the face opposite the FN1 acidic patch and « helix sequences
implicated in polyST recognition and positioning. To test the
possibility that the Ig5 domain may be able to bend and twist
relative to the FN1 domain, we engineered N-glycans at differ-
ent positions on the surface of the Ig5 domain and tested their
ability to be polysialylated by the PST enzyme. Our results indi-
cate some flexibility in the placement of N-glycans for polysia-
lylation, and that the glycan on ASN4 may not be efficiently
polysialylated because it is not completely processed to a sialy-
lated, complex form.

EXPERIMENTAL PROCEDURES

Tissue culture reagents, oligonucleotides, restriction en-
zymes, PCR supermix, and anti-V5 epitope tag antibody were
purchased from Invitrogen. The cDNA for human NCAM-140
was a gift from Dr. Nancy Kedersha (Brigham and Women’s
Hospital, Boston, MA). The ¢cDNA for human ST8Sia IV/PST
was obtained from Dr. Minoru Fukuda (Burnham Institute, La
Jolla, CA). The QuikChange™ site-directed mutagenesis kit
and Pfu DNA polymerase were purchased from Stratagene.
DNA purification kits were purchased from Qiagen. Protein
A-Sepharose was purchased from Amersham Biosciences. The
c¢DNA for yeast SUMO and SUMO protease proteins, cloned
into pET14b bacterial expression vectors (Novagen) were kind
gifts from Dr. Manfred Konrad (Max Planck Institute for Bio-
physical Chemistry, Gottingen, Germany). Peptide N-glycosi-
dase F (PNGaseF) and T4 DNA ligase were obtained from New
England Biolabs. Streptomyces plicatus endoglycosidase H
(Endo H) purified from recombinant Escherichia coli, neura-
minidase purified from Clostridium perfringens, and neuramin-
idase purified from Vibrio cholerae were purchased from Roche
Applied Science. Phage PKIE endo-N-acylneuraminidase
(Endo N) cloned in the pEndo-N expression plasmid was a kind
gift from Dr. Eric Vimr (University of Illinois at Champagne-
Urbana). Precision Plus Protein™ Standard was purchased
from Bio-Rad. Nitrocellulose membranes were purchased from
Schleicher and Schuell. Horseradish peroxidase (HRP)-conju-
gated secondary antibodies were obtained from Jackson Immu-
noResearch. SuperSignal West Pico chemiluminescence rea-
gent was obtained from Pierce. Other chemicals and reagents
were purchased from Sigma and Fisher Scientific.

Generation, Purification, and Crystallization of Ig5-FN1 for
Structural Studies—The Ig5-FN1 fragment of NCAM-140 was
PCR-amplified using the primers 5'-CATATGTATGCCCCA-
AAGCTACAGGGCCC-3" and 5'-GGATCCCTATTCCCCT-
TGGACTGGCTGCGTC-3'. These primers specifically intro-
duced Ndel and BamHI restriction sites at the 5'- and 3'-ends
of the cDNA, respectively. The Ig5-FN1 cDNA was cloned into
the bacterial expression vector pET14b (Novagen), down-
stream of the His, tag, an inserted SUMO sequence, and the
thrombin cleavage site. This vector was transformed into E. coli
BL21 CodonPlus cells (Stratagene). Cells were grown to an
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optical density of 0.6 — 0.9, induced with 1 mm isopropyl-1-thio-
B-Dp-galactopyranoside for 4 h at 37 °C, collected by centrifuga-
tion, and lysed by sonication in lysis buffer (50 mm Tris, pH 8.0,
200 mMm NaCl, 1 mMm phenylmethylsulfonyl fluoride (PMSEF), 1%
Triton X-100, 20 mm B-mercaptoethanol). The His,-SUMO-
Ig5-FN1 protein was incorporated into inclusion bodies, which
were solubilized with 6 M guanidine hydrochloride, containing
20 mM B-mercaptoethanol. After centrifugation, the soluble
extract was loaded onto a 5-ml HiTrap™ Chelating HP col-
umn charged with nickel ions (Amersham Biosciences). After
eluting with 500 mm imidazole, the protein was dialyzed in dial-
ysis buffer (50 mm Tris-HCI, pH 8.0, 500 mm NaCl) for 3 days,
changing the buffer occasionally. This allowed disulfide bond
formation between Cys-426 and Cys-479 within the Ig5
domain. After dialysis, His,-SUMO was cleaved using 1 ug
of SUMO protease per 200 ug of protein. The protein was
reloaded onto the nickel column, and the flow-through con-
taining Ig5-FN1 protein was collected and concentrated to 4
mg/ml. Ig5-FN1 was further purified on an S-75 gel filtration
column (Amersham Biosciences), equilibrated with dialysis
buffer. Single, small crystals (10-30 wm by 100 —250 wm) were
obtained using the hanging drop, vapor-diffusion method, with
purified Ig5-FN1 (1 mg/ml) mixed with an equal volume of the
reservoir solution (0.2 M ammonium sulfate, 0.1 M Bis-Tris, pH
5.5, 25% polyethylene glycol 3350) and incubated at room
temperature.

X-ray Data Collection and Structure Determination and
Refinement—X-ray diffraction data to 1.8-A resolution was col-
lected using the Southeast Regional Collaborative Access Team
beamline BM-22 at the Advanced Photon Source, Argonne
National Laboratories, and data were processed with XDS (46).
Molecular replacement was performed using the programs
MOLREDP (47) and Phaser (48) and the structure of the NCAM
FN1 domain (40) (PDB ID 2HAZ). However, attempts to locate
the Ig5 domain using several Ig domain models were not suc-
cessful. To generate a model of the Ig5 domain, we used the
automatic model building program ARP (49), inputting the
FN1 domain data, the Ig5-FN1 sequence, and our high resolu-
tion diffraction data. This was very successful, yielding a total of
343 of 396 amino acids. Several rebuilding and refinement
cycles were subsequently performed using O (50) and REFMAC
(51). Structure figures were made using the program PyMOL
(52). The root mean square deviation value of the FN1 domain
structure in isolation (40) and in the Ig5-FN1 tandem was
determined using the program LSQMAN (53).

Construction of Soluble and Membrane-bound Ig5-FN1 for
Expression in Mammalian Cells—The 1g5-FN1 fragment of
NCAM-140 was amplified using the PCR primers 5'-GATAT-
CTATGCCCCAAAGCTACAGGGC-3' and 5'-TCTAGAGC-
TTCCCCTTGGACTGGCTGCGTC-3'. This resulted in EcoRV
and Xbal restriction site insertions at the 5'- and 3’-ends of
the Ig5-FN1 fragment, respectively. The Ig5-FN1 fragment
was ligated in-frame with the pancreatic prepro-insulin sig-
nal peptide and transmembrane sequence from a previously
generated construct in the pcDNA3.1 V5/HisB expression
vector (38). To generate soluble Ig5-FN1 this membrane-
bound form was digested with HindIII (upstream of signal
peptide sequence) and Xbal (upstream of transmembrane se-
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quence) and cloned into previously digested empty pCDNA3.1
V5/HisB, or pcDNA3.1 Myc/HisB vectors. A stop codon was
inserted after the Myc epitope sequence to prevent expression of
the His, tag in the pcDNA3.1 Myc/HisB vector. The EcoRV
restriction site was subsequently removed from both soluble
and membrane-bound Ig5-FN1, and the Xbal site was removed
from the membrane-bound form by mutagenesis PCR.

Mutagenesis of NCAM and Ig5-FN1—NCAM and Ig5-FN1
mutants were constructed using the Stratagene QuikChange™"
site-directed mutagenesis kit. DNA sequencing performed by
the DNA Sequencing Facility of the Research Resources Center
at the University of Illinois at Chicago confirmed the mutations.
Primers used are listed in supplemental Table 1. For the glyco-
sylation site analysis, an NCAM construct with the ASN5 and
ASNG6 glycosylation sites mutated from N449YS to NYA and
N478CT to NCA, respectively, was generated (mut[5.6]NXA).
Seven glycosylation sites were individually engineered into the
Ig5 domain of mut[5.6]NXA. In three cases, an Asn residue was
inserted to create an Asn-X-Ser/Thr consensus sequence
(T435N, Q487N, and E465N), in one case the third position was
corrected (N452IK to NIS), and in three cases both an Asn and
either a Ser or Thr were simultaneously inserted (F439RD to
NRS, E491FI to NFT, and Q443LL to NLS). Under “Results and
Discussion” all mutants are indicated by the amino acid number
of their new or existing Asn residue.

Transfection of COS-1 Cells with NCAM and PST cDNAs—
COS-1 cells maintained in Dulbecco’s modified Eagle’s
medium (DMEM), 10% fetal bovine serum (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, with 10 ug each of
V5-tagged NCAM and PST-Myc cDNA, according to the man-
ufacturer’s protocol. The NCAM cDNAs were cloned into the
pcDNA3.1 V5/HisB vector. PST cDNA was cloned upstream of
the Myc tag in the pcDNA3.1 Myc/HisB vector. A stop codon
was inserted before the His, coding sequence in the pcDNA3.1
Myc/HisB vector. Cells were incubated with transfection mix-
ture for 6 h, and then 7 ml of DMEM, 10% FBS, was added to
bring the mixture to a final volume of 10 ml.

Immunoprecipitation of NCAM Proteins—Sixteen hours post-
transfection, cells were washed with 10 ml of phosphate-buff-
ered 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
wl of protein A-Sepharose beads (50% suspension in PBS) for
1hat4 °C. NCAM proteins were immunoprecipitated with 3 ul
of anti-V5 epitope tag antibody for 2 h at 4 °C, followed by
incubation for 1 h with 50 ul of protein-A-Sepharose beads.
Beads were washed four times with immunoprecipitation
buffer and once with immunoprecipitation buffer containing
1% SDS. Samples were then resuspended in 50 ul of Laemmli
sample buffer containing 5% B-mercaptoethanol, heated at
65 °C for 10 min, and separated on a 3% stacking/5% resolving
SDS-polyacrylamide gel. To evaluate relative NCAM 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
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at 110°C for 10 min and separated on a 5% stacking/7.5%
resolving SDS-polyacrylamide gel.

Glycosidase Treatment of NCAM and Ig5-FN1 Proteins—To
evaluate N-linked polysialylation of NCAM proteins, transfec-
tions were performed in duplicate, and, after immunoprecipi-
tation and washing, identical samples were resuspended in 77
wl of dH,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 PNGaseF,
and incubated with shaking at 37 °C overnight. 50 ul of
Laemmli sample buffer containing 5% B-mercaptoethanol was
then added to the samples, which were heated at 65 °C for 10
min, and separated on a 3% stacking/5% resolving SDS-poly-
acrylamide gel. To evaluate glycosylation of Ig5-FN1, COS-1
cells were transfected with 10 ug of Ig5-FN1-TM-tail or various
mutants. Cell lysates were collected and subject to enzyme
digestion. To cleave N-linked glycans, 70 ul of lysate was
treated with 10 ul of Nonidet P-40, 10 ul of G7 buffer, 3 ul of
PNGaseF, and 7 ul of dH,O. To digest «2,3-linked, a2,6-linked,
and a2,8-linked sialic acid, 70 ul of lysate was treated with 10 ul
of Nonidet P-40, 10 ul of 0.5 M sodium phosphate, pH 7.5, 5 ul
of Vibrio cholerae neuraminidase, and 5 ul of Clostridium per-
fringens neuraminidase. To cleave high mannose oligosaccha-
rides, 70 ul of lysate was treated with 100 milliunits of Endo H in
a 100-pul total reaction volume of 50 mm sodium citrate, 0.1 M
B-mercaptoethanol, and 0.5 mm PMSF. For untreated samples,
70 ul of lysate was mixed with 30 ul of dH,O. All samples were
incubated overnight at 37 °C, with rotation, and then 100 ul of
Laemmli sample buffer containing 5% B-mercaptoethanol was
added. Samples were heated at 65 °C for 10 min, and separated
on a 5% stacking/10% resolving SDS-polyacrylamide gel.

Co-immunoprecipitation Analysis of Soluble NCAM and Sol-
uble Ig5-FN1—COS-1 cells maintained in advanced DMEM,
1% FBS, were transfected with 5 ug of V5-tagged soluble
NCAM or soluble Ig5-FN1 and 5 ug of empty pCDNA3.1 Myc/
HisB vector, or with 5 ug of both V5- and Myc-tagged soluble
NCAM or soluble Ig5-EN1. Following a 6-h incubation, the
transfection mixture was removed, and 4 ml of advanced
DMEM, 1% EBS, was added to each plate. The next day, cell
media was collected, and debris was removed by centrifugation.
Myc-tagged constructs were immunoprecipitated from the cell
media using 5 ul of polyclonal anti-Myc epitope tag antibody
(Abcam Inc.), for 3 h at 4 °C, followed by a 2-h incubation with
75 wul of protein-A-Sepharose beads. Beads were washed four
times with co-immunoprecipitation buffer (50 mm Hepes, pH
7.2, 100 mm NacCl, 1% Triton X-100), resuspended in 50 ul of
Laemmli sample buffer containing 5% B-mercaptoethanol, and
boiled at 110 °C. Soluble NCAM or soluble Ig5-FN1 samples
were separated on 5% stacking/10% resolving, or 5% stacking/
12.5% resolving SDS-polyacrylamide gels, respectively. To eval-
uate relative NCAM or Ig5-FN1 protein expression levels, an
aliquot of cell media was removed prior to immunoprecipita-
tion, and an equal volume of Laemmli sample buffer, 5% 3-mer-
captoethanol, was added. Samples were boiled at 110 °C for 10
min, and resolved by SDS-polyacrylamide electrophoresis.

Immunoblot Analysis of NCAM and Ig5-FN1 Proteins and
Mutants—Following gel electrophoresis, proteins were trans-
ferred to a nitrocellulose membrane at 500 mA overnight.
Membranes were blocked for 1 h at room temperature in block-
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ing buffer (5% nonfat dry milk in Tris-buffered saline, pH 8.0,
0.1% Tween 20). To detect polysialic acid, membranes were
incubated overnight with a 1:100 dilution of anti-polysialic
acid antibody OL.28 in 2% nonfat dry milk in Tris-buffered
saline, pH 8.0, and for 1 h with HRP-conjugated goat anti-
mouse IgM, diluted 1:4000 in blocking buffer. To test self-asso-
ciation or relative NCAM or Ig5-FN1 expression levels, mem-
branes were incubated for 2 h or overnight with a 1:5000
dilution of anti-V5 or anti-Myc epitope tag antibody (Cell Sig-
naling Technologies) diluted in blocking buffer, and for 1 h with
HRP-conjugated goat anti-mouse IgG, diluted 1:4000 in block-
ing buffer. Membranes were washed with Tris-buffered saline,
pH 8.0, 0.1% Tween 20, for 15 min two times, 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 Polysialylation—COS-1 cells
were transfected with V5-tagged NCAM or mutants along with
PST-Myc as described above. Eighteen hours post-transfection,
cell media was removed and 5 ml of Met/Cys-free DMEM
added to the plates for 1 h. Cells were then labeled with 100
uCi/ml 2°S-Express protein labeling mix (PerkinElmer Life
Sciences) diluted in 4 ml of fresh Met/Cys-free DMEM. The
labeling mixture 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 was removed and cell lysates were collected.
NCAM proteins were immunoprecipitated with anti-V5
epitope tag antibody as described above. Following immuno-
precipitation, NCAM proteins bound to protein-A Sepharose
beads were incubated on ice or subject to Endo N digestion.
Endo N cleaves «2,8-linked sialic acid chains of 8 units or
higher (54). Beads were incubated for 2 h at 37 °C with a 1:10
dilution of Endo N (30 ug/ml) in 20 mMm Tris-HCI, pH 7.4. After
enzyme digestion, 50 ul of Laemmli sample buffer containing
5% B-mercaptoethanol was added to the samples, which were
then heated at 65 °C for 10 min, and resolved on a 3% stack-
ing/5% separating SDS-PAGE gel. Gels were treated with 10%
2,5-diphenyloxazole in DMSO to visualize radiolabeled pro-
teins by fluorography and exposure to BioExpress Blue Ultra
Autorad film. Relative NCAM protein expression levels were
evaluated by immunoblotting of aliquots of cell lysate collected
prior to immunoprecipitation, as described above.

RESULTS AND DISCUSSION

Previous work from our laboratory has demonstrated the
importance of the NCAM FN1 domain in the polysialylation of
N-glycans on the adjacent Ig5 domain (38-40). Structural
studies led to the identification of an acidic surface patch and «
helix that appear to be involved in polyST recognition and posi-
tioning, respectively (39, 40). We observed that replacing the «
helix switches polysialic acid addition from N-linked glycans on
Ig5 to O-linked glycans on FN1, suggesting that the helix may
be involved in an Ig5-FN1 interaction that positions the N-gly-
cans for polysialylation (40). To evaluate the relationship
between the Ig5 and FN1 domains we solved the crystal struc-
ture of the NCAM Ig5-FN1 tandem to 1.8-A resolution.

JOURNAL OF BIOLOGICAL CHEMISTRY 27363



Polysialylation of N-Glycans within NCAM Ig5 Domain

TABLE 1

Data collection and refinement statistics for the Ig5-FN1 domains of
NCAM

Data collection

X-ray source SERCAT BM-22

Wavelength (A) 1.0
Unit cell (A) a="77.09
b = 155.84
c=7175
Space group C222,
No. molecules/a.u. 2
Resolution (A) 30-1.79
Measured reflections 190,962
Unique reflections 40,353
Completeness (%)“ 98.7 (96.3)
/ol 14.9 (6.1)
R,," (%) 9.5 (58.5)
Refinement
Resolution (A) 30-1.80
No. reflections (working/free) 35,851/4,060
R iyse (%) 18.3
e (%) 23.0
No. protein atoms/sulfates/waters 3,018/1/340
Root mean square deviation from ideal geometry
Bond length (A) 0.014
Angle distances (°) . 1.567
Estimated coordinated error (A) 0.132
Ramachandran plot statistics
Residues in most favored regions 91.4%
Residues in allowed regions 8.3%
Residues in generously allowed regions 0.3%
Residues in disallowed regions 0.0%

“ Last shell (1.90-1.79 A) is in parentheses.

FIGURE 1. Bacterially expressed unglycosylated 1g5-FN1 forms a dimer, mediated by interactions
between the Ig5 and FN1 domains. A, a schematic diagram of the Ig5-FN1 dimer, with one monomer
colored green and the second monomer brown. The disulfide bond linking strands B and F of the Ig5
domains is shown in orange. B, stereo view of an Ig5-FN1 monomer is shown, with the three asparagines in
the Ig5 domain that are part of consensus N-linked glycosylation sites displayed. Amino acids that form
the a helix and surface acidic patch within the FN1 domain are colored yellow and blue, respectively. C, a
close-up view of the Ig5-FN1 dimer interface showing the bond distances between specific residues in the
Ig5 and FN1 domains. The ASN4 glycosylation site in the Ig5 domains is highlighted in pink.
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The Crystal Structure of the NCAM Ig5-FNI Tandem—The
Ig5-FN1 tandem of NCAM was expressed in E. coli and purified
as described under “Experimental Procedures.” For data collec-
tion and refinement statistics see Table 1. The crystal structure
of Ig5-FN1 is a dimer, with dimerization mediated by interac-
tions between the Ig5 domain of one molecule and the FN1
domain of the other (Fig. 14). We previously solved the struc-
ture of the NCAM FN1 domain (40). However, to our knowl-
edge, this is the first structure of the NCAM Ig5 domain
reported. A common feature of the structures of NCAM Ig
domains solved to date (34, 55—57) is that they are members of
the intermediate set of Ig domains, with characteristics of both
constant and variable regions (58). The structure of the Ig5
domain solved in this study suggests it is also of the intermedi-
ate type, with strands ABDE and A’CFG forming the first and
second sheets, respectively, of the B sandwich (Fig. 14). The
two 3 sheets are connected by a disulfide bond between Cys-
426 on strand B and Cys-479 on strand F. A short helical turn
links strands E and F. This domain has three consensus Asn
glycosylation sites. Asn-423 (ASN4) is on strand B on one sheet,
Asn-449 (ASNS) is situated in a loop between strands C and D,
and Asn-478 (ASN6) is on strand F on the second sheet (Fig.
1B). ASN5 and ASN6 would carry the glycans that become poly-
sialylated. The FN1 domain has the unique « helix linking
strands 4 and 5 that we reported previously (40). The root mean
square deviation of isolated FN1 (40) and the FN1 domain in
our Ig5-FN1 tandem is 0.59 A over 101 common Ca atoms.

The formation of a dimer of the
Ig5-FN1 tandem was unexpected.
However, analysis of purified un-
glycosylated Ig5-FN1 by analytical
ultracentrifugation demonstrated
that it forms concentration-depen-
dent dimers (supplemental Fig. 1).
Inspection of the dimer interface
reveals several interactions between
Ig5 and FN1 residues (Fig. 1C). The
side chain of Asp-551, flanking the
FN1 « helix, makes a main-chain
hydrogen bond with Ala-405 in Ig5,
as well as a side-chain electrostatic
interaction with Lys-407 in Ig5. The
side chain of Lys-553, within the
FN1 « helix, makes a main-chain
hydrogen bond with GIn-487 of Ig5,
whereas the side chain of Lys-532 in
FN1 makes a main-chain hydrogen
bond with Met-403 at the N termi-
nus of the Ig5 domain (Fig. 1C).
However, we noted that the ASN4
glycosylation sites in the two Ig5
domains are positioned between
these domains in the dimer in such a
way that, if they are glycosylated,
this could prevent dimer formation
(Fig. 1, A and C). To investigate
whether a similar dimer might exist
in vivo, we analyzed the use of the

ASN6
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FIGURE 2. The ASN4 glycosylation site is utilized in mammalian cells. Anal-
ysis of N-linked glycosylation of membrane-bound Ig5-FN1 expressed in
mammalian cells. COS-1 cells were transfected with V5-tagged Ig5-FN1-TM-
tail (Ig5-FN1) or mutant Ig5-FN1 with ASN5 and ASN6 or ASN4, ASN5, and ASN6
mutated to GIn (Ig5-FN1 Asn[5.6]GIn and Ig5-FN1 Asn[4.5.6]GIn, respectively).
Cell lysates were subjected to PNGaseF digestion and analyzed by immuno-
blotting with anti-V5 epitope tag antibody.

ASN4 glycosylation site and the self-association of glycosylated
Ig5-FN1 expressed in mammalian cells.

NCAM Ig5-FN1 Is Glycosylated on ASN4 When Expressed
in Mammalian Cells—Various analyses of NCAM glycosy-
lation site usage have yielded disparate results (59, 60). How-
ever, a recent mass spectrometry analysis of the glycosyla-
tion pattern of NCAM isolated from adult mouse brain
demonstrated that all of the six consensus N-linked glycosyla-
tion sites are modified, including ASN4 (61). To confirm that
Ig5-FN1 is glycosylated on ASN4, we expressed a truncated
NCAM protein consisting of Ig5, FN1, the transmembrane
region, and cytoplasmic tail (Ig5-FN1) in COS-1 cells and per-
formed PNGaseF analysis of the unmodified protein, and
mutants with either ASN5 and ASN6 mutated to Gln (Ig5-FN1
Asn[5.6]GIn) or all three glycosylation site Asn residues
mutated to Gln (Ig5-FN1 Asn[4.5.6]Gln). These Asn to Gln
mutations disrupted the consensus Asn-X-Ser/Thr N-linked
glycosylation sites, preventing glycan addition. Immunofluo-
rescence microscopy demonstrated that all the mutant proteins
trafficked to the cell surface, like wild-type Ig5-FN1 and
NCAM, indicating that the loss of glycosylation sites did not
severely affect protein folding (data not shown).

PNGaseF, a glycosidase that cleaves all types of N-linked gly-
cans, was used to demonstrate the presence or absence of
N-glycans on these proteins. As shown in Fig. 2, treatment of
Ig5-FN1 with PNGaseF results in a decrease in molecular mass
on SDS-PAGE from 74 to 64 kDa, thereby confirming this pro-
tein is glycosylated on N-linked glycans. Data presented below
in Fig. 8 suggest that the two bands seen in the untreated Ig5-
EN1 lane represent molecules with sialylated, complex type
N-glycans (upper band) and those possessing high mannose
type N-glycans (lower band), both of which will be removed by
PNGaseF. The Ig5-FN1 Asn[5.6]GIn mutant also migrated at a
lower molecular mass upon PNGaseF treatment, suggesting the
presence of an additional N-linked glycan. When ASN4 was
additionally replaced in the Ig5-FN1 Asn[4.5.6]Gln mutant,
PNGaseF had no further effect on molecular mass, indicating
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no additional N-glycan attachment sites remained, and demon-
strating that all three N-glycosylation sites were used. These
results confirmed that ASN4 is glycosylated on membrane-as-
sociated Ig5-FN1 expressed in mammalian cells.

Elimination of the ASN4 Glycosylation Site Allows Self-asso-
ciation of Soluble Ig5-FN1 and Enhanced Self-association of Sol-
uble NCAM—A co-immunoprecipitation approach was taken
to evaluate whether the absence of N-glycans on Ig5-FN1 may
have allowed the self-association of the bacterially expressed
Ig5-FN1 tandem. Myc- and V5-tagged versions of soluble Ig5-
EN1 (sIg5-FN1) were co-expressed in COS-1 cells and tested
for interaction by co-immunoprecipitation from cell media. No
self-association of glycosylated sIg5-FN1 was detected in this
analysis (Fig. 3A). However, the same protein lacking the ASN4
glycosylation site (sIg5-FN1 mut4, third position of consensus
sequence altered NIT to NIA) did exhibit self-association, dem-
onstrating that the presence of a glycan on ASN4 was sufficient
to prevent self-association (Fig. 3A4).

Analysis of sIg5-FN1 and sIg5-FN1 mut4 secreted into the
cell medium demonstrated that the glycosylation mutant was
either secreted at very low levels or was very unstable, despite
the relatively robust co-immunoprecipitation result (Fig. 34,
Expression). Notably, even secreted sIg5-FN1 exhibited incom-
plete glycosylation, as seen for membrane-associated [g5-FN1
in Fig. 2, and/or instability resulting in the presence of multiple
bands on the immunoblot (Fig. 34, Expression). We reasoned
that additional NCAM domains might enhance stability and
glycosylation of the soluble, secreted protein. With this in
mind, we tested the impact of removing the ASN4 glycosylation
site on the self-association of soluble NCAM (sNCAM).

NCAM has been demonstrated to exhibit homophilic trans
interactions, and these are predicted to occur via anti-parallel
interactions of all its Ig domains (43, 44), Igl-Ig2 (56, 62),
and/or a variety of anti-parallel interactions involving Igl, Ig2,
and Ig3 (34). Polysialylation of the Ig5 domain disrupts these
interactions (12-14). Structural analysis of the first three Ig
domains suggests that a cross-like dimer of Igl and Ig2 may
mediate homophilic cis interactions between two NCAM mol-
ecules (34). To our knowledge there is no evidence for an Ig5-
Ig5 interaction in either NCAM trans or cis dimers. For this
reason, we wondered whether the elimination of the ASN4 gly-
cosylation site in the Ig5 domain of a soluble NCAM protein
would impact its self-association. We observed an interaction
of differentially tagged sNCAM proteins in the COS-1 cell
medium, and this interaction was noticeably increased when
the ASN4 glycosylation site on Ig5 was mutated (Fig. 3B). These
results suggest that, whether NCAM is forming cis or trans
dimers in solution, the glycosylation status of the Ig5 domain
can impact this association.

Sites of Ig5 N-Glycan Polysialylation Do Not Align with
FN1 Sequences Shown to Impact NCAM Polysialylation—In
our working model, a polyST recognizes and binds to se-
quences in FN1 in such a way so that it can reach the
N-linked glycans to be polysialylated on the adjacent Ig5
domain. In this scenario, one might expect that the
sequences recognized by the polySTs would be on the same
side of the Ig5-FN1 unit as the glycans on ASN5 and ASN6
that are polysialylated, and that the reason that the glycan on
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FIGURE 3. Elimination of glycosylation at ASN4 allows self-association of
soluble Ig5-FN1, and enhances self-association of soluble NCAM. Differ-
entially tagged soluble 1g5-FN1 (slg5-FN1) or soluble NCAM (sNCAM) proteins
were tested for self-association by co-immunoprecipitation analysis. To elim-
inate glycosylation at ASN4, the consensus glycosylation site was mutated
from Asn*®-lle-Thr to Asn*?*-lle-Ala (mut4). A, top panel, Myc-tagged slg5-
FN1 or slg5-FNT mut4 was immunoprecipitated from cell media with poly-
clonal anti-Myc epitope tag antibody and association with V5-tagged slg5-
FN1 or slg5-FN1 mut4 analyzed by immunoblotting with monoclonal anti-V5
epitope tag antibody. Bottom panel, to measure relative protein expression
levels, an aliquot of cell media was removed prior to immunoprecipitation
and immunoblotted with anti-V5 or anti-Myc epitope tag antibodies. B, top
panel, Myc-tagged sNCAM or sSNCAM mut4 was immunoprecipitated from
cell media and association with V5-tagged sSNCAM or sSNCAM mut4 measured
by immunoblotting. Bottom panel, relative V5-tagged and Myc-tagged
sNCAM expression levels were analyzed by immunoblotting of an aliquot of
cell media.

ASN4 is not polysialylated is because it does not align with
the polyST recognition sequences. Surprisingly, in the Ig5-
EN1 crystal structure the ASN5 and ASN6 glycosylation sites
are on the opposite face from the FNI1 acidic patch and «
helix, whereas ASN4 comes closer to aligning with these
sequences (Fig. 1B). How can this be explained? One possi-
bility is that there may be more than one polyST recognition
site. Another possibility is that the Ig5-FN1 dimer formed in the
crystal may have constrained the Ig5-FN1 domain orientation,
whereas under physiological conditions the inter-domain rela-
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tionship is flexible allowing the ASN5 and ASN6 glycosylation
sites to align with the FN1 « helix and acidic patch. Although
the N-glycans on Ig5 ASN5 and ASNG are clearly the optimal
sites for polysialylation, a flexibility in the polysialylation
process has been suggested by our finding that replacing the
FN1 « helix sequences shifts polysialic acid addition to
O-glycans on the FN1 domain (40). This observation could
reflect either the change in binding and positioning of the
polyST in a relatively rigid Ig5-FN1 structure or a change in
the relationship between the Ig5 and FN1 domains, or both.
To evaluate the importance of Ig5 N-glycan placement for
polysialylation, and to obtain some understanding of why the
glycan on ASN4 possesses little to no polysialic acid despite
being glycosylated, we have individually introduced seven new
glycosylation sites in various locations on the surface of Ig5 and
analyzed their polysialylation.

The Polysialylation of Novel Glycans Engineered in Differ-
ent Locations on the Surface of Ig5 Suggests Some Flexibility
in the Polysialylation Process and the Importance of the Ig5
Domain in polyST Engagement—We used the structure of
the Ig5 domain to guide us in the construction of consensus
N-linked glycosylation sites to understand what restrictions
are placed on the location of polysialylated N-glycans. First,
we created an NCAM mutant that would be largely devoid of
polysialic acid by mutating the consensus N-linked glycosyla-
tion sequence of ASNS5 and ASNG6 from Asn-X-Ser/Thr to Asn-
X-Ala (mut[5.6]NXA). The mut[5.6]NXA protein localized to
the Golgi and cell surface indicating the absence of glycosyla-
tion at these sites did not severely affect protein folding and
trafficking (supplemental Fig. 2).

The three N-glycans on the Ig5 domain are in the mid section
of the Ig5 B sandwich, with ASN4 being somewhat closer to the
EN1 domain (Fig. 1B). The glycans that are the primary sites of
polysialylation, found on ASN5 and ASNG, are closer together
on one side of the domain, whereas the glycan that is very
weakly polysialylated found on ASN4 is on the opposite side of
the domain (Fig. 1B). From this observation, we predicted that
new glycans placed near to ASN4 would not be polysialylated,
whereas those placed closer to ASN5 and ASN6 would be poly-
sialylated. To test this prediction, we created a series of glyco-
sylation sites that circled the Ig5 domain (Figs. 44 and 54). A
site at position 465 was placed on strand E right next to the
ASN4 site on strand B (Fig. 44, left). N-Glycosylation sites at
positions 443 and 452 flanked ASNS (position 449) in the loop
connecting the two sheets, with 443 being between ASN5 and
ASNG6 and 452 being between ASN4 and ASN5 (Fig. 4A, right).
Finally, glycosylation sites at positions 439 and 491 on strands C
and G were positioned next to ASNG6, found at position 478 on
strand F of the second sheet of the 3 sandwich (Fig. 54). We also
rationalized that glycosylation sites placed on the same face
as ASNG6 but closer to the Ig4 domain may not be polysialy-
lated if Ig5 and FN1 are rigidly positioned. To test this
hypothesis, we placed glycosylation sites at positions 435 and
487, located at the “top” of the Ig5 domain closer to the
adjacent Ig4 domain (Fig. 5A). Each of these mutants traf-
ficked to the cell surface following expression in COS-1 cells,
similar to wild-type NCAM and mut[5.6]NXA, indicating that
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FIGURE 4. Pulse-chase analysis reveals differential polysialylation of
engineered N-glycans flanking ASN4 and ASN5. A, schematic diagrams of
the Ig5 domain showing ASN4, ASN5, ASN6, and the positions of inserted
glycosylation sites. B, top panel, COS-1 cells were co-transfected with NCAM,
mut[5.6]NXA, or mut[5.6]NXA with individual engineered N-linked glycosyla-
tion sites and PST-Myc. Cells were labeled with [>*S]Met/Cys for 1 h followed
by a 3-h chase period in unlabeled media. NCAM proteins were immunopre-
cipitated from cell lysates with anti-V5 epitope tag antibody, resolved by
SDS-PAGE, and visualized by fluorography. The high molecular weight broad
band (NCAM, —) that collapses upon Endo N treatment (NCAM, +) indicates
the presence of a2,8-linked polysialic acid on NCAM. Relative NCAM protein
expression levels revealed by immunoblotting are shown below (Expression).
B, bottom panel, COS-1 cells expressing NCAM or mutant proteins and PST-
Myc were metabolically labeled. NCAM proteins were immunoprecipitated
and either left untreated (—) or treated with Endo N (+). Immunoblot analysis
of relative NCAM protein expression levels is shown in the lower panel
(Expression).

—— 150 kDa

the changes made did not severely impact protein folding and
trafficking (supplemental Fig. 2).

To evaluate glycosylation site usage as well as polysialyla-
tion, we chose to subject these mutants to pulse-chase anal-
ysis and Endo N digestion (Figs. 4 and 5). Endo N cleaves
a2,8-linked polysialic acid chains of eight residues or more,
leaving a short four-unit «2,8-oligosialic acid chain at the
terminus of the cleaved glycan (54). We then confirmed poly-
sialylation by immunoblotting with the OL.28 anti-polysialic
acid antibody (Fig. 6 and data not shown). In the pulse-chase
analysis, polysialylated wild-type NCAM migrated as a broad,
high molecular mass band of 150 kDa to over 250 kDa that
collapses upon Endo N treatment to 126 —150 kDa (Figs. 4B and
5B, NCAM = Endo N). It is likely that the NCAM molecules
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FIGURE 5. Pulse-chase analysis reveals differential polysialylation of
engineered N-glycans flanking ASN6. A, schematic diagram of the Ig5
domain demonstrating the sites of inserted glycosylation sites near ASN6.
B, top panel, COS-1 cells were co-transfected with NCAM, mut[5.6]NXA, or
mut[5.6]NXA with individual engineered glycans, and PST-Myc. Cells were
metabolically labeled with [**SIMet/Cys for 1 h and chased in unlabeled
media for 3 h. Cell lysates were collected, and NCAM proteins were immuno-
precipitated and visualized by SDS-PAGE and fluorography. Digestion of
NCAM with Endo N results in the disappearance of the high molecular weight
broad band that indicates the presence of «2,8-linked polysialic acid on
NCAM. B, bottom panel, COS-1 cells expressing NCAM or mutant proteins and
PST-Myc were metabolically labeled. NCAM proteins were immunoprecipi-
tated and either left untreated (—) or subject to Endo N digestion (+). In both

experiments, relative NCAM protein expression levels were analyzed by
immunoblotting with anti-V5 epitope tag antibody (Expression).

—— 150 kDa
Expression

migrating between 150 and ~180 kDa are primarily modified
by longer oligosialic acid chains, because these species are not
recognized by the OL.28 antibody (compare with Fig. 6). The
lower molecular mass 126 —147 kDa band of unpolysialylated
wild-type NCAM represents both those NCAM proteins that
are expressed in cells that are not expressing PST, as well as a
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FIGURE 6. Immunoblot analysis reveals different patterns of polysialyla-
tion of NCAM mutants with engineered glycosylation sites. A, top panel,
COS-1 cells were transiently co-transfected with wild-type or mutated NCAM
and PST-Myc. NCAM proteins were immunoprecipitated from cell lysates with
anti-V5 epitope tag antibody and incubated at 37 °C overnight either with (+)
or without (—) PNGaseF enzyme. Polysialylation levels were determined by
immunoblotting with the anti-polysialic acid antibody, OL.28. Bottom panel,
immunoblot analysis of relative NCAM protein expression levels. B, top panel,
COS-1 cells transiently expressing NCAM proteins and PST-Myc were col-
lected. NCAM proteins were immunoprecipitated and either untreated or
subject to PNGaseF digestion. Bottom panel, relative NCAM protein expres-
sion levels were determined by immunoblotting.

fraction of the protein that carries Endo H-sensitive high-man-
nose N-glycans, rather than complex N-glycans (data not
shown). The presence of NCAM proteins with incompletely
processed N-glycans likely reflects the inability of the cellular
glycosylation machinery to fully modify all of the highly
expressed NCAM protein. We have observed a similar situation
with overexpressed polySTs (11). Notably, the unpolysialylated
forms of each NCAM mutant with an additional N-glycosyla-
tion site were somewhat larger than the mut[5.6]NXA mutant
suggesting that these engineered sites were indeed glycosylated
and further modified (Figs. 4B and 5B, upper panels).
Surprisingly, and contrary to our predictions, with the excep-
tion of the 491 mutant, all of the other mutants were polysialy-
lated to a greater extent than mut[5.6]NXA (Figs. 4B and 5B).
Immunoblotting with the OL.28 anti-polysialic acid antibody
further demonstrated a low level of polysialic acid addition to
mut[5.6]NXA and confirmed the presence of polysialic acid on
all of the mutant NCAM proteins except 491 (Fig. 6 and data
not shown). Comparison of the relative levels of polysialylation
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of each new glycan demonstrated that the extent of mutant
protein polysialylation did not strictly mirror the proximity of
the new sites to ASNS and ASN6. For example, the glycan 491
was not polysialylated, whereas the glycan at 439 was weakly
polysialylated, despite the fact that both glycosylation sites are
adjacent to ASN6 (Fig. 5B). However, we did note more efficient
polysialylation of sites where the structure predicts the glycan
attachment site and hence the glycan would project out from
the domain in the same way as either ASN5 or ASN6. For exam-
ple, the glycosylation site at 487 is robustly polysialylated,
whereas that found at position 435 is less polysialylated (Fig.
5B). Although both sites are found at some distance from ASN6
and closer to the Ig4 domain, only the side chain of the aspara-
gine residue at position 487 is predicted to extend from the
domain in the same direction as does that of ASN6 (Fig. 54).
Likewise, even though the asparagine residue at position 452 is
closer to ASN4, its side chain is predicted to extend away from
the loop structure in the same direction as the glycan on ASN5
(Fig. 4A). While it is difficult to precisely predict how an
attached glycan may extend from these sites, it seems likely that
the flexibility of the glycan itself could contribute significantly
to polyST access.

The Polysialylation of New Glycosylation Sites at Positions
452 and 487 Suggest Flexibility in the Polysialylation Process—
The first inclination is to presume that any polysialylation
observed in the mutant proteins is occurring on the new glycan.
However, we could not discount the possibility that other gly-
cans, such as O-glycans on the FN1 domain, which are polysia-
lylated in both a FN1 Ahelix mutant and a truncated NCAM
protein lacking all Ig domains (40, 38), might be polysialylated
in these mutants. To determine whether N-linked or O-linked
glycans were polysialylated in the NCAM glycosylation
mutants, we used PNGaseF analysis. We focused on 465, 443,
452, and 487, because these mutants were found to be the most
heavily polysialylated by immunoblot analysis. We found that
the 452 mutant with a new glycosylation site on the ASN5 loop
and the 487 mutant placed on a strand adjacent to that carrying
ASNG6, but closer to the Ig4 domain, were polysialylated on
N-linked glycans (Fig. 6A4). The polysialylation of both these
mutants in mut[5.6]NXA with glycosylation sites placed at a
greater distance from the FN1 domain (487) or closer to the
ASN4 face of the FN1 domain (452) suggest that there is some
flexibility in the placement of the N-glycans for polysialylation.

Addition of New Glycosylation Sites at Positions 443 and 465
Leads to O-Glycan Polysialylation—In contrast to the 452 and
487 mutants, analysis of the 443 and 465 mutants demonstrated
that polysialic acid was modifying predominantly PNGaseF-
insensitive O-glycans in both proteins (Fig. 6, A and B). We
envisioned three possible reasons for the redirection of the
polyST to O-glycans, possibly on the FN1 domain. First, the
addition of a new glycan may have changed the surface struc-
ture of the Ig5 domain making it difficult for the polyST to
engage. This could be the case in either the 443 or 465 mutant.
Interestingly, removal of the adjacent ASN4 glycosylation site
in the 465 mutant continues to lead to O-glycan polysialylation,
arguing that it is not the presence of these two glycans in close
proximity that is leading to changes that block polyST access
(Fig. 6B). Second, the presence of a new glycan may physically
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FIGURE 7. Polysialylation of fully glycosylated NCAM is unaffected by the
insertion of engineered glycans. Top panel, wild-type NCAM or NCAM with
either the 443 or 465 glycosylation site inserted was immunoprecipitated
from COS-1 cell lysates and incubated at 37 °C overnight either with (+) or
without (—) PNGaseF enzyme. Proteins were resolved by SDS-PAGE, and
polysialylation was measured using the anti-polysialic acid antibody, OL.28.
Bottom panel, immunoblot analysis of relative NCAM protein expression
levels.
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block the polyST from engaging with the domain. This could be
the case in the 443 mutant in which a new N-glycan is placed
between ASN5 and ASNG6. Third, the lack of an appropriately
placed Ig5 N-glycan may allow the polyST to more efficiently
polysialylate O-glycans that are weaker acceptors. We favor the
first two possibilities and believe that the third possibility is
unlikely, because we observed that, in the absence of ASN5 and
ASNG6 in the mut[5.6]NXA mutant, the polyST is not redirected
to O-glycans. Upon PNGaseF digestion, we observed only a low
level O-glycan polysialylation in this mutant that is also
observed in the wild-type NCAM protein (Fig. 6).

If the presence of the new glycans altered the surface struc-
ture or blocked polyST access to the Igs domain, then they
might function in the same way if inserted into the wild-type
NCAM protein possessing ASN4, ASN5, and ASN6 glycosyla-
tion sites. However, after inserting these new glycans into the
fully glycosylated NCAM protein, we found that they had no
effect on the N-linked polysialylation of wild-type NCAM (Fig.
7). These results suggest it is unlikely that the new glycan at
position 443 is physically blocking access of the polyST to the
Ig5 domain. Instead, the new glycans may be causing changes in
the surface structure that interfere with the ability of the polyST
to engage the Ig5 domain. However, in the presence of the nat-
urally occurring N-glycans on ASN5 and ASNG6, the effects of
any alterations are negated.

The Glycan on ASN4 Is Less Processed Than Those on ASN5
and ASN6 and This May Explain Its Low Level of Poly-
sialylation—The weak polysialylation of the glycan on ASN4 in the
mut[5.6]NXA mutant and the more robust polysialylation of the
452 mutant (Fig. 6A4), could reflect the positioning of the 452
N-glycan closer to the polyST engagement site or differences in the
underlying glycan structures at these sites. One possibility is that
the ASN4 glycan might be more highly polysialylated if it carried a
more fully processed glycan. PolySTs require a terminal «2,3- or
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FIGURE 8. Glycosidase analysis of ASN4 glycosylation reveals less glycan
processing at this site. A, a schematic diagram of the Ig5 domain of NCAM
showing the relative positions of ASN4, ASN5, and the engineered glycosyla-
tion sites, 452 and 465. B, COS-1 cells were transfected with wild-type Ig5-
FN1-TM-tail (Ig5-FN1, top panel) or with Ig5-FN1 carrying Asn to GIn muta-
tions at both ASN5 and ASNG6 (Ig5-FN1 Asn[5.6]GIn, bottom panel). Cell lysates
were collected and either left untreated or treated with neuraminidase (NM),
PNGaseF (PF), or Endo H (EH). Proteins were resolved by SDS-PAGE and ana-
lyzed by immunoblotting with anti-V5 epitope tag antibody.

a2,6-linked sialic acid residue terminating a complex type N-gly-
can to initiate synthesis of the «2,8-linked polysialic acid chain (63,
64). To determine whether the glycan on ASN4 was properly pro-
cessed for polysialylation, we used an Ig5-FN1 protein lacking the
ASNS and ASNG6 glycosylation sites (Ig5-FN1 Asn[5.6]Gln) and
compared its glycosylation to Ig5-FN1 containing all three Ig5
N-glycosylation sites using neuraminidases to remove sialic acid,
PNGaseF to remove N-glycans, and Endo H to remove high man-
nose N-glycans (Fig. 8).

Endo H digestion demonstrated that ~50% of the oligosac-
charides on ASN4 in the Ig5-FN1 Asn[5.6]GIln mutant are of the
high mannose type, whereas a greater proportion of the glycans
on Ig5-FN1 are processed to Endo H-resistant, complex forms
(Fig. 8, EH). In addition, digestion with a combination of neura-
minidases demonstrated that I[g5-FN1 N-glycans carry larger
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quantities of terminal sialic acid than does the ASN#4 glycan on
the Ig5-FN1 Asn[5.6]GlIn protein (Fig. 8, NM). These results,
combined with the polysialylation of the 452 mutant, suggest
that the low level polysialylation of the ASN4 glycan may be due
in part to its lack of terminal processing rather than strictly due
to its location on the Ig5 domain.

In sum, we have presented the first structure of the NCAM
Ig5-FN1 tandem and the Ig5 domain. Our results show that the
two NCAM Ig5 glycosylation sites that are modified with poly-
sialic acid (ASN5 and ASN6) are found in close proximity on the
same side of the Ig5 domain, with the ASN4 glycosylation site
that is weakly polysialylated found on the opposite side of the
domain. Although the crystal structure indicates that the un-
glycosylated Ig5-FN1 tandem can form a dimer, our results dem-
onstrate that the fully glycosylated Ig5-FN1 unit does not self-
associate until the ASN4 glycosylation site is removed.
Interestingly, a soluble form of NCAM does self-associate, and
this self-association is augmented in the absence of the Ig5
ASN4 glycosylation site. We also observed that the glycans on
the ASN4 site are not efficiently processed to sialylated complex
forms and that they are only polysialylated to very low levels if at
all. These results make it tempting to consider the possibility
that NCAM forms dimers in the secretory pathway and that,
whereas the Ig5-FN1 unit is not directly involved in dimer con-
tacts, the dimerization of the whole protein still partially
obscures the processing and polysialylation of the ASN4 glycan.

In the Ig5-ENI1 crystal structure the ASN5 and ASN6 glycosylation
sites are on the opposite face to FN1 residues previously shown to be
involved in NCAM polysialylation. This observation led us to ques-
tion whether the relative relationship of the Igh and FN1 domains
observed in the crystal structure is fixed, and whether there is flexibil-
ity in the Ig5-FN1 interdomain relationship and the polysialylation
process in general. Although we cannot be certain that the Ig5 and
FN1 domains can twist relative to one another, we have observed
some flexibility in the polysialylation process. Insertion of new glyco-
sylation sites in the Ig5 domain demonstrated that there is some flex-
ibility in the location of sites that can be polysialylated, in that glycans
placed on the Ig5 domain further away from the FN1 domain and
closer to the Ig4 domain, or those placed closer to the weakly polysia-
lylated ASN4 glycosylation site, are polysialylated. This implied
polyST flexibility might not be so surprising considering that they
sequentially add sialic acid residues to a growing polysialic acid chain.
This analysis also suggested the importance of polyST engagement
with the Ig5 domain for the polysialylation of Ig5 N-glycans. We found
that disrupting Ig5 domain surface structure by the addition of new
glycans shifted polysialylation to O-glycans that are likely to be located
on the FN1 domain. So, while the Ig5 domain is dispensable for
polyST recognition per se, we predict that an interaction of the polyST
with Ig5 glycans and/or sequences ensures Ig5 N-glycan polysialyla-
tion and prevents the redirection of the enzyme to other sites.
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