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Schizophrenia is a highly heritable neuropsychiatric disorder
affecting ~1% of the world’s population. Linkage and associa-
tion studies have identified multiple candidate schizophrenia
susceptibility genes whose functions converge on the glutama-
tergic neurotransmitter system. One such susceptibility gene
encoding p-amino acid oxidase (DAQ), an enzyme that metab-
olizes the NMDA receptor (NMDAR) co-agonist D-serine, has
the potential to modulate NMDAR function in the context of
schizophrenia. To further investigate its cellular regulation, we
sought to identify DAO-interacting proteins that participate in
its functional regulation in rat cerebellum, where DAO expres-
sion is especially high. Immunoprecipitation with DAO-specific
antibodies and subsequent mass spectrometric analysis of co-
precipitated proteins yielded 24 putative DAO-interacting pro-
teins. The most robust interactions occurred with known com-
ponents of the presynaptic active zone, such as bassoon (BSN)
and piccolo (PCLO). The interaction of DAO with BSN was con-
firmed through co-immunoprecipitation assays using DAO-
and BSN-specific antibodies. Moreover, DAO and BSN colocal-
ized with one another in cultured cerebellar granule cells and in
synaptic junction membrane protein fractions derived from rat
cerebellum. The functional consequences of this interaction
were studied through enzyme assay experiments, where DAO
enzymatic activity was significantly inhibited as a result of its
interaction with BSN. Taking these results together, we hypoth-
esize that synaptic p-serine concentrations may be under tight
regulation by a BSN-DAO complex. We therefore predict that
this mechanism plays a role in the modulation of glutamatergic
signaling through NMDARs. It also furthers our understanding
of the biology underlying this potential therapeutic entry point
for schizophrenia and other psychiatric disorders.

Several lines of evidence, including NMDAR?® antagonist
studies, pharmacological intervention at the glycine modula-
tory site, postmortem patient brain analysis, and genetic stud-
ies, implicate NMDAR hypofunction in schizophrenia etiology
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(1). One potential approach for restoring NMDAR signaling is
to increase the concentration of NMDAR co-agonists, such as
D-serine and D-alanine (2-5). Levels of Dp-serine have been
shown to be reduced in the CSF and serum of schizophrenic
patients compared with control subjects (6, 7), which may
reflect an increase in the activity of p-amino acid oxidase
(DAO), the enzyme that catalyzes p-serine and p-alanine deg-
radation (8, 9). Supporting this hypothesis are reports of
increased DAO activity in schizophrenic patients (10-12).

Genetic association of DAO with schizophrenia has been
demonstrated in several (13—17) but not all (18 —21) linkage and
association studies (22). Nevertheless, association studies have
identified several single-nucleotide polymorphisms (SNPs)
within the gene encoding G72, a putative DAO-interacting pro-
tein, which are associated with schizophrenia (14, 15, 17, 23).

Data from DAO functional knock-out mice provide further
support for the role of DAO in schizophrenia (24-27). Mice
with a naturally occurring mutation within the gene express a
functionally inactive form of DAO due to mutation of glycine
181 with arginine (G181R). Studies of these mutant mice sug-
gest that DAO is involved in regulating p-serine levels in vivo
(28 —30), with p-serine concentrations increased approximately
10-fold in the cerebellum and medulla oblongata of mutant
mice compared with wild type mice. Levels of p-alanine, also a
NMDAR co-agonist (4, 5) and substrate for DAO (9), were ele-
vated 4-fold in all brain regions tested in G181R mutant mice
compared with wild type mice (30). The presence of elevated
D-serine and D-alanine levels was accompanied by an increased
occupancy of the NMDAR glycine modulatory site, as demon-
strated by attenuated effects of L-701,324, a NMDAR glycine
site antagonist (25). Moreover, the DAO G181R mutant mice
display behavioral phenotypes consistent with altered NMDA
receptor signaling, including diminution of stereotypy and
ataxia elicited by MK-801 (24) and enhanced spatial learning
and long term potentiation in the hippocampus (26) compared
with wild type mice. Consistent with these data, pharmacolog-
ical inhibition of DAO with AS057278 (5-methylpyrazole-3-
caroboxylic acid), CBIO (6-chlorobenzo[d]isoxazol-3-ol), or
Merck Compound 8 (4H-thieno[3,2-b]pyrrole-5-carboxylic
acid) in rodents increased D-serine levels and enhanced
NMDAR function (31-33). Taken together, modulation of
DAO activity impinges on NMDAR function in a manner that
might be relevant for the treatment of schizophrenia.

DAO expression and distribution has been extensively stud-
ied. DAO expression in humans shows predominant neuronal
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expression in the dorsolateral prefrontal cortex and hippocam-
pus, neuronal and glial expression in substantia nigra pars com-
pacta, and strong glial expression in cerebellum (12). In
rodents, DAO message and protein have been reported in the
same brain regions as in humans (34). On a subcellular level,
DAO was first reported to be localized within liver peroxi-
somes, consistent with the presence of a peroxisomal targeting
sequence located within the DAO polypeptide (35). However,
in the brain, expression may not be limited to peroxisomes
because in samples from rat dorsolateral prefrontal cortex, cer-
ebellum, and hippocampus, DAO exhibits pericellular immu-
nolocalization (12), which does not appear to overlap with per-
oxisomal markers (36). Expression outside of the peroxisome
may have very important consequences for the regulation of
DAO because it exposes the protein to an alternative set of
putative interacting proteins. An extraperoxisomal localization
also suggests an altered function or regulatory role for DAO,
which may be elucidated by the identification of its interacting
proteins.

To identify novel DAO-interacting proteins, we generated a
DAO-specific antibody and conducted co-immunoprecipita-
tion experiments from rat cerebellar detergent extracts. Mass
spectrometric analysis of anti-DAO immunoprecipitates
resulted in the identification of 24 putative DAO-interacting
proteins. Here, we report the identity of these novel DAO-in-
teracting proteins as well as describing an investigation into the
interaction of DAO with bassoon (BSN), a component of the
presynaptic active zone and one of the most abundant proteins
in these immunoprecipitates. Our data suggest a novel localiza-
tion for DAO as a result of its interaction with BSN, which is
likely to be relevant in influencing synaptic b-serine concentra-
tions and in understanding more fully the role of DAO in nor-
mal neuronal function and in disease.

EXPERIMENTAL PROCEDURES

Construction of Expression Plasmids—The open reading
frames of human and rat DAO were amplified by PCR and
cloned into pcDNA3.1 (Invitrogen). To purify hDAO protein,
the cDNA encoding hDAO was cloned into pTYB2 (New Eng-
land Biolabs) with Xbal (5’) and Notl (3’). The EGFP-BSN
95-3938 construct expressed GFP-bassoon under the control
of the CMV promoter (37). The BSN truncation mutants,
including 95— 609, 95-3263, 1692-3263, and 2715-3263, were
amplified by PCR and cloned into fusion to EGFP under CMV
promoter control with HindIII (5') and SaclI (3").

Antibodies—The primary antibodies used in this study for
Western blotting include catalase (Sigma), BSN (StressGen),
PSD-95 (NeuroMab), MAP2 (Sigma), GFP (Clontech), mouse
IgG (Santa Cruz Biotechnology, Inc.), and rabbit IgG (Abcam).
DAO antiserum was generated in rabbits immunized with the
rat DAO peptide **GLWQPYLSDPSNPQEAEWNQQ®® con-
jugated to keyhole limpet hemocyanin (OpenBiosystems). The
DAO antibody was affinity-purified from serum using a DAO
peptide column and by adsorption to immobilized human
DAO (hDAO).

Preparation and Separation of DAO Complexes—Dynal pro-
tein A and G magnetic beads (Invitrogen) were used to capture
rabbit and mouse antibody, respectively, according to the man-
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ufacturer’s instructions. Cerebellar lysate was used from
approximately 6-week-old male Sprague-Dawley rats. The
beads were washed with PBS and/or detergent-containing wash
solutions (modified radioimmune precipitation assay buffer
containing 0.2% SDS and 650 mm NaCl). Samples were resolved
by SDS-PAGE followed by Western blotting using the indicated
primary antibodies. Secondary fluorescent antibodies (Invitro-
gen) were used at a 1:1000 dilution. Blots were imaged with the
Odyssey (Li-Cor, Lincoln, NE).

Mass Spectrometry—Immunoprecipitates were loaded and
separated on 10 -20% Tricine SDS-polyacrylamide gel (Invitro-
gen). Each gel lane was cut into 20 pieces of about 1 X 1 mm?.
Proteins within the gel pieces were digested with trypsin and
extracted from the gel and reconstituted in 20 ul of 2% aceto-
nitrile, 0.1% fatty acid.

An Agilent 1100 nanoflow system connected to a linear ion
trap mass spectrometer (LTQ, ThermoFinnigan) was used for
the mass spectrometric analysis. The peptides were eluted with
a gradient from 4 to 60% solvent B (90% acetonitrile and 0.1%
fatty acid) over 70 min with a flow rate of 250 nl/min. The
fragment ion spectra (MS/MS scan) were acquired in a data-de-
pendent manner in which each fragment ion scan was followed
by consecutive MS/MS scan on the first three most intense ions
from the MS scan.

Maintenance and Transfection of HEK293 Cells—HEK293
were grown at 37 °C with 5% CO, in Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen) containing 10% (v/v) fetal
calf serum (FCS; Invitrogen) and 1% (v/v) penicillin and strep-
tomycin (Invitrogen). Lipofectamine 2000 (Invitrogen) was
used to transform cells according to the manufacturer’s
instructions (Invitrogen). The cells were harvested 24-72 h
post-transfection.

Stable Cell Line Generation—The HEK293 cells were trans-
fected with 10 ug of total plasmid DNA containingan hDAO or
rDAO insert by electroporation (400 V, 250 microfarads ohms).
Transfected cells were cultured in the presence of hygromycin
or G418. Individual colonies were screened for the presence of
recombinant DAO.

Amplex Red DAO Functional Assay—The DAO functional
assays were carried out in 384-well Matrix plates (Thermo Sci-
entific). DAO stable line activity was ascertained in wells con-
taining 20,000 cells/well (in a 30-ul volume), which were incu-
bated at room temperature for 5 min. Subsequently, 10-ul
samples of D-alanine (5 mMm) (VWR International), Amplex Red
(100 pum) (Invitrogen), HRP (1 unit/ml) (Sigma) solutions were
added. Reactions took place in the dark at room temperature
for 30 min. Fluorescent signals were measured with a Victor2
plate reader (PerkinElmer) using 544-nm excitation and
590-nm emission filters.

Subcellular Fractionation Experiments—The subcellular
fractionation procedure was synthesized from three published
methods (38 —40).

Preparation, Culture, and Immunolabeling of Cerebellar
Granule Neurons—Animal handling was in accordance with
appropriate animal welfare regulations as outlined in the Insti-
tutional Animal Care and Use Committee (IACUC) guidelines.
Cerebella were dissected from postnatal day 14—21 rat pups.
The tissue was dissociated using papain solution according to
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the manufacturer’s instructions (Worthington). The cells were
plated at 50,000 cells/24-well poly-p-lysine-coated coverslip
and incubated for 2 weeks in neurobasal complete medium (500
ml of neurobasal medium without L-glutamine, 10 ml of B27
supplement (50X), 0.75 g of KCI, 200 mm glutamine, 6.6 mg/ml
aphidicolin, and 1% penicillin and streptomycin).

The cerebellar granule neurons (CGNs) were fixed with 4%
paraformaldehyde or 100% ice-cold methanol. The cells were
washed with 1% sodium borohydride, permeabilized with 0.5%
Triton X-100 in PBS followed by a 1-h incubation in normal
goat serum (Vector) containing 0.2% Triton X-100. Primary
antibodies were added to the blocking solution at a 1:100 dilu-
tion for 1-3 h. Secondary rabbit and mouse antibodies (Odys-
sey) at 1:200 dilution suspended in the blocking reagent were
then applied to the coverslips for 1 h. The coverslips were
mounted onto slides with ProLong Gold (Invitrogen) and visu-
alized under fluorescence microscopy.

RESULTS

Generation and Characterization of a DAO-specific Antibody—
To generate an antibody that recognizes rat DAO, an immuno-
genic peptide was chosen based on a previously published anti-
body raised against mouse DAO (25). The anti-rat DAO
antibody was affinity-purified from crude serum against the
immunogenic peptide and purified hDAO.

Purified anti-DAO antibody detected two immunoreactive
bands at the expected molecular masses of 37 and 40 kDa in
immunoblots of lysates from HEK293 cells stably expressing
human DAO. A single DAO band at 38 kDa was detected from
rat cerebellum lysates (Fig. 14), the brain region where DAO
has been shown to be expressed at especially high levels (12,41).
In contrast, no immunoreactive bands were detected by anti-
DAO antibody in immunoblots of lysates from untransfected
HEK293 or from rat spleen lysates (Fig. 14), highlighting the
specificity of the purified anti-DAO antibody because DAO is
not expressed in spleen (42). Furthermore, the DAO-specific
signal was completely blocked by preadsorption of 1.4 ug/ml
immunogenic peptide (Fig. 1B). In order to assess the utility of
this anti-DAO antibody for downstream interaction studies, we
also determined that this anti-DAO antibody can specifically
immunoprecipitate DAO from rat cerebellum (Fig. 1C).

Identification of Novel DAO-interacting Proteins—To the
best of our knowledge, there have been no reported DAO-in-
teracting proteins identified to date other than the primate-
specific protein G72 (14). Thus, in order to identify novel DAO-
interacting proteins, we used the anti-DAO antibody to
immunoprecipitate DAO-containing complexes from rat cere-
bellar lysates for mass spectrometric analysis. We initially used
a “PBS-only” washing condition, which resulted in the identifi-
cation of 198 distinct proteins that were co-immunoprecipi-
tated by anti-DAO but not by rabbit IgG or by anti-DAO incu-
bated with 1.4 pg/ml immunogenic peptide (supplemental
Table S1). The latter two control immunoprecipitation condi-
tions did not precipitate DAO from rat cerebellar lysate (Fig.
1C), suggesting that the 198 putative DAO interactors were
specifically co-immunoprecipitated with DAO from rat cere-
bellar lysates. To limit the number of DAO-interacting pro-
teins, the immunoprecipitation experiment was repeated with a
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FIGURE 1. Characterization of a DAO-specific polyclonal antibody. A, an
anti-DAO antibody revealed two immunoreactive bands at ~37 and 40 kDa in
immunoblots of lysates from a stable HEK293 cell line, expressing hDAO (lane
1), but not of control HEK293 lysates (lane 2). The anti-DAO antibody detected
a single immunoreactive band at ~39 kDa in immunoblots of rat cerebellar
lysates (lane 3) but not of lysates from rat spleen (lane 4), the latter of which is
not expected to express DAO. B, when the anti-DAO antibody was preincu-
bated with the immunizing peptide, no immunoreactive bands were
detected in lysates of either the hDAO stable line or rat cerebellum (lanes 1
and 3). G, anti-DAO, covalently coupled to Dynal magnetic beads, immuno-
precipitated (/P) DAO protein from rat cerebellar lysates, as determined by
Western blotting (/B) with anti-DAO antibody (lane 7). In contrast, DAO was
not immunoprecipitated when anti-DAO was preincubated with the immu-
nogenic peptide (lane 2) or when beads were covalently coupled to nonspe-
cificrabbitIgGin place of anti-DAO (lane 3). Rat cerebellar lysate (Input; lane 4)
was used at one-tenth the volume to verify that DAO was present in starting
material. D, DAO and BSN coimmunoprecipitate with one another from rat cer-
ebellar lysates. BSN was immunoprecipitated from rat cerebellar lysates by both
anti-BSN (lane 1) and anti-DAO (lane 3) antibodies but not by nonspecific mouse
(lane 2) or rabbit (lane 4) 1gG controls. DAO was immunoprecipitated from rat
cerebellar lysates by both anti-BSN (lane 7) and anti-DAO (lane 3) antibodies but
not by nonspecific mouse (lane 2) or rabbit (lane 4) IgG controls.

high stringency washing condition utilizing modified radioim-
mune precipitation assay buffer. Under these more stringent
conditions, a total of 24 putative DAO-interacting proteins
were revealed by mass spectrometric analysis (Table 1).

DAO Interacts with Bassoon, a Protein Enriched in the Pre-
synaptic Active Zone—Based on the two immunoprecipitation
experiments, presynaptic active zone proteins, including bas-
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soon (BSN) and piccolo (PCLO) (supplemental Table S1), were
found to be highly enriched among the pool of co-precipitating
proteins because these proteins were represented by the great-
est number of unique and total tryptic peptide fragments as well
as by the largest percentage of protein coverage as revealed by
mass spectrometric analysis of anti-DAO immunoprecipitates
(supplemental Table S2). Of the presynaptic proteins identi-
fied, peptides corresponding to BSN were the most prevalent,
with 29% of the entire BSN protein represented in the DAO
immunoprecipitates, a value very close to that of DAO itself
(30%; supplemental Table S2). This observation suggested that

TABLE 1
DAO interactome

Shown are DAO-interacting proteins retained by the DAO antibody column after
washing with modified radioimmune precipitation assay buffer containing 0.2%
SDS and 650 mm NaCl.

Abbreviation Protein name

DYNCI1H1 Dynein heavy chain

BSN Bassoon

BAT2D1 HBxAg transactivated protein 2

PCLO Piccolo

PRKCG Protein kinase C, y

SNIP SNAP-25-interacting protein

PC Pyruvate carboxylase, mitchondrial

RAPGEF4 Exchange factor directly activated by cAMP 2

CEP97 Centrosomal protein 97

PHYHIP Phyhip protein

MAP1B Microtubule-associated protein 1B

PABPC1 Poly(A)-binding protein, cytoplasmic 1

YLPM1 YLP motif-containing 1

AP1B1 Adopted-related protein complex 1, 1

PPP1CB Protein phosphate 1

CRMP1 Crmpl protein

ERC1 ELKS/RAB6-interacting/ CAST family member

CLINT1 Clathrin interactor 1

DYNLL2 Dynein, light chain

NCOA6 Peroxisome proliferator activater receptor
interacting protein

DSp Desmoplakin 1

CHAINB Chain B, perchloric acid-soluble protein-a
translational inhibitor

HRNR Homeric precursor

PEN1 Profilin 1

Bassoon Truncations

BSN was the most abundant protein present in the immuno-
precipitates, second only to DAO itself (Table 1 and supple-
mental Table S2).

The DAO-BSN interaction was confirmed through mutual
co-immunoprecipitation experiments with DAO- and BSN-
specific antibodies from rat cerebellar lysates (Fig. 1D). To
identify the region of BSN responsible for the interaction with
DAO, arat DAO-expressing stable HEK293 cell line was trans-
fected with cDNAs encoding full-length BSN or selected frag-
ments of BSN fused to GFP at the N terminus (Fig. 2, left). These
BSN constructs (encoding amino acids 95-609, 95-3263,
1692-3263, and 2715-3263), were based on previously identi-
fied BSN functional domains (37). Immunoprecipitation with a
mouse anti-GFP antibody, but not mouse IgG, from the tran-
siently transfected HEK293 lysates resulted in immunoprecipi-
tation of full-length GFP-BSN as well as co-immunoprecipita-
tion of DAO (Fig. 24). DAO did not co-immunoprecipitate
with the BSN fragment composed of amino acids 95— 609, con-
taining the BSN zinc finger domain (Fig. 2B). However, DAO
did co-immunoprecipitate with the BSN fragment composed of
amino acids 95-3263 (Fig. 2C). DAO also co-immmunopre-
cipitated with the BSN fragment composed of amino acids
1692-3263 (Fig. 2D) and with a BSN fragment composed of
amino acids 2715-3263 containing a single coiled-coiled
domain (Fig. 2E). Together, these data suggest that the region of
BSN required for its interaction with DAO is localized between
amino acids 2715 and 3263, containing the third coiled-coil
domain.

DAO Colocalizes with BSN in Cultured Cerebellar Granule
Neurons and in Synaptic Fractions of Rat Cerebellum—The
interaction with BSN, a major component of the presynaptic
active zone, suggested that DAO might colocalize with BSN in
this subcellular compartment. To test this hypothesis, we gen-
erated subcellular fractions from rat cerebellum and immuno-
blotted these fractions with the anti-DAO antibody (Fig. 3).

Q& \QQ 4
Znl Zn2 ccl cc2 cc3 QQ 40\\0 orae' .\,OQ
os(ICI_T71 T 11 T 303 ST N &
NS
GFP
GFP |ﬁ E
A 095 3938 A =l DAO
| GFP
B 95 509 Bg DAO
—— GFP
GFP
C Ces 3263 C | DAO
GFP
GFP ‘
D 1692 3263 D E =—"|DAO

E

2715 3263
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Egy =I0

FIGURE 2. Determination of the DAO-binding domain within BSN. Shown is a schematic BSN diagram depicting the functional domains: double zinc finger
domains (Zn1 and Zn2) and predicted coiled-coil regions (cc1, cc2, and cc3). A stable HEK293 cell line expressing DAO was transfected with either BSN 95-3938
(A), BSN 95-609 (B), BSN 95-3263 (C), BSN 1692-3263 (D), or BSN 2715-3263 (), each fused to GFP at its N terminus. Lysates were subjected to immunopre-
cipitation (/P) with a mouse anti-GFP antibody (lane 3) or nonspecific mouse 1gG (lane 2) and immunoblotted with an anti-GFP antibody (top) or an anti-DAO
antibody (bottom). The combined data suggest that the domain required for the interaction with DAO resides between amino acids 2715 and 3263 of the BSN

polypeptide.
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FIGURE 3. DAO and BSN, but not catalase, cofractionate in a cerebellar synaptic junction membrane protein fraction. A, schematic diagram of the
fractionation protocol employed to determine the subcellular localization of DAO in rat cerebellum. B, DAO is present in a fraction containing synaptic junction
membrane proteins (Sjmp), including PSD-95 and BSN but not catalase. Catalase, a peroxisomal marker, was not detected in the Sjmp fraction even when the
immunoblot was overexposed, confirming that the DAO detected in this fraction is not derived from peroxisomal membranes. Due to a low yield, the Sjmp
sample was loaded at half the amount found in all of the other lanes. SnpF, synaptosomal fraction.

DAO was detected in the synaptic junction membrane fraction
containing both the pre- and postsynaptic markers BSN and
PSD-95, respectively (Fig. 3B), suggesting that DAO and BSN
may colocalize in vivo. The absence of catalase in the synaptic
junction membrane fraction suggested that the DAO found in
this fraction was outside of the peroxisome. This finding is
important in light of the historical association of DAO as a
peroxisomally expressed enzyme (35). BSN, PSD-95, and DAO
were all found in the pure synaptic membrane protein fraction,
without catalase (Fig. 3, lane 9). This suggests that a pool of
DAO may localize outside of the peroxisome at the synaptic
junction, where it may be accessible to interact with BSN
presynaptically.

To further examine DAO localization in relation to BSN, we
compared their localization patterns by immunofluorescence
microscopy in primary cultures of CGNs. DAO appeared to be
localized within the neuronal processes (supplemental Fig.
S1A), with no signal detected in these processes when neurons
were labeled with the secondary antibody alone (supplemental
Fig. S1B) or when the immunogenic peptide was used to block
the purified anti-DAO antibody (supplemental Fig. S1C). Given
that DAO has been reported to be highly localized to the per-
oxisomal compartments, we anticipated partial DAO colocal-
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ization with BSN at the presynaptic active zone. As expected,
when paraformaldehyde-fixed CGNs were double-labeled with
antibodies to both DAO and BSN (Fig. 4), we observed partial
colocalization between DAO and BSN (Fig. 4A, arrows). The
colocalization was retained when CGNs were fixed with meth-
anol, to wash out soluble proteins (Fig. 4B, arrows), suggesting
that DAO is associated with synaptic membranes. These data
suggest that a pool of DAO may be localized to the presynaptic
active zone, by virtue of its colocalization with presynaptically
localized BSN.

BSN Does Not Act as a Scaffold for a DAO-SRR-Asc-1
Complex—Given the interaction between DAO and BSN, we
hypothesized that BSN may act as a scaffolding protein for
DAO, alanine-serine-cysteine transporter-1 (Asc-1), and serine
racemase (SRR) to collectively modulate p-serine release from
the presynaptic termini. To support this hypothesis, Asc-1 and
SRR have been localized to neuronal synapses (43, 44). To
directly test this hypothesis, rat cerebellar lysates were immu-
noprecipitated with the anti-BSN antibody, and the immuno-
precipitates were probed with Asc-1 and SRR antibodies (sup-
plemental Fig. S2); however, neither Asc-1 nor SRR were found
to interact with BSN. Thus, our data suggest that BSN does not
act as a scaffold for the three p-serine-related proteins.
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A [

FIGURE 4. DAO partially colocalizes with BSN in cultured cerebellar granule neurons. CGNs were cultured for 2 weeks, fixed with either paraformaldehyde
(A) or methanol (B), and subjected to double-label immunofluorescence microscopy with rabbit anti-DAO (red) and mouse anti-BSN (green) antibodies. Images
of neuronal processes were collected with a 100X oil immersion objective. Arrows, anti-DAO immunofluorescent puncta that colocalize with that of anti-BSN;
arrowheads, anti-DAO immunofluorescent puncta that do not colocalize with that of anti-BSN. Crossed arrows, anti-BSN immunofluorescent puncta that do not
colocalize with that of anti-DAO. Colocalizing puncta appear yellow in the merged images (right panels). Size bar, 2 um.

BSN Inhibits DAO Enzymatic Activity—W e reasoned that a
specific interaction with DAO might reflect a regulatory role
for BSN as a modulator of DAO functional activity. To test this
hypothesis, we transfected the rDAO stable cell line with cDNA
encoding the aforementioned truncated fragments of BSN and
measured DAO enzymatic activity using Amplex Red. Indeed,
we found that BSN constructs that were previously found to
interact with DAO significantly inhibited DAO enzymatic
activity. Specifically, the full-length BSN and DAO-interacting
BSN fragments 95-3263, 1692-3263, and 2715-3263 (Fig. 2, A
and C-E) led to a 30% reduction of DAO enzymatic activity
when transiently transfected into the rDAO stable line (supple-
mental Fig. S3). GFP and BSN 95-609, which did not co-im-
munoprecipitate with DAO (Fig. 2B), did not alter the enzy-
matic activity of DAO. We were unable to conduct standard
enzymology experiments because we could not produce a suf-
ficient quantity of purified BSN 2715-3263. Therefore, we took
an alternative cell-based approach and carefully titrated cDNA
encoding GFP-BSN 2715-3263, the shortest BSN fragment
retaining the ability to interact with DAO, into the rDAO stable
line. We measured the relative expression level of GFP and
related it back to inhibition of the enzyme (Fig. 5). This BSN
fragment inhibited DAO enzymatic activity in a dose-depen-
dent manner when transiently expressed in the rDAO stable
cell line and, when expressed at a high level, led to a 97% reduc-
tion in DAO activity (Fig. 5). These data suggest that BSN neg-
atively regulates the enzymatic activity of DAO within the pre-
synaptic active zone.

DISCUSSION

Through a co-immunoprecipitation and mass spectrometry
approach, we have identified 24 putative DAO-interacting pro-
teins from rat cerebellum (Table 1). Many of these proteins,
including BSN, PCLO, SNIP, ERC1, and RAPGEF4, are
enriched in the presynaptic active zone (37, 45— 48), suggesting
a subcellular localization for DAO alternative to that of the
widely accepted astrocytic, peroxisome-bound DAO (49 -51).
Our findings are supported by recent observations of DAO
expression 1) in neurons, as exemplified by reports of DAO
expression in Golgi and Purkinje cells of the rat cerebellum (52)
and pyramidal neurons of human hippocampus and cerebral
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FIGURE 5. BSN inhibition of DAO enzymatic activity. A stable HEK293 cell
line expressing DAO was transfected with cDNA encoding GFP-BSN 2715-
3263 at a concentration of 20, 100, or 500 ng/30,000 cells. A, BSN 2715-3263
protein expression increased with increasing cDNA concentrations, as mea-
sured by GFP immunoreactivity on Western blots. Neither DAO nor GAPDH
protein expression was altered by the BSN 2713-3263 expression. B, DAO
enzymatic activity decreased in concert with increasing BSN 2713-3263
expression relative to GFP-transfected DAO HEK293 cells. *, p < 0.05; ***, p <
0.001 by one-way analysis of variance followed by Dunnett’s multiple com-
parison against GFP-transfected cells.

cortex (12), and 2) in the extraperoxisomal space, as exempli-
fied by a pericellular distribution of DAO in the human brain
combined with the lack of an overlap between DAO and perox-
isomal markers in human astrocyte cultures (12, 36). Thus,
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because published reports hint at DAO localization outside of
the peroxisome, we explored an alternative localization for
DAO at the presynaptic active zone by virtue of its interaction
with BSN.

BSN was confirmed to interact with DAO in rat cerebellar
extracts through co-immunoprecipitation combined with
Western blotting using DAO- and BSN-specific antibodies (Fig.
1D). Subcellular fractionation studies of rat cerebellum showed
that DAO is present in the synaptic junction membrane frac-
tion that contained BSN but not catalase (Fig. 3B). This finding
suggests that DAO is localized outside of the peroxisome,
where it was historically believed to be enriched (35). In light of
our immunoprecipitation findings, the fractionation data sug-
gest that DAO may be found in the presynaptic “bouton,” where
it may interact with BSN ix vivo. Immunocytochemistry of cul-
tured CGNs confirmed the localization of DAO in neuronal
processes partially colocalizing with BSN (Fig. 4).

BSN was co-immunoprecipitated with DAO from HEK293
cells expressing both proteins (Fig. 2), suggesting that the two
may directly interact because none of the major members of the
presynaptic active zone are expressed in the HEK293 cells (data
not shown). Whereas the C terminus of BSN consisting of
amino acids 3601-3942 is responsible for an interaction with
many of the other presynaptic active zone proteins (53), the
BSN region spanning amino acids 2715-3263, representing a
predicted single coiled-coil domain, was found to co-immuno-
precipitate with DAO (Fig. 2). This finding suggests that an
interaction of BSN with other members of the presynaptic
active zone would not be disrupted by a DAO-BSN interaction
because it involves a different region of BSN.

The presynaptic cytoskeletal protein matrix, called the
“cytometrix assembled at the active zones” (CAZ) (54), is a spe-
cialized subcellular domain where synaptic vesicles are
anchored and primed prior to membrane fusion and neu-
rotransmitter release (55). BSN and PCLO play a major role in
the organization of the CAZ, probably as scaffolding elements
(38, 56). Some of the CAZ members, including PCLO, have
been shown to be up-regulated, in terms of both mRNA and
protein, in patients with schizophrenia. Although BSN did not
reach statistical significance in this study, the BSN mRNA was
found to be elevated in patients with schizophrenia (57, 58).
Another member of the presynaptic terminus, Asc-1, a D-serine
and p-alanine uptake transporter, plays a major role in synaptic
D-serine/D-alanine clearance in the forebrain and cerebellum
(43, 59-63). The presence of DAO at the CAZ suggests that
some of the reabsorbed p-serine/p-alanine may be metabolized,
further fine tuning their concentration within the synapse and
influencing NMDAR activation. Our findings are important in
light of a recent report of D-serine release from neurons via a
nonvesicular mechanism (64), suggesting that this nonvesicular
pool of D-serine might be readily metabolized by presynapti-
cally localized DAO.

The interaction of DAO with BSN may be especially relevant
in the forebrain, where DAO has been reported to be predom-
inantly expressed in neurons (12, 34, 36, 65). Such expression,
in conjunction with our observation of an inhibitory effect of
BSN on the activity of DAO, may in part explain why the enzy-
matic activity of DAO has been consistently undetectable in the
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forebrain (66, 67). We found that a fraction of the total DAO
partitions to the CAZ (Figs. 3 and 4) and that a molar excess of
BSN is required for complete inhibition of DAO enzymatic
activity (Fig. 5). Because BSN is predominantly found within the
active zone (37), it is likely to be in molar excess to DAO, result-
ing in an inhibitory effect on the DAO enzymatic activity. In the
hindbrain, however, where DAO is more likely to be expressed
in glia rather than in neurons, BSN would not be expected to
influence the activity of DAO because BSN expression has not
been detected in glia. In fact, within the brain, DAO activity is
most robust in hindbrain when compared with all other brain
regions (10, 41, 67— 69).

Aloss of the inhibitory effect of BSN on neuronal DAO activ-
ity may also explain observations made in BSN functional
knock-out mice (70). These mice express a fragment of BSN
that lacks amino acids 505-2889, a region that partially over-
laps with the DAO binding site identified in the present study
(Fig. 2). Moreover, this BSN fragment only partially partitions
(between 10 and 30%) with the synaptic protein fraction.
Reduced long term potentiation in striatal medium spiny neu-
rons of the BSN mutant mice has been observed (71). Because
long term potentiation requires an activation of NMDAR (72),
it is tempting to speculate that presynaptic DAO, in the absence
of the inhibitory influence of BSN, as would be the case in these
BSN mutant mice, is functionally overactive, metabolizing syn-
aptic b-serine/D-alanine and resulting in NMDAR hypoactivity.
Other alternatives for the altered LTP in the BSN functional
knock-out mice exist, including, for example, an altered
NMDAR expression.

The functional importance of our finding that DAO enzy-
matic activity is inhibited by BSN remains unknown. Nonethe-
less, given the role of D-serine as an NMDAR co-agonist (73), a
model whereby DAO, localized to the presynaptic active zone,
is inhibited by colocalizing BSN may hold important implica-
tions for the maintenance of healthy synapses. According to
this model, the levels of synaptic D-serine/p-alanine would
probably be influenced by the interplay of DAO and BSN
because our findings show that DAO is poised to impact pre-
synaptic concentrations of these obligatory co-agonists. The
altered synaptic D-serine/D-alanine levels due to unbalanced
interaction of DAO and BSN may manifest as of psychotic
symptoms because of modified NMDAR activation.

The precise role DAO plays at the presynaptic active zone is
also unknown. For example, it has not yet been determined if
presynaptically localized DAO is enzymatically active or
whether this activity is modulated by an interaction with BSN in
vivo. However, our studies are consistent with a model whereby
BSN might play an important homeostatic role, inhibiting
excessive DAQO activity at the presynaptic active zone.
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