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Polysialic acid (polySia), a unique acidic glycan modifying
neural cell adhesion molecule (NCAM), is known to regulate
embryonic neural development and adult brain functions.
Polysialyltransferase STX is responsible for the synthesis of
polySia, and two single nucleotide polymorphisms (SNPs) of
the coding region of STX are reported from schizophrenic
patients: SNP7 and SNP9, respectively, giving STX(G421A)
with E141K and STX(C621G) with silent mutations. In this
study, we focused on these mutations and a binding activity
of polySia to neural materials, such as brain-derived neu-
rotrophic factor (BDNF). Here we describe three new find-
ings. First, STX(G421A) shows a dramatic decrease in polySia
synthetic activity on NCAM, whereas STX(C621G) does not.
The STX(G421A)-derived polySia-NCAM contains a lower
amount of polySia with a shorter chain length. Second,
polySia shows a dopamine (DA) binding activity, which is a
new function of polySia as revealed by frontal affinity chro-
matography for measuring the polySia-neurotransmitter
interactions. Interestingly, the STX(G421A)-derived polySia-
NCAM completely loses the DA binding activity, whereas it
greatly diminishes but does not lose the BDNF binding activ-
ity. Third, an impairment of the polySia structure with an
endosialidase modulates the DA-mediated Akt signaling.
Taken together, impairment of the amount and quality of
polySia may be involved in psychiatric disorders through
impaired binding to BDNF andDA, which are deeply involved
in schizophrenia and other psychiatric disorders, such as
depression and bipolar disorder.

PolySia2 is a polymer of sialic acid with a degree of polymer-
ization (DP) ranging from 8 to 400 (1–4) and ismainly attached
to neural cell adhesion molecule (NCAM) in vertebrates (1).
PolySia is expressed in brains during embryonic and postneo-
natal development and mostly disappears in adult brains,

although NCAM expression levels remain unchanged (1, 5, 6).
In adult brains, polySia-NCAM persists in distinct regions
where neural plasticity, remodeling of neural connections, or
neural generation are ongoing, such as the hippocampus, (7, 8)
and olfactory system (9). Due to its bulky polyanionic nature,
polySia has an anti-adhesive effect on cell-cell/extracellular
matrix interactions mediated by homophilic binding of NCAM
as well as heterophilic binding of other cell adhesion molecules
(5, 6). Two polysialyltransferases, STX (ST8SiaII/SIAT8B) and
PST (ST8SiaIV/SIAT8D), are responsible for the synthesis of
polySia on NCAM (10, 11). In both NCAM-deficient (12) and
STX- and PST-deficient mice (13–15), anomalous phenotypes
in brain development, long termpotentiation and depression in
the hippocampus CA1 region, lamination of mossy fibers and
synapse formation, spatial learning, and various abnormal
behaviors are exhibited. Interestingly, these abnormal features
of STX- and PST-deficient mice are common to those of schiz-
ophrenia patients. Schizophrenia is a severe psychiatric disor-
der that affects approximately 1% of the population worldwide.
Although several factors are associatedwith an increased risk to
develop schizophrenia (16), the overall mechanism resulting in
schizophrenia remains unclear. The basic risk profile is mainly
dependent upon causative genes, such as those encodingDISC1
(disrupted-in-schizophrenia 1) (17), neuregulin 1 (18), COMP
(catechol-o-methyltransferase) (19), dopamine (DA) receptors
(20), brain-derived neurotrophic factor (BDNF) (21), etc. It is
also considered that schizophrenia is deeply related to neuro-
developmental and neurodegenerative disorders involving dis-
connectivity and disorder of synapses (22, 23) and that these
abnormalities may occur at a very restricted stage during brain
development. With regard to the relationship of polySia with
schizophrenia patients, abnormalities in polysialylation and
polySia-expressing tissues have been reported. For example, a
decrease in polySia-NCAM immunoreactivity was observed in
schizophrenic hippocampi (24), and patients with schizophre-
nia often have low olfactory volume (25). Impairment of hip-
pocampal functions and disturbance of its anatomical organi-
zation are also involved in the etiology of schizophrenia (18).
Recently, the chromosome where STX is localized, 15q26, was
reported as a common susceptibility region for both schizo-
phrenia and bipolar disorder in a genome scan of Eastern Que-
bec families (26). Arai et al. (27) also revealed an association
between polymorphisms in the promoter region of the STX
gene and schizophrenia in the Japanese population.
To gain further insight into the relationship between psychi-

atric disorders such as schizophrenia and the polysialylation
state of NCAM, we focused on two SNPs of STX, SNP7
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(421G3A) and SNP9 (621C3G), which localize to exon 4 and
5 of the STX gene, respectively, and have been identified in a
schizophrenia patient (SNP7) and in both schizophrenia and
control patients (SNP9). Although these two mutations in the
open reading frame have not been reported to be related to
schizophrenia due to their low p values (27), it is important to
know the structural and functional features of polySia biosyn-
thesized by naturally mutated STX genes. Here we have inves-
tigated the enzymatic activities of the mutated STXs and the
quantity and quality of polySia structure synthesized by the
mutated enzymes. In a previous study, we reported that polySia
displays a reservoir function for several neurotrophins, includ-
ing BDNF, neurotrophin-3, and nerve growth factor (NGF) (28,
29). This was a hitherto unknown polySia function other than
anti-cell adhesion activity. Due to this novel capability, we
hypothesize that polySia regulates the concentrations of neuro-
logical factors whose imbalances are occasionally the cause of
psychiatric disorders, such as schizophrenia. In this study, we
also focused on DA, whose impaired action is related to schiz-
ophrenia and for the first time demonstrated a DA-retaining
function of polySia-NCAM. Finally, we examined the effects of
the mutated STX-derived polySia-NCAM on the newly identi-
fied function toward BDNF and DA.

EXPERIMENTAL PROCEDURES

Materials—The QuikChange site-directed mutagenesis kit
was purchased from Stratagene. IgG-Sepharose, CMP-
[14C]Neu5Ac, protein G-Sepharose, and ECL reagents were
obtained from GE Healthcare. CMP-[14C]Neu5Ac was also
obtained from American Radiolabeled Chemicals (St. Louis,
MO). Dulbecco’s modified medium and colominic acid were
obtained from Wako (Tokyo, Japan). Opti-MEM I and Lipo-
fectamine were from Invitrogen. BDNF was purchased from
PeproTech Inc. (Rocky Hill, NJ). Rabbit anti-BDNF antibody
and anti-NCAM antibody (H300) that recognize both non-
polysialylated and polysialylated NCAM were purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). anti-Akt and
anti-pAkt antibodies were from Cell Signaling Technology
(Danvers,MA).GeneJuice transfection reagentwas fromNova-
gen (Darmstadt, Germany). The anti-V5 tag antibodies,
pBudCE4.1, and pcDNA4-myc/His were purchased from Invit-
rogen. Horseradish peroxidase-conjugated goat antibodies
against human IgG � IgM � IgA and mouse IgG � IgM were
obtained from American Qualex (San Clemente, CA). Polyvi-
nylidene difluoride (PVDF) membrane (Immobilon P) was a
product of Millipore (Bedford, MA). Sialidase from Arthrobac-
ter ureafaciens were obtained from Nacalai Co. (Kyoto, Japan).
Minimum essential medium Eagle � modification was pur-
chased from Sigma. Synthetic oligonucleotide primers were
obtained fromRikaken (Nagoya, Japan). Affi-Gel andmolecular
weightmarker were purchased fromBio-Rad. DAwas acquired
fromAbD Serotec (Oxford, UK). 12E3 antibody was a gift from
Prof. Tatsunori Seki (TokyoMedical University). Endo-N-acyl-
neuraminidase (Endo-N) was a generous gift from Prof. Fred-
eric F Troy II (University of California, Davis) and was purified.
Plasmids—pPROTA-STX-V5 (pPROTA-STX(WT)) and

pPROTA-PST-V5 (pPROTA-PST) encoding soluble human
STX and PST chimeric with proteinA andV5, respectively, and

pcDNA3.1-STX-V5/His (pcDNA-STX(WT)) and pcDNA3.1-
PST-V5/His (pcDNA-PST) encoding full-length human STX
and PST, respectively, with V5 and His6 tags, were kindly pro-
vided by Prof. Karen Colley (University of Illinois School
of Medicine). Mutagenesis of pPROTA-STX(WT) and
pcDNA-STX(WT) was performed using the QuikChange site-
directed mutagenesis kit (Stratagene, CA) and the primers
listed in supplemental Table S1, resulting in the construction
of pPROTA-STX(G421A), pPROTA-STX(C621G), pcDNA-
STX(G421A), and pcDNA-STX(C621G). We also prepared the
plasmid pBudCE4.1-STX(WT)-myc/His-PST-V5/His (pBud-
STX(WT)-PST), which encodes STX and PST in tandem with
myc/His6 and V5/His6 C-terminal tags, respectively. Using this
plasmid as a template, pBudCE4.1-STX(G421A)-PST and
pBud-STX(C621G)-PST were constructed using identical
primers. A plasmid, pIG-NCAM, containing cDNA encoding
NCAM-Fc was a kind gift from Dr. Paul Crocker (University of
Dundee) (30). The NCAM-Fc fragment was excised from pIG-
NCAMwith HindIII and NotI, purified, and then inserted into
the HindIII and NotI sites of pcDNA4-myc/His to generate
pcDNA4-NCAM-Fc. The sequences of all prepared constructs
were confirmed by the deoxynucleotide chain termination
method.
Cell Transfection—Cells maintained in DMEM (SK-N-SH)

or �-minimum Eagle’s medium (CHO) containing 10% FBS
(Thermo Scientific, Waltham, MA) were grown in a 37 °C, 5%
CO2 incubator until 50–70% confluent. Lipofectamine or
GeneJuice transfections were then performed according to the
manufacturers’ instructions.
Purification of NCAM-Fc Fusion Proteins and a Soluble Form

of Polysialyltransferases—TheNCAM-Fc chimeric protein and
the STX and PST chimeric proteins were purified as described
previously, and the purified fusion proteins were used as
enzyme sources for the sialyltransferase activity assay (30–32).
Assay for Polysialyltransferase Activity in Vitro—The meas-

urement of enzyme activity was performed at 37 °C for 24 h in
10-�l reaction mixtures containing the target recombinant
polysialyltransferase, 50 mM MES buffer (pH 6.0), 10 mM

MnCl2, 2 mM CaCl2, 0.5% Triton CF-54, 8.3 �M CMP-
[14C]Neu5Ac (0.93 kBq), and 0.1 mg/ml acceptor (NCAM-Fc
or pig embryonic brain homogenates). A 5-�l aliquot was spot-
ted on Whatman 3MM paper and developed in ethanol, 1 M

ammonium acetate (7:3, v/v), pH 7.5. After air-drying, the
amount of incorporated [14C]Neu5Ac remaining at the origin
was determined using a BAS 2000 Imaging Analyzer (Fuji Film,
Tokyo, Japan) as described previously (30).
Assay for Polysialyltransferase Activity and Product Analysis

in Transfected Cells—Stable CHO cell lines that secreted
NCAM-Fcwere transfectedwith either pBudCE4.1-STX(WT)-
PST, pBudCE4.1-STX(G421A)-PST, pBudCE-STX(C621G)-
PST, pcDNA-STX(WT), pcDNA-STX(G421A), or pcDNA-
STX(C621G) using Lipofectamine. Stable cell lines that
secreted polySia-NCAM were established with G418. Then
polySia-NCAM-Fc secreted into culture medium was purified
as described above. Purified NCAM-Fc was analyzed by SDS-
PAGE/Western blotting using anti-polySia (12E3) and anti-
NCAM (H300) antibodies. The polysialylation state was ana-
lyzed chemically by the fluorescent C7/C9 analyses (33). In
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addition, we also analyzed the amount of polySia using anion
exchange chromatography. Briefly, the products were applied
onto aMonoQanion exchange column (1ml) and separated on
a JASCO HPLC system to determine the net negative charge
(NC) of polySia as described previously (28). The sample was
loaded on a column and eluted with 20 mM Tris-HCl (pH 8.0),
followed by an NaCl gradient (0–10 min, 0 M; 10–30 min, 03
0.3 M; 30–105 min, 0.3 3 0.5 M; 105–115 min, 0.5 3 1 M;
115–125 min, 1 M) in 20 mM Tris-HCl (pH 8.0). The flow rate
was 1 ml/min, and 1 ml was collected per fraction. After the
samples were dot-blotted onto a PVDFmembrane, the amount
of polySia in each fraction was determined by the anti-polySia
staining (12E3) of the membrane. The column was calibrated
with colominic acid (authentic polySia from Escherichia coli) as
described (28).
Immunostaining—PVDF membranes were blocked with

phosphate-buffered saline (PBS) containing 0.05% Tween 20
and either 1% bovine serum albumin or 5% skim milk at 25 °C
for 1 h. The membranes were incubated overnight with the
primary antibody, either rabbit polyclonal anti-NCAM (H-300)
(0.2 �g/ml) or anti-polySia antibody (12E3) (1 �g/ml), at 4 °C.
As the secondary antibody, either peroxidase-conjugated anti-
rabbit IgG antibodies (1:4000 dilution) or anti-mouse IgG �
IgM antibodies (1:5000 dilution) were applied to the mem-
branes, and after a 60-min incubation at 37 °C, color develop-
ment was performed using standard reagents.
Frontal Affinity Chromatography (FAC)—The principle of

FAC has been well described (34) and performed according to
the establishedmethod (34, 35). The FAC system consisted of a
JASCO pump (PU-980i), JASCO-UV detector (875-UV), and a
Chromato-PRO integrator (RunTimeCorp., Kanagawa, Japan)
equipped with a column oven (Shimadzu, CTO-6A). Sample
solutions (neurotransmitters) were injected through a Rheo-
dyne-7125 injector equipped with a 2-ml PEEK sample loop to
a polySia- or polySia-NCAM-Fc immobilized column. The flow
rate and the column temperature were maintained at 0.125
ml/min and either 25 or 37 °C, respectively.
HorizontalNative PAGE—BDNF (100ng) in 50mMTris-HCl

(pH 7.5) containing 0.15 MNaCl was incubated with or without
NCAM-Fcs (0–0.9�g) at 37 °C for 2 h. Samples were subjected
to horizontal native PAGE and blotted onto PVDFmembranes.
The EC50 values were determined as described previously (28).
Reverse Transcription-Polymerase Chain Reaction (RT-PCR)—

Total RNA was prepared from SK-N-SH cells using TRIzol
(Invitrogen) according to themanufacturer’s instructions. Ran-
dom-primed cDNA (about 50 ng) and specific primers were
used for the PCR.
Effect of PolySia on Akt Signaling—Human neuroblastoma

SK-N-SH cells were cultured in Dulbecco’s modified Eagle’s
medium (Sigma) supplemented with 0.5 mg/ml streptomycin
sulfate, 100 units/ml penicillinG, and 10% fetal bovine serum in
a 5% CO2 and 95% air humidified atmosphere at 37 °C. For the
assay, cells (3 � 105) were plated in 6-well plates and incubated
for 24 h. Endo-N (0.9 units/ml), boiled Endo-N (0.9 units/ml)
at 100 °C for 10 min, or PBS was then added to the wells, and
the plate was incubated for 1 h. After removing the medium,
the cells were washed, DMEM without serum was added,
and the cells were then incubated for 2 h. DA was then added

at a final concentration of 100 �M, and the cells were incu-
bated further for 0.5, 1, 2, and 16 h. The cells were then
collected with lysis buffer (50 mM Tris-HCl (pH 8.0) contain-
ing 1% Triton X-100; 1 mM PMSF; 1 �g/ml aprotinin, leu-
peptin, pepstatin; 5 mM EDTA; 10 mM sodium pyrophos-
phate; 25 mM glycerophosphate; 10 mM NaF; and 1 mM

Na3VO4) using a cell scraper. Cell homogenates were left on
ice for 1 h and centrifuged at 10,000 � g for 15 min, and the
supernatants were used for Western blot analysis with anti-
polySia (12E3; 1 �g/ml), anti-pAkt (1:750 dilution), and anti-
Akt antibody (1:1000 dilution).
Data Analysis—All values are expressed as the mean � S.D.

RESULTS

In Vitro Enzyme Activities of STX(WT), STX(G421A), and
STX(C621G)

Two point mutants of STX have been recently identified as
SNP7 and SNP9 (27). In SNP7, a point mutation of 421G3A
occurs to give the E141K mutant, STX(G421A), and was iden-
tified from a schizophrenic patient. In SNP9, a point mutation
of 621C3G occurs, resulting in a silent P207P mutant,
STX(C621G), and was observed in both schizophrenic patients
and normal persons. To determine in vitro activities of these
enzymes, the soluble forms of enzymesN-terminally fusedwith
protein A were expressed in CHO cells, and the secreted
enzymes were purified (supplemental Fig. S1). A purified solu-
ble form of NCAM-Fc (supplemental Fig. S1) and 14C-labeled
CMP-Neu5Ac were incubated with the same amount of either
of those enzymes, STX(WT), and PST(WT). As shown in Fig.
1A, the wild-type STX(WT) and PST(WT) showed the activity
to the NCAM-Fc. The enzyme activity of STX(WT) was 3.4-
fold lower than that of PST(WT) (Fig. 1A), consistent with the
previous report that in vitro activity of STX is much lower than
that of PST (31). STX(C621G) showed much the same activity
as STX(WT), whereas STX(G421A) showed dramatically
decreased activity, or 22% of the STX(WT) activity (n � 3, p �
0.00022) (Fig. 1A). Previously, the activity of STXwas shown to
be enhanced in the presence of PST (31), and thenwe examined
the effect of co-incubation of the mutated STX and PST(WT).
As shown in Fig. 1B, although the enzyme activity was not
enhanced by the co-incubation of STX(WT) and PST(WT) in
this experiment, the STX(G421A)/PST(WT) pair displayed
only 20% of the STX(WT)/PST(WT) activity (n � 3, p �
0.00012). Thus, the PST(WT) activity was greatly inhibited by
the STX(G421A). These results suggest that the STX interacts
with PST and that the interaction may be inhibited in the
STX(G421A)/PST(WT) pair, leading to the impaired activity.
No significant effect was observed for the STX(C621G)/
PST(WT) pair. Identical results were obtained in all of the
experiments using the pig embryonic brain homogenate, which
contains intact NCAM, as an acceptor substrate instead of
NCAM-Fc (supplemental Fig. S2).

Enzyme Activities of STX(WT), STX(G421A), and STX(C621G) in
Transfected Cells

For measuring the polysialyltransferase activity, CHO cells
constitutively secreting NCAM-Fc were transfected with a full-
length STX(WT), STX(G421A), or STX(C621G) gene. The
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secreted NCAM-Fcs from those transfectant cells were ana-
lyzed for the polysialylation state by anti-polySia antibody
(12E3) (7, 36) and anti-NCAM antibody (H-300). The relative
activity was expressed as a ratio of the intensity of the immu-
nostaining by anti-polySia to that by anti-NCAM (Fig. 2, A and
B, right panels). As shown in Fig. 2A, NCAMwas polysialylated
by STX(WT) (lane wt).With STX(G421A), however, polysialy-
lation of NCAM dramatically and significantly decreased (lane
g421a) to 7.7%, comparedwith thatwith STX(WT). In addition,
although the reduction was moderate compared with that of
STX(G421A), it also decreased to 61% (n � 3, p � 0.054) with
STX(C621G). Then we asked what happens uponNCAMpoly-
sialylation in STX/PST co-expressing cells. The polySia-
NCAMs secreted from the cells co-expressing the same amount
ofmRNAs for PST(WT) and either STX(WT), STX(G421A), or
STX(C621G) using pBudCE-STX-PST plasmids were charac-
terized by the anti-polySia/anti-NCAM immunostaining ratio
described above (Fig. 2B). The polysialylation of NCAM in the
STX(WT)/PST(WT)-expressing cells was at a level similar to
that in PST(WT)-expressing cells. Therefore, the co-expres-
sion of STX(WT) and PST(WT) appears not to enhance the
NCAM polysialylation compared with PST(WT) alone. How-
ever, the extent of NCAM polysialylation in the STX(G421A)/
PST(WT) cells relative to that in the STX(WT)/PST(WT) cells
was enhanced compared with that in the STX(G421A) relative
to STX(WT) cells (Fig. 2, A and B). Notably, the NCAM poly-

sialylation significantly decreased in the STX(G421A)/
PST(WT) cells (i.e. to 33% (n � 3, p � 0.0011)) compared with
that in the STX(WT)/PST(WT) cells. With the STX(C621G)/
PST(WT) cells, the NCAM polysialylation was enhanced by
23% compared with that with the STX(C621G) singly express-

FIGURE 1. In vitro enzyme activity of polysialyltransferases. A, in vitro
enzyme activity of STX(WT), STX(G421A), STX(C621G), and PST(WT) toward
NCAM-Fc. The enzyme reaction was carried out at 37 °C for 3 h in 10-�l reac-
tion mixtures containing each enzyme, 50 mM MES buffer (pH 6.0), 10 mM

MnCl2, 0.5% Triton CF-54, 10 �M CMP-[14C]Neu5Ac, and NCAM-Fc. A 5-�l ali-
quot was spotted on Whatman 3 MM paper and developed in ethanol, 1 M

ammonium acetate (7:3, v/v), pH 7.5. After air-drying, the amount of incorpo-
rated [14C]Neu5Ac remaining at the origin was determined using a BAS 2000
imaging analyzer (Fuji Film, Tokyo, Japan). The data are expressed as the
mean � S.D. (error bars), with at least 3 replicates/experiment. The relative
activity of each polysialyltransferase was determined by comparing with the
activity of STX(WT), which was set to 100%. ***, p � 0.00022 (�0.001). B, in
vitro enzyme activity of STX(WT), STX(G421A), and STX(C621G), in the pres-
ence of PST(WT), toward NCAM-Fc. The data are expressed as the mean �
S.D., with at least 3 replicates/experiment. The relative activity of each pair of
polysialyltransferases was determined by comparing to the activity of
STX(WT)/PST(WT), which was set to 100%. ***, significance at p � 0.00012
(�0.001). �, presence of enzyme. ��, presence of enzyme in a double
amount. �, absence of enzyme.

FIGURE 2. PolySia formation on NCAM by STX(WT), STX(G421A), and
STX(C621G) in the absence and presence of PST(WT) in the transfected
cells. A, polySia-NCAM-Fc secreted from CHO cells stably expressing
NCAM-Fc and each of STX(WT), STX(G421A), or STX(C621G) was purified from
the culture medium. The purified polySia-NCAM-Fc was subjected to Western
blotting with anti-polySia (12E3) and anti-NCAM (H-300). The relative inten-
sity of polySia-NCAM immunostainings was densitometrically determined.
The data are expressed as the mean � S.D. (error bars), with 3 replicates/
experiment. The relative intensity for STX(WT) was set to 100%. ***, signifi-
cance at p � 0.00075 (�0.001). B, polySia-NCAM-Fc secreted from CHO cells
stably expressing NCAM-Fc and each pair of PST(WT) and STX(WT),
STX(G421A), or STX(C621G) was purified from culture medium and subjected
to Western blotting as described in A. The relative intensity of the STX(WT)/
PST(WT) pair was set to 100%. **, significance at p � 0.0011 (�0.01). �, pres-
ence of enzyme. �, absence of enzyme.
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ing cells. However, it was nearly equal to the case with the
STX(WT)/PST(WT) cells (Fig. 2B).

Chemical Characterization of PolySia-NCAM Synthesized by
STX(WT), STX(G421A), and STX(C621G)

The polySia-NCAM-Fcs secreted from the cells expressing
STX(WT), STX(G421A), or STX(C621G)were analyzed for the
chain length of polySia by the fluorometric C7/C9 analysis. This
assay includes periodate oxidation of polySia-NCAM, subse-
quent reduction, hydrolysis, and fluorescent labeling, followed
by the fluorometric HPLC analysis. A non-reducing terminal
sialic acid residue gives C7-Neu5Ac, or C7, whereas internal
residues of �2–8-linked polySia remain unchanged as
C9-Neu5Ac, or C9. Thus, the C9/(C7 � C9) ratio basically
reflects the chain length of polySia (33). The results are sum-
marized in Table 1. The C9/(C7 � C9) ratios of polySia-NCAM
synthesized by STX(G421A) and STX(C621G) were 0.31 and
0.34, respectively. These values were lower than that of
STX(WT), suggesting that the chain length of polySia synthe-
sized by the mutant enzymes are shorter than that by
STX(WT). In particular, a significant decrease in the C9/(C7 �
C9) ratio was observed for the STX(G421A)-derived polySia
(p � 0.042). These values were lower than that of STX(WT),
suggesting that the chain length of polySia synthesized by the
mutant enzymes is shorter than that of polySia synthesized by
STX(WT). In particular, an obvious decrease in the C9/(C7 �
C9) ratio was observed for the STX(G421A)-derived polySia.
The purified polySia-NCAM-Fcs were further subdivided into
two fractions, the 0.3 and 0.4 M fractions, by DEAE-Sephadex
A-25 chromatography with sequential elutions with 0.3 and 0.4
M NaCl. Although both fractions contained polySia-NCAM,
the polySia immunostaining of the 0.4 M fraction was much
stronger than that of the 0.3 M fraction, when the immuno-
staining for polySia (12E3) and NCAM (H300) and the silver
staining were carefully compared (see supplemental Fig. S3 for
the STX(WT)-derived polySia-NCAM). The 0.3 and 0.4 M frac-
tions derived fromSTX(WT)-, STX(G421A)-, or STX(C621G)-
expressing cells were also subjected to the fluorometric C7/C9
analysis (supplemental Table S2). The C9/(C7 � C9) ratios for
the 0.4M fractions (0.62–0.70)were larger than those for the 0.3
M fractions (0.42–0.55) in any STX-derived polySia-NCAMs,
indicating that the 0.4 M fractions contain longer polySia than
the 0.3 M fractions. In both fractions, the C9/(C7 � C9) ratios
of the STX mutant-derived polySia were 1.1–1.3-fold lower
than those of STX(WT)-derived polySia. These results indicate
that the STX mutants synthesize shorter polySia chains than
STX(WT).

The polysialylation state was also evaluated by applying the
same amount of NCAMs derived from two mutant STXs and a

wild-type STX to an anion exchange HPLC.With this method,
the NC can be indirectly determined based on the relationship
between the elution position andNC of a polySia chain (28). As
shown in Fig. 3, the predominant form of STX(WT)-derived
polySia-NCAMwas eluted at 0.451 MNaCl, which corresponds
toNCof 114. The dominantNC for STX(C621G)-derived poly-
Sia-NCAMwas 106 (0.446 MNaCl), which is slightly lower than
that for STX(WT)-derived polySia-NCAM. The STX(G421A)-
derived polySia-NCAMwas eluted as two broad peaks withNC
of 86 and 99 (0.430 and 0.440 M NaCl, respectively). These
results indicate that the amount of polySia is reduced in
STX(G421A)- and STX(C621G)-derived NCAM, compared
with in STX(WT)-derived NCAM. The reduction of polySia
amount is more prominent for STX(G421A) than for
STX(C621G).
Taken together, it is concluded that the amount and chain

length of polySia on NCAM synthesized by STX(G421A) are
lower and shorter than that of STX(WT), respectively. This is
consistent with the results obtained in the in vitro enzyme
activity assay. Interestingly, the silentmutant STX(C621G) also
synthesized polySia with a lower amount and shorter DP than
STX(WT), inconsistent with the finding that both STXs
showed a nearly identical in vitro activity (Fig. 1).

BDNF-retaining Activity of PolySia-NCAM Synthesized by
STX(WT), STX(G421A), and STX(C621G)

Recently, we demonstrated that polySia directly binds to
BDNFand other neurotrophins and proposed a new function of
polySia as a reservoir of neurotrophic factors that are involved
in the psychiatric disorder andmemory (28). The BDNF gene is
recognized as one of the causative genes of schizophrenia (21).
Therefore, we asked how the BDNF-retaining activity was
affected in polySia-NCAM synthesized by the two STX
mutants. The binding between polySia-NCAM and BDNF was

TABLE 1
Fluorometric C7/C9 Analysis of NCAM-Fc

Enzymes (STX) C9-Neu5Acyla C7Neu5Acyla Neu5Aca C9/(C7 � C9)

NCAM-Fc(wt) 8.63 � 2.78 13.6 � 0.283 22.2 � 2.96 0.39 � 0.078
NCAM-Fc(g421a) 4.91 � 1.14 11.0 � 1.06 14.5 � 1.98 0.31 � 0.071b

NCAM-Fc(c621g) 5.86 � 0.643 12.1 � 2.28 18.0 � 2.12 0.34 � 0.084
a Molar ratio analyzed with 1 mol of polySia-NCAM-Fc (�Mr(avr)� � 200 kDa; see
Fig. 2B).

b p � 0.05 (compared with wild type).

FIGURE 3. Mono Q anion exchange chromatography of polySia-NCAM-Fc
synthesized by each STX/PST pair. polySia-NCAM-Fc secreted from CHO
cells stably expressing NCAM-Fc and each of STX(WT), STX(G421A), or
STX(C621G) in the presence of the PST(WT) was collected from culture
medium using a protein G-Sepharose column and subjected to Mono Q anion
exchange chromatography. The NaCl gradient is indicated in the graph by
the dotted line. The eluate was collected and dot-blotted onto PVDF mem-
brane, followed by immunostaining with anti-polySia (12E3) antibody. The
polySia staining exhibited by each sample prior to anion exchange chroma-
tography was set equal to 1.0. The 12E3-relative activity shows the amounts
of polySia in each fraction. f, polySia-NCAM-Fc derived from STX(WT); F,
polySia-NCAM-Fc derived from STX(G421A); Œ, polySia-NCAM-Fc derived
from STX(C621G). The relationship between NC and the NaCl concentration
at which polySia-NCAM-Fc was eluted is indicated in the figure. The relation-
ship with log(NC) and NaCl concentration was already confirmed (28).
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measured by the horizontal native PAGE, and the complex of
polySia-NCAM and BDNF migrated toward the anode region.
The amount of BDNF in the cathode region was titrated
with the purified polySia-NCAM derived from STX(WT),
STX(G421A), and STX(C621G) (Fig. 4). The EC50 was calcu-
lated as the concentration of polySia-NCAM that titrated 50%
of the 100 ng of BDNF, and the EC50 for polySia (colominic
acid) with an average DP of 43 was well characterized to be
7.2 � 10�7 M (28, 29). The EC50 values for the STX(WT)- and
STX(G421A)-derived polySia-NCAMs were 8.4 � 10�8 and
5.8 � 10�7 M, respectively, indicating that the STX(G421A)-
derived polySia-NCAM showed 7-fold lower binding affinity
than STX(WT)-derived polySia-NCAM (Fig. 4, middle panel
versus top panel). The EC50 for the STX(C621G)-derived poly-
Sia-NCAM was low but not as low as for the STX(G421A)-
derived polySia-NCAM (2.4 � 10�7 M). Based on these results,
it is clear that STX(G421A)- and STX(C621G)-expressing cells
produce polySia-NCAM with lower affinities for BDNF than
the polySia-NCAM produced by wild-type STX-expressing
cells.

DA-binding Function of PolySia

Measurement of the Binding between PolySia and Neu-
rotransmitters by FAC—Several neurotransmitters, including
DA, are known to be deeply involved in schizophrenia (19, 20,
37). PolySia is known to occur in certain synaptic clefts between
neurons (38, 39). These facts led us to ask if polySia can directly
bind neurotransmitters at synapses. To analyze the interaction
between polySia and neurotransmitters, the FAC (34, 40) on

polySia-immobilized columns was performed for three typical
types of neurotransmitters and their precursors as analytes: cat-
echolamines, histamine, and serotonin. Prior to the analyses,
we tested severalmaterials with these polySia-immobilized col-
umns and several non-binding materials to evaluate their flow-
through properties (33, 40) and selected acetylcholine as a non-
binding standard molecule. For the analysis, we first used a
polySia column immobilized via the reducing terminal endwith
Affi-Gel-102 and examined the interaction with each of the
neurotransmitters in PBS (pH 7.2) at 25 °C (Fig. 5). It was
observed that polySia interacted with the catecholamines, DA,
norepinephrine, and epinephrine (Fig. 5A). The Kd values cal-
culated from the elution profiles (33, 40) are summarized in
Table 2. The Kd values were obtained for DA (17.9 � 0.4 �M),
norepinephrine (11.3 � 0.3 �M), and epinephrine (12.7 � 0.6
�M). However, polySia did not interact with tyrosine, the pre-
cursor of catecholamine. No interactions of polySia with hista-
mine and its precursor histidine (Fig. 5B) or with serotonin and
its precursor tryptophan (Fig. 5C) were observed either. Thus,
the positively charged materials do not always bind polySia,
indicating that the observed binding is not due to electrostatic
interactions. This indication was confirmed by the finding that
the interaction between disialic acid, which is found on b-series
gangliosides, and catecholamines was below the limit of detec-
tion (supplemental Table S3). Therefore, it was concluded that
the net negative charge of polySia was not important in the
interaction with the catecholamines. Because polySia is known
to exist in a helical form,we thought that this conformationwas
required for DA binding. To gain insight regarding this specu-
lation, polySia was immobilized to Affi-Gel-Hz via its non-re-
ducing terminal end after periodate treatment in order to retain
the helical structure of polySia (41). The column thus prepared
is shown to retain the helical structure of polySia, because it
could retain anti-polySia antibody H.46 that binds to polySia
with DP 10 or greater, which are known to take helical confor-
mations (42). With this column, polySia also retained cat-
echolamines with almost the sameKd values as those of polySia
immobilized through the reducing terminal end (supplemental
Table S3). These results clearly demonstrated that polySia can
bind to the catecholamines DA, norepinephrine, and epineph-
rine, suggesting that the helical form of polySia is important for
this interaction.
DA Binding Activity of PolySia-NCAM Synthesized by

STX(WT), STX(G421A), and STX(C621G)—After demonstrat-
ing the new feature of polySia that has affinity for DA, we
attempted tomeasure theKd values of DAwith polySia-NCAM
synthesized by STX(WT), STX(G421A), and STX(C621G). The
polySia-NCAM-Fcs were immobilized with protein G-Sephar-
ose to be analyzed for DA binding by FAC. As shown in Fig. 6A,
an interaction between DA and STX(WT)-derived polySia-
NCAM with a Kd of 8.8 � 0.2 �M was observed. However, the
binding of DA with STX(G421A)-derived polySia-NCAM was
not detected (Fig. 6B), demonstrating that the DA-binding
function of polySia was impaired. The Kd of STX(C621G)-de-
rived polySia-NCAM (17 � 2.1 �M) was 2-fold lower than that
of wild type-derived (Fig. 6C) but not as low as STX(G421A)-
derived polySia-NCAM.

FIGURE 4. Interaction between polySia-NCAM and BDNF. Top, titration of
BDNF with STX(WT)-derived polySia-NCAM (7–900 ng as BSA); middle, titra-
tion of BDNF with STX(G421A)-derived polySia-NCAM (7–900 ng as BSA); bot-
tom, titration of BDNF with STX(C621G)-derived polySia-NCAM (7–900 ng as
BSA). The principle of this method was well described (28). The calculated
EC50 values are indicated below each gel. �, anode region; �, cathode region;
	, loaded position. The BDNF-polySia-NCAM complex is boxed by a dotted
line.
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Effects of PolySia-NCAM on DA Signaling

Togain insight into the effects of polySia onDAsignaling, the
phosphorylation of Akt was investigated because the impair-

ment of Akt signaling is one of the striking phenomena
observed in schizophrenia (37) and schizophrenia-causing
gene-disrupted cells and animals, such as DISC1 deficiency
(43). Because SK-N-SH human neuroblastoma cells endoge-
nously express polySia-NCAM and DA receptor D2 (D2DR)
(Fig. 7A), these cells were treatedwith orwithout polySia-cleav-
ing enzyme, Endo-N, and also with boiled Endo-N to exclude
the possible effects of contaminants or the direct effects of
Endo-N itself. As shown in Fig. 7B, about 90% of polySia disap-
peared after Endo-N treatment (Endo-N(�)), whereas the
majority of polySia (75%) remained unchanged after boiled
Endo-N treatment (bEndo-N(�)). In the presence or absence of
polySia-NCAM on the cell surface, DA was used to treat cells
for 0–120 min, and the phosphorylation of Akt was analyzed.
Akt phosphorylation showed a decrease between 30 and 120
min after DA stimulation in the absence of polySia-NCAM on

FIGURE 5. Interaction between polySia and selected neurotransmitters as measured by frontal affinity chromatography. A, elution profiles of various
catecholamines after passing through columns with immobilized polySia. B, histamines. C, serotonins. The neurotransmitters were dissolved in PBS at con-
centrations of 10 �M (blue), 20 �M (pink), and 30 �M (yellow). Two ml of each solution was applied to the column (126 �l) through a 2-ml loop at a flow rate of
0.125 ml/min at 25 °C. Each elution pattern is superimposed on that of acetylcholine (black). The Kd values obtained by three independent experiments are
summarized in Table 2.

TABLE 2
Kd value between various neurotransmitters and polySia

Neurotransmitters and their precursors Kd (M)

Catecholamine
Tyrosine —a

Dopamine 17.9 � 10�6 � 0.4 � 10�6

Norepinephrine 11.3 � 10�6 � 0.3 � 10�6

Epinephrine 12.7 � 10�6 � 0.6 � 10�6

Histamine
Histidine —
Histamine —

Serotonin
Tryptophan —
Serotonin —

a —, Kd value could not be measured because of weak interaction.
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the cell surface (Endo-N(�)), compared with non-treated cells
(Endo-N(�)) (Fig. 7C). The result obtained after the treatment
with boiled Endo-N was nearly identical to that of Endo-N(�),
suggesting that polySia-NCAM, especially polySia structure, is
involved in alteration of DA signaling through Akt.

DISCUSSION

Polysialic acid has been reported to be involved in schizo-
phrenia and schizophrenia-like symptoms (12, 15, 24–27, 44,
45). In this study, we showed that STX(G421A) that was
reported from a schizophrenic patient exhibited a dramatic
decrease of the activity to 
10–30% in polysialylation of
NCAM, comparedwith STX(WT) (Fig. 1 and supplemental Fig.
S2), indicating that Glu141 near the sialyl motif L region critical
for the substrate CMP-Neu5Ac binding is essential for enzy-
matic activity. Although the x-ray crystal structure of STX has
not been reported, the change of Glu to Lys, which converts the
charge from negative to positive, might lead to the conforma-

tional perturbation of the sialyl motif L. Alternatively, Glu141
may be involved in the interaction of STX with PST. Our
in vitro co-incubation experiments clearly showed that
STX(G421A) inhibited the PST(WT) activity, compared with
STX(WT) (Fig. 1). The NCAM polysialylation was also sup-
pressed in the STX(G421A)/PST(WT) cells compared with the
STX(WT)/PST(WT) cells (Fig. 2). Therefore, STX and PST
may interact with each other if both enzymes co-exist, and the
Glu141 in STX may be involved in regulation of the polysialyla-
tion reaction through the STX and PST interaction.
Unexpectedly, we observed that the amount of polySia

on NCAM from the cells expressing a nonsense mutant
STX(C621G) significantly decreased compared with that from
STX(WT)-expressing cells, although STX(C621G) displayed
nearly identical activity in the in vitro assay. Because the pri-
mary amino acid sequence and the in vitro enzymatic activity of
STX(C621G) are the same as those of STX(WT), the observed
in vivo decrease of polySia on NCAM for STX(C621G) may be
due to frequency of the codon usage of proline. The codonCCG
in STX(C621G) is the least frequent codon for proline in mam-
mals, whereas the codonCCC in STX(WT) is themost frequent
one. For example, a codon usage ratio for CCC in hamsters and
humans is 17 and 19.8 (frequency per thousand), respectively,
whereas that for CCG is only 4.3 and 6.9, respectively, repre-
senting 4- and 2.5-fold reductions in the mutation (see the
CodonUsage Database on theWorldWideWeb). The reduced
codon usage ratios may lower the translational speed due to an
inefficient supply of aminoacyl-tRNAs (46), eventually leading
to a decrease in the in vivo activity. Experiments to demonstrate
this speculation are under way in our laboratory.
The polySia structure on NCAM synthesized by the mutant

STX was also impaired in both quantity and quality (chain
length). These impairments of polySia structure greatly
affected its biological functions. One function that we focused
on is the BDNF-retaining ability, which was recently demon-
strated by us (28). Provided that the quality and quantity of
polySiamight be impaired in a patient expressing STX(G421A),
impaired polySia expression may lead to the development of
schizophrenia, through the reduction of BDNF in themicroen-
vironment near BDNF receptors. Previously, we demon-
strated that glycosaminoglycans like heparan sulfate and
chondroitin sulfate also have the ability to bind BDNF (29).
The local concentration of BDNF in the microenvironment
may also be regulated by such glycosaminoglycans. It is thus
interesting to reveal a functional relationship between poly-
Sia and glycosaminoglycans.
In this study, we first demonstrated a catecholamine-retain-

ing activity as a new function of polySia using the FAC tech-
nique and showed that this activity is completely impaired in
the STX(G421A)-derived polySia-NCAM. These findings are
significant in two ways. First, this is the first application of FAC
to a quantitative analysis of the glycan-small molecule interac-
tions. Second, our FACanalyses successfully demonstrated that
polySia binds catecholamines, including DA, norepinephrine,
and epinephrine. PolySia structure and the catechol backbone
might interact with each other specifically. Based on these
observations, polySia may possibly regulate the local concen-
tration of catecholamine around the polySia-NCAM via the

FIGURE 6. Interaction between polySia-NCAM and DA measured by fron-
tal affinity chromatography. Elution profiles of DA after application to a
column of immobilized STX(WT)-derived polySia-NCAM (A), STX(G421A)-de-
rived polySia-NCAM (B), and STX(C621G)-derived polySia-NCAM (C). DA was
dissolved in PBS at concentrations of 10 �M (blue), 20 �M (pink), and 30 �M

(yellow), and 2 ml of each solution was applied to the column (126 �l) through
a 2-ml loop at a flow rate of 0.125 ml/min at 25 °C. Each elution pattern is
superimposed on that of acetylcholine (black). The Kd values of STX(WT)- and
STX(C621G)-derived polySia-NCAM were 8.6 and 19 �M, respectively. The Kd
value of STX(G421A)-derived polySia-NCAM could not be calculated.
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binding or releasing of these molecules. Because the Kd
between polySia and DA (18 �M) (Table 2) and the reported Kd
between DA and D2DR (0.5 �M) (47) are of a similar order, it is
reasonable to speculate that polySia retains and releases these
molecules toward their receptors depending on the difference
betweenKd values and that its balancemight be fine tuned (28).
The polySia-expressing regions in adult brains are typically
restricted to the olfactory bulb and hippocampus (48). In
humans and primates, it is not restricted to the olfactory region
and hippocampus and has also been reported in the prefrontal
cortex, the hypothalamus, and the region around the central
canal of the spine (48). In addition, weakly polySia-immuno-
stained cells are also observed diffusely in non-neurogenic
regions in the brain (48), and tissues other than the brain,
including the heart, have been reported to contain polySia (1,
49). Although the role of polySia in these regions has not
been well demonstrated, the results presented here suggest
that polySia may influence biological signaling through cat-
echolamine binding.
Akt is an important Ser/Thr kinase involved in numerous

signaling cascades downstream of neurotrophic factor and
monoamine receptors. It is also related to the development of
schizophrenia (50). In this study, polySia on NCAM is also
demonstrated to be involved in the Akt signaling through DA.
Without polySia, DA signaling is enhanced to show the sup-
pression of Akt activation, as reported previously (51).

Recently, it was shown that the cytosolic region of NCAM is
associated with D2DR in cells, indicating that polySia-NCAM
and D2DR are in very close proximity, close enough for polySia
to be directly involved in DA signaling (52). The impaired poly-
Sia structures on NCAM in the schizophrenia patient with
SNP-7 in the STX gene or STX(G421A) might lead to impaired
DA signaling, probably because DA directly reaches the recep-
tor without being trapped by STX(G421A)-derived polySia-
NCAM. In this regard, it is interesting to note that excess DA is
often present in themesolimbic system in schizophrenic brains
(53). Recently, it has been clearly demonstrated with polysialic
acid-deficient mice that polysialic acid is dispensable for the
formation of the mesencephalic dopaminergic system (54),
although the polysialic acids are reported to present during
development of the ventral mesencephalone of rats. Therefore,
the DA binding feature of polysialic acid might be involved in
the adult brain function. It is noteworthy that polysialyltrans-
ferase knock-out mice showed impaired social interactions
(55).
PolySia is an important molecule for normal brain develop-

ment. Recently, Angata et al. (56) demonstrated that polySia-
directed migration and differentiation of neural precursors are
essential for mouse brain development. In addition, polySia is
also recognized as a marker of neural stem cells that can still
undergo neurogenesis in adult. Interestingly, neural stem cell
proliferation is decreased in individuals with schizophrenia

FIGURE 7. Effects of polySia expression on DA-induced Akt signaling. A, RT-PCR of STX, PST, NCAM, and D2DR. The cDNA derived from SK-N-SH cells was used
as template for PCR that was performed with specific primers as described in supplemental Table S1. The PCR products were analyzed with 1% agarose gels and
visualized with ethidium bromide. B, phosphorylation of Akt after the DA stimulation. SK-N-SH cells were treated with or without Endo-N (Endo-N(�) or
Endo-N(�), respectively) or with boiled EndoN (bEndo-N(�)). The polysialylation state was analyzed by the immunostaining of polySia (top, polySia). The cells
were then treated with DA for 0, 30, 60, and 120 min, and the homogenates were analyzed by Western blotting with anti-phosphorylated Akt antibody and
anti-Akt antibody (middle and bottom, pAkt and Akt). The immunostainings were densitometrically measured, and the relative ratio of pAkt/Akt was plotted for
each treatment (right): Endo-N(�) (filled squares), Endo-N(�) (filled circles), and bEndo-N(�) (filled triangles). The pAkt/Akt value at 0 min was set to 1.0. The data
are expressed as the mean � S.D. (error bars), with at least 3 replicates/experiment. ** and *, p � 0.01 and p � 0.1, respectively, compared with the case with
Endo-N(�).
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(57). We do not know of a direct relationship of the polySia
expression with the proliferation rate of the neural stem cells in
schizophrenia; however, it is noteworthy that abnormality in
polySia expression is one of the factors leading to schizophrenia
in the neurodevelopmental hypothesis (56). Because schizo-
phrenia is considered to be a complex disease with multiple
factors contributing to pathogenesis (16), the mechanisms by
which polySia is involved in schizophrenia are also likely to be
complex. The quality and quantity of polySia-NCAMmight be
strictly regulated. In this regard, imbalances of the polySia
expression on NCAM due to low activity or altered expression
levels of STX bring about serious consequences for neuronal
function and brain diseases other than schizophrenia, such as
Alzheimer disease (58, 59), Parkinson disease (60, 61), and drug
abuse (62).
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