Regulation of Serine Racemase by FBX022

X-100, 100 ug/ml bovine serum albumin, 200 mm NaCl, and
protease inhibitor mixture. After 2 h under rotation at 4 °C, the
samples were washed five times with PBS supplemented with
0.2% Triton X-100. Bound SR was analyzed by SDS-Page and
Western blot analysis with a rabbit anti-SR serum (1:1000)
characterized previously (8).

Preparation of FBX022 Deletion Mutants—To delete the
F-box region (AFBX022 construct), we carried out PCR with
PfuUltra high fidelity (HF) polymerase (Agilent) using primer
pairs flanking the F-box region (between amino acids 20 and
68). The primers were as follows: primer 1, 5° CGCGGCT-
CCTCCGTAGACCCGCGGAGCACCTGGATCTCCGCA-
GGC 3, corresponding to amino acids 11-20 fused with amino
acids 68 —74; primer 2, 5’ ATAAGAATGCGGCCGCTTATT-
TAGATGACCCCAG 3', complementary to the C-terminal
region of FBXO22b with a restriction site for the NotI enzyme.
After gel purification, the Sall site and amino acids 1-10 were
inserted by PCR with primer 3 (5" ACGCGTCGACCATGG-
AGCCGGTAGGCTGCGGCGAGTGCCGCGGCTCCTCC-
GTA 3') and primer 2. The sequence was verified by double-
stranded DNA sequence, and the desired product was inserted
into the appropriate pRK5 plasmids.

Cell Culture and Transfection—HEK293, SH-SY5Y, or A172
cells were cultured in DMEM containing 10% FBS, antibiotics
(penicillin, 100 units/ml; streptomycin, 0.1 mg/m}; and ampho-
tericin B, 0.25 pg/ml) and 4 mM glutamine. Cells were plated on
6-well tissue culture plates (Nunc) and transfected after 24 h at
70-90% confluence using Lipofectamine 2000 {Invitrogen)
with the indicated DNAs. Transfection of A172 cells was car-
ried out without FBS or antibiotics. Cells were harvested 48 -72
h post-transfection. Transfection of siRNA was carried out with
100 nm siRNA using Lipofectamine 2000 according to the spec-
ifications of the manufacturer, and cells were harvested 72 h
after transfection. FBX0O22 siRNA (Sigma), referred to as
siRNA-988, consisted of 5" GCCAUAAGAGAGCAAGGAA 3'.

Coimmunoprecipitations and Western Blot Analysis—
HEK293A cells were cotransfected with Myc-FBX022a and
either HA-SR or HA-glucosamine 6-phosphate deaminase
(GNPDA). Thirty-six hours after transfection, cells were lysed
by gentle sonication in 20 mm Tris-HCl (pH 7.4), 1 mm EDTA,
30 uMm MG132, 300 mm NaCl, and protease inhibitor mixture.
After sonication, Triton X-100 was added to 1% final concen-
tration, and the suspension was cleared by centrifugation at
16,000 X gfor 10 min. Myc-FBXO22a was immunoprecipitated
by adding anti-Myc matrix (Sigma) for 2 h under rotation at
4 °C. After washing six times with high stringency buffer con-
sisting of 20 mM Tris-HCI (pH 7.4), 300 mm NaCl, and 1% Tri-
ton X-100, the immunoprecipitates were analyzed by SDS-
PAGE and Western blot using mouse anti-HA 1:1000 (Sigma)
and rabbit anti-Myc 1:500 (Sigma). Coimmunoprecipitation of
SR and FBXO22b was carried out essentially as described
above, except we employed overnight incubation with anti-HA
matrix and 400 mm NaCl instead of 300 mum in the washing
steps to prevent nonspecific binding.

To investigate the interaction of FBXO22 with the SCF com-
plex, HEK293 cells were transfected with Myc-FBX022b, Myc-
FBXO22b A20-67, or Myc-FBXO22a. Thirty-six hours after
transfection, MG132 (30 um) was added for 12 h, and cells were
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lysed by gentle sonication in buffer containing 50 mm Tris-HCl
(pH 7.4), 1 mm EDTA, 10% glycerol, 30 um MG132, 140 mm
NaCl, and protease inhibitor mixture. Then Nonidet P-40 was
added to 1% final concentration, and the suspension was
cleared by centrifugation for 10 min at 16,000 X g at 4°C.
Immunoprecipitation was performed with anti-Myc matrix
(Sigma) for 3 h at 4 °C. The beads were washed six times with 50
mM Tris-HCl (pH 7.4), 10% glycerol, 140 mm NaCl, and 1%
Nonidet P-40. The Western blot was probed using mouse anti-
Cull 1:500 (BD Biosciences), mouse anti-Skp1 1:500 (BD Bio-
sciences), and mouse anti-Myc 1:2500 (Sigma).

For the endogenous interaction of SR with FBX022, rat
brains were homogenized using a glass homogenizer with 5
volumes of 50 mm Tris-HCl (pH 7.4), 140 mm NaCl, 1% CHAPS,
30 uM MG132, and protease inhibitor mixture. The homoge-
nate was cleared by centrifugation at 30,000 X g for 20 min at
4.°C. 10 pg of purified anti-SR and rabbit normal IgG was cou-
pled to protein G-agarose using dimethylpimelimidate (Sigma)
as described previously (32) and incubated for 12 h with rat
brain homogenate at 1.5 mg/ml. The immunoprecipitate was
washed six times with 50 mum Tris-HCl (pH 7.4), 140 mum NaCl,
and 0.5% CHAPS, and the coimmunoprecipitation was
revealed with mouse anti-FBX 022 (1:100, Santa Cruz Biotech-
nology) and rabbit anti-SR serum (1:1000).

To investigate whether SR associates with SC
we employed conditions as described previously (33), with
slight modifications. HEK293 cells were cotransfected with
HA-hFBXO022a and Myc-KDM4A or Myc-SR. Forty-eight
hours post-transfection, cells were lysed for 30 min on ice in
buffer containing 50 mm Tris-HCl (pH 7.4), 150 mM NaCl, 1 mm
EDTA, 0.2% Nonidet P-40, and protease inhibitor mixture
{Mini Complete, Roche Diagnostics). The lysate was cleared by
centrifugation at 14,000 X g for 10 min, and the immunopre-
cipitation was carried out using anti-Myc matrix (Sigma). After
washing six times with lysis buffer, the samples were analyzed
by SDS-PAGE and Western blot. In some experiments, HA-SR
of HA-FBX022a was cotransfected with either mouse Cull or
mouse Skpla in the pCMV-Sport6 vector (GE Healthcare), and
coimmunoprecipitations were carried out as described above.
To quantify the Western blots, the densitometry of the bands
were calculated at the linear phase and divided by B-tubulin in
each lane.

In Vivo Ubiquitination—HEK293 cells were transfected with
FLAG-ubiquitin, HA-SR, and either GFP or Myc-hFBX022a in
the pRK5 plasmid. Twenty-four hours after transfection, cells
were incubated with 30 um MG132 for 12 h. Immunoprecipi-
tation was carried out as described previously (34), with some
modifications. Briefly, the cells were lysed by sonication in
medium containing 10 mum Tris-HCl (pH 7.4), 1 mm EDTA, 20
mM N-ethylmaleimide, and protease inhibitor mixture. Subse-
quently, SDS was added to 1% final concentration, and the sam-
ples were boiled for 5 min. This was followed by a 10-fold dilu-
tion in buffer containing 20 mum Tris-HCl (pH 7.4), 2% Triton
X-100, 0.5% deoxycholate, 1 mm EDTA, 100 mm NaCl, and
protease inhibitor mixture. After centrifugation at 16,000 X g
for 10 min to remove any insoluble material, the inmunopre-
cipitation was carried out with anti-HA affinity matrix, and the
immunoprecipitates were washed six times with 20 mm Tris-
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HCI (pH 7.4), 200 mM NaCl, 0.5% deoxycholate, 0.1% SDS, and
1% Triton X-100. Subsequently, FLAG-ubiquitin-SR conju-
gates were revealed with rabbit anti-FLAG (1:1000), and total
immunoprecipitated SR was monitored with mouse anti-HA
(1:1000).

Pulse-Chase Experiments—Half-life experiments were car-
ried out as described previously (35), with the following modi-
fications. HEK293 cells were transfected with HA-SR and
hFBX022a, hFBX022b, or GEP at a SR/hFBXO22 cDNA ratio
of 1:14. Forty-eight hours after transfection, the medium was
replaced by DMEM lacking methionine/cysteine (Sigma) for
1 h. Then the cells were pulsed with methionine/cysteine-free
medium containing 100 uCi of [**S]methionine/cysteine
(PerkinElmer Life Sciences) for 70 min and subsequently
chased in complete DMEM. At the specified times, the cells
were harvested and lysed in buffer containing 20 mm Tris-HCI
(pH 7.4), 0.3 M NaCl, 1% Triton X-100, 30 um MG132, and
protease inhibitors (Mini-complete, Roche Diagnostics).
Immunoprecipitation of HA-SR was carried out with anti-HA
affinity matrix (Covance), and the immunoprecipitates were
washed six times with radioimmune precipitation assay buffer.
The samples were resolved on SDS-PAGE gels, transferred to
nitrocellulose membranes, and quantified by PhosphorImager
analysis. The amount of immunoprecipitated HA-SR was
checked by Western blot analysis, followed by densitometry of
the chemiluminescent signal.

Brain Subcellular Fractionation—Brains of SR-KO mice (23)
and WT controls were homogenized using a glass homogenizer
with 5 volumes of 50 mm Tris-HCl (pH 7.4), 140 mM NaCl, 0.2%
Triton X-100, 0.32 M sucrose, 1 mm MgCl,, 1 mm potassium P,
and Mini Complete (Roche Diagnostics). The homogenate was
centrifuged at 1250 X g for 10 min at 4 °C to yield crude nuclear
fraction (P1) and supernatant 1 (S1). After two washes by cen-
trifugation in homogenization buffer, P1 was suspended in 2 M
sucrose, layered over a 2.4 M sucrose cushion, and centrifuged at
53,000 X g for 75 min at 4 °C to yield a purified nuclear pellet
(36). For obtaining the cytosolic fraction, the S1 fraction was
centrifuged at 200,000 X g for 30 min to remove membranes.

For subcellular fractionation of A172 cultures, the cells were
lysed by three freeze and thaw cycles in buffer containing 20 mm
Tris-HCl (pH 7.4), 100 mum NaCl, and protease inhibitor mix-
ture. An aliquot of the homogenate was put aside, and the
remaining lysate was centrifuged at 1500 X g for 10 min (4 °C)
to give a supernatant and crude nuclear pellet. P1 was washed
twice by centrifugation and purified further to produce a puri-
fied nuclear fraction as described previously (36, 37), with the
following modifications. P1 was suspended in 10 mm Tris-HCI
(pH 7.4),0.25% Triton X-100, 1 mm potassium P, (pH 6.5), 1 mm
MgCl,, and 1.32 M sucrose supplemented with protease inhib-
itors and homogenized by six to seven strokes with a glass
homogenizer. Subsequently, P1 was layered overa 1.7 M sucrose
cushion and centrifuged at 53,000 X g for 75 min at 4°C to
obtain purified nuclei. Cytosolic and membrane fractions were
obtained by centrifugation of S1 at 200,000 X g for 30 min. The
membrane fraction was washed twice by centrifugation with
lysis buffer.

Primary Cultures—Pregnant Sprague-Dawley rats were
killed by quick decapitation following isoflurane anesthesia
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with the approval of the Committee for Supervision of Ani-
mal experiments (Technion-Israel Institute of Technology).
Serum-free neuronal cultures from the cerebral cortex were
prepared from E16 —18 as described previously (24, 38) with the
following modifications. The culture medium consisted of
Neurobasal supplemented with B-27, 0.4 mm glutamine, and
penicillin/streptomycin (Neurobasal + B-27). On DIV1, the
cultured medium was changed to fresh Neurobasal + B27.
Afterward, half of the culture media was replaced every 3 days
to fresh Neurobasal + B27. Biochemical experiments were car-
ried out on DIV10-12.

Primary astrocytic cultures were carried out with P0-P1
Sprague-Dawley rat pups as described previously (24). The cells
were maintained in basal medium Eagle supplemented with
10% EBS, 0.4 mM glutamine, and penicillin/streptomycin and
used at DIV14.

Lentivirus Production and shRNA-mediated Knockdown—A
lentivirus harboring shRNA was produced by cotransfection of
the pGIPZ vector (13 ug), pCMV-dR8.74 packing (8.7 ug), and
VSVG envelope pMD2G (4.6 pg) in HEK293T cells (39).
Medium containing virus was collected after 24 and 48 h post-
transfection. The virus was concentrated by centrifugation at
116,000 X g for 2 h at 4°C and resuspended in Neurobasal
medium. Aliquots were stored at —70°C until use. Primary
neuronal cultures were infected on DIV4 with a multiplicity of
infection of 30 -50. Levels of FBXO022 were monitored by Western
blot analysis with mouse anti-FBXO22 antibody (Sigma). Only
cultures exhibiting at least 30-40% infection efficiency on
DIV12-13 monitored by GFP fluorescence were employed. The
pGIPZ construct containing FBXO22 shRNA (GE Healthcare)
encompassed a mature antisense consisting of TATTCCTTC-
AATTTGAGGG (catalog no. RHS4430 98894301, referred to as
9889). Controls were carried out with pGIPZ non-silencing

- shRNA (catalog no. RHS4346, GE Healthcare).

Astrocytes were transduced at DIV10 with lentivirus harbor-
ing FBX0O22-silencing or non-silencing shRNA (multiplicity of
infection 20). The astrocytes were selected for 7 days with 2
pg/ml puromycin before use.

Immunocytochemistry—A172 cells were seeded on glass cov-
erslips coated with poly-p-lysine (0.2—0.5 mg/ml) in 12-well
plates at a concentration of 0.75~0.9 X 10° cells/well. After
72 h, cells were fixed for 20 min with fresh 4% paraformalde-
hyde. After washing with PBS, the cells were blocked and per-
meabilized at room temperature for 90 min with PBS supple-
mented with 8% normal goat serum, 80 mm NaCl, 2 mg/ml
IgG-free BSA, and 0.1% Triton X-100. Colocalization was
revealed by the use of serum anti-SR at 1:400 (8) and antibodies
against FBX022 (1:100) and KDEL (1:100) (Santa Cruz Bio-
technology). Following primary antibody incubation for 16 -20
h at 4°C, the cells were blocked at room temperature with 6%
normal goat serum (NGS) and 0.1% Triton X-100 in PBS, After
washing the slides, anti-rabbit Cy3 and anti-mouse Cy2 were
added to 4% NGS and 0.1% Triton X-100in PBS. Afterward, the
cells were washed, and DAPI was added for 30 s at a final con-
centration of 0.1 ug/ml for nuclear labeling, followed by three
additional washes. Images were obtained using laser-scanning
confocal microscopy (LSM 510 Meta laser-scanning confocal
system (Zeiss)) with a X63 oil objective. Optical sections of 2-3
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wm were used at 1024 X 1024 pixel resolution. Final picture
editing was done with 510 LSM software.

p-Serine Synthesis—For endogenous D-serine production,
A172 cells were plated in 24-well plates at 0.1 X 10° cells/well
and transfected with siRNA to FBXO22 or control siRNA as
described in the previous section. Seventy-two hours after trans-
fection, the cells were washed with basal medium Eagle containing
10% FCS and 4 mM glutamine. Then the medium was supple-
mented with 10 mM L-serine that was rendered free of contami-
nant D-serine as described previously (40). Synthesis of b-serine
was monitored by HPLC of the culture media collected after 72 h
and normalized by the SR expression levels in each well monitored
by Western blot analysis and quantification using the Odissey sys-
tem (LI-COR Biosciences). The identity of D-serine was confirmed
by treating the media with recombinant b-serine deaminase from
E. coli prior to HPLC analysis (40). In some experiments, D-serine
was quantified by an enzymatic assay using recombinant yeast
p-serine deaminase and Amplex Red (Invitrogen) amplification as
described previously (41).

Serine Racemase Activity in Vitro—Recombinant His-SR (0.1
wg) was preincubated in PBS containing 3% glycerol and 5 g of
soluble GST-FBX022a, GST-a-synuclein, or GST-CHIP (a 30-
to 40 fold-excess of GST fusion proteins to SR monomer) for 1 h
at 4 °C in silanized 1.5-ml polypropylene tubes. Subsequently,
the samples were diluted 20-fold into reaction medium con-
taining 20 mm Tris-HCI (pH 7.4), 1 mm MgCl,, 100 um ATP, 30
um pyridoxal-5'-phosphate, 0.3 mm NADH, and 0.5 units/ml
lactate dehydrogenase. SR activity was started by addition of 10
mM L-serine O-sulfate, an efficient SR substrate generating
pyruvate, sulfate, and NH,. Pyruvate was quantified by moni-
toring NADH absorbance as described previously (42).

RESULTS

To identify new SR interactors that regulate b-serine synthe-
sis in cells, we carried out immunoprecipitation of HA-SR from
SH-SY5Y neuroblastoma cells, followed by LC-MS analysis.
The immunoprecipitate was washed extensively under high
stringency conditions that favored the detection of strong inter-
actors. Under these conditions, human FBX022 (hFBX022) was the
only additional protein identified in the 36 -42 kDa range of
HA-SR gel bands, indicating the possible presence of a SR-
FBX022 complex (Fig. 14).

Human FBXO22 protein contains an N-terminal F-box
domain that mediates its interaction with the Skp1 component
of the Skpl-Cullin‘F-box (SCF) ubiquitin-ligase complex (43,
44). Analysis of the expressed sequence tag database indicates
the existence of two FBX022 isoforms, 22a and 22b (Fig. 14).
FBX022a controls the degradation of KDM4A, a histone de-
methylase (33), and seems to be involved in the inflammatory
response during Salmonella infection (45). In its C-terminal
region, FBXO22a has an F-box intracellular transduction
C-terminal domain (FIST C), presumably involved in amino
acid sensing and signal transduction (46). The shorter and pre-
viously uncharacterized FBXO22b isoform lacks the FIST C
region and differs in its 11 C-terminal amino acids because of
alternative splicing (Fig. 1A). A search in the expressed
sequence tags database revealed only two expressed sequence
tags containing the shorter FBXO22b isoform compared with
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more than 100 expressed sequence tags containing FBXO22a,
indicating that the latter is the dominant isoform.

To verify whether SR interacts directly with hFBX022, we
monitored the in vitro binding of purified His-tagged SR pro-
tein with purified GST-hFBX022a and hFBX022b fusion pro-
teins in the presence of excess bovine serum albumin to prevent

nonspecific binding (Fig. 1B). His-SR binds to hFBX022 iso- -

forms but not to GST-a-synuclein control protein, even when
present at large excess, indicating that hRFBXO22 directly inter-
acts with SR (Fig. 1B).

To confirm that SR and hFBXO22 interact, we carried out
coimmunoprecipitation from transfected HEK-293 cells. Myc-
hFBX022a coimmunoprecipitated with HA-SR (Fig. 1C) but
not with unrelated control protein HA-GNPDA (Fig. 1C). A
construct that mimics the smaller FBXO022 isoform, Myc-
hFBXO022b (Fig, 1D), also coimmunoprecipitated with HA-SR
but not with HA-FKBP12 (Fig. 1D). Inmunoprecipitation of SR
with the smaller isoform (hFBXO22b) that lacks the FIST C
domain indicates that this region is not required for the inter-
action (Fig. 1D).

In contrast to hFBX022a, the smaller hFBXO22b isoform
displays only minimal binding to the Skp1l and Cull compo-
nents of the SCF complex (Fig. 1E, compare lanes I and 3).
Deletion of the F-Box domain (Myc-hFBX022b A20-67
mutant) abrogates the association of hFBXO22 with the SCF
complex, inferred from the lack of coimmunoprecipitation
with Skpl and Cull (Fig. 1E, lane 2). However, the Myc-
hFBX022b A20-67 mutant still coimmunoprecipitates with
HA-SR (Fig. 1D, lane 2), indicating that the SFC complex is not
required for SR/FBXO22 interaction.

SR and rat FBXO22a coimmunoprecipitate from rat brain
homogenates, indicating that the proteins appear to interact in
vivo (Fig. 1F). We did not detect any band corresponding to the
smaller isoform FBXO22b in brain or cultured cells, likely
because of very low levels of expression. Therefore, most sub-
sequent experiments were carried out with the FBX022a iso-
form, a more likely candidate to regulate SR. Indeed, in situ
hybridization of mouse brain shows that FBX0O22a is nearly
ubiquitously expressed in all easily defined brain cell types and
all brain regions (47) (available from the Allen Brain Atlas).

Harper and co-workers (33) reported that the SCFrFBXO22
complex ubiquitinates and regulates the steady-state levels of
KDM4A, which demethylates histone H3 lysine 9 and 36 . We
wondered whether hFBX022a is also required for ubiquitina-
tion and degradation of SR by the ubiquitin-proteasomal sys-
tem. We found that cotransfection of hFBXO22a with SR does
not promote SR ubiquitination either with or without a protea-
somal inhibitor (Fig. 2A4). Levels of SR ubiquitination with
FBX022a were even somewhat lower than the control levels
(Fig. 2A, compare lanes 1 and 3). Overexpression of hAFBX022a
or hFBX022b does not affect the [S**]SR half-life in pulse-
chase experiments (Fig. 2B), indicating the lack of a significant
effect on SR turnover.

Conceivably, ectopically expressed FBXO22a may generate
artifacts because of its competition with the endogenous
FBX022. To more definitely exclude a role of FBX0O22a in SR
ubiquitination, we employed siRNA-mediated FBX022a
knockdown strategy. We found no changes in SR ubiquitina-
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FIGURE 1. Association of SR with FBX022 in vitro and in vivo. A, schematic of the FBXO22a and b isoforms. FBX022b is a predicted smaller isoform that lacks
the FIST C domain and whose last 11 amino acids at the C terminus are different (gray box). B, purified His-SR binds to GST-FBX022 in vitro. His-SR (0.4 ug/mi)
was incubated with glutathione-agarose beads containing 0.8 wg/ml GST-FBX022a, 1.5 ng/ml GST-FBX022b, or 30 ug/mi GST-a-synuclein. SR bound to the
beads was monitored with anti-SR serum (1:1000) ({top panel). Bottom panel, the GST-fusion proteins used in the binding experiments stained by PonceauS. C,
SR coimmunoprecipitates with FBXO22a, HEK 293 cells were cotransfected with Myc-FBXO22a and either HA-SR or HA-GNPDA (control protein), and immu-
noprecipitation (/P) was carried out with anti-Myc matrix. HA-SR or HA-GNPDA in the immunoprecipitate were detected with mouse anti-HA (1:1000) (top
panel). Immunoprecipitated Myc-FBXO22a was detected with mouse anti-Myc (1:5000) (center panel). The bottom panel corresponds to the input (5%) probed
with anti-HA. D, SR/FBX022 interaction does not depend on the F-box domain. Myc-FBX022b or Myc-FBX022b A20-67 (lacking the F-box domain) coimmu-
noprecipitate with HA-SR but not with HA-FKBP12 control protein (top panel). The center panel corresponds to HA-SR and HA-FKBP12 immunoprecipitate
probed with anti-HA. Levels of Myc-FBX022a and Myc-FBX022b in the input were monitored with polyclonal anti-Myc (1:1000) (bottorn panel). The blots are
representative of at least three experiments. £, coimmunoprecipitation of Myc-FBX022a, Myc-FBXO22b, or Myc-FBX022b A20-67 with endogenous Cul1 and
Skp1 from HEK293 cells. Myc-FBXO22a interacts with both Skp1 and Cul1, which are the core components of the SCF complex. A much weaker interaction was
observed with Myc-FBX022b, whereas no binding was detectable with Myc-FBX022b lacking the F-box region (A20-67). Top panel, coimmunoprecipitation
with Skp1 monitored mouse anti-Skp1 (1:500). Center panel, coimmunoprecipitation with Cul1 monitored with mouse anti-Cul1 (1:500). F, SR and FBX022A
interact in vivo. Immunoprecipitation from rat brain homogenate with anti-SR demonstrates coimmunoprecipitation of SR to FBX022 but not when rabbit IgG
was used (B). The coimmunoprecipitation was checked using anti-FBX022 (1:100, top panel). SR presence was verified using anti-SR serum (1:1000, bottom
panel). The blots are representative of at least three experiments.

tion when levels of endogenous FBX022 were decreased effi-  brain glioblastoma A172 cells (Fig. 2D). Endogenous SR expres-
ciently (Fig. 2C, compare lanes I and 2 with lanes 3 and 4). sion was unaffected by FBXO22 siRNA, which efficiently
To investigate whether endogenous hFBXO22a affects SR knocked down endogenous hFBXO22a expression (Fig. 2D).
targeting to the proteasome, we tested the effect of hRFBXO22a These data are consistent with the notion that hFBX022a does
knockdown on steady-state levels of endogenous SR in human  not play a role in SR degradation by the ubiquitin system.
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Because hFBXO22a coimmunoprecipitates with compo-
nents of the SCF complex (Fig. 1E), we investigated whether the
pool of hFBXO22a interacting with SR is associated with the
SCF complex. We found that Cull is absent from the SR/hF-
BXO22 coimmunoprecipitate, indicating that SR interacts
preferentially with a free hEBXO22a pool (Fig. 2E). As a control,
we confirmed that the SCF*5X?2 complex substrate KDM4A
coimmunoprecipitates with both hFBX022a and Cull under
the same experimental conditions (Fig. 2E) (33). Furthermore,
FBX022a, but not SR, coimmunoprecipitated with ectopically
expressed Cull (Fig. 2F) or Skpla (Fig. 2G). These data are
consistent with the notion that SR does not interact with the
SCERFBXO?2 complex.

Does SR affect FBXO22a function? To address this question,
we monitored the levels of FBXO22a and the SCEFBXO2% syh.
strate KDM4A in brain homogenates from wild-type and
SR-KO mice (Fig. 2H). We found that levels of both FBX022a
and KDM4A were unchanged in SR-KO mice, indicating that
the function of SCFFX9?2* 5 not changed globally in SR-KO
mice. Likewise, methylated histone 3, which is demethylated by
KDMA4A, was unaffected, excluding a significant effect of SR on
FBXO22a targets (Fig. 2H).

We next examined whether FBXO22 regulates SR activity.
SR binds avidly to membrane lipids, especially of the phospho-
inositol type (29). This leads to inhibition of SR activity.
Accordingly, NMDAR-elicited translocation of SR from the
cytosol to the membrane completely inactivates D-serine syn-
thesis in neurons (30). However, despite the apparent high
affinity of SR to lipids, most of the protein is soluble in the
cytosol under basal conditions. We found that FBX022a seems
to be important in keeping SR in the cytosol (Fig. 3, A and B).
siRNA-mediated hFBXOZ22a knockdown increased severalfold
the levels of endogenous SR associated to the membrane frac-
tion of glioblastoma cells (Fig. 34). Levels of endogenous SR in
homogenate (Fig. 34, Hom) were unchanged, indicating that
FBX022a does not affect SR expression. Knockdown of endog-
enous hFBX(022a was monitored in the homogenate (Fig. 34,
Hom). As expected, the levels of the SCEFB¥9?22 gybstrate
KDM4A increased in the purified nucleus and membrane frac-
tion, confirming the role of hFBX022a in regulating KDM4A
levels (33).

Similar to that seen in glioblastoma cells, infection of primary
cortical neuronal cultures with shRNA to rat FBXO22a
increases the levels of membrane-bound SR without changing

Regulation of Serine Racemase by FBX022

B-tubulin levels (Fig. 3B). Total expression of SR was unaffected
by shRNA to FBXO22a but significantly decreased the levels of
endogenous FBXO22a (Fig. 3B, Hom).

Immunocytochemical experiments confirmed the biochem-
ical findings. hFBXO22a knockdown appears to increase levels
of SR that colocalizes with intracellular membranes, as seen by
increased colocalization with KDEL, an endoplasmic reticulum
marker (Fig. 4, C-H).

Because SR is inactivated upon binding to membranes (29,
30), we next examined whether the effects of AFBXO22a on SR
subcellular localization may influence D-serine production. We
found that siRNA-mediated knockdown of endogenous
hFBX022a in glioblastoma cells decreases endogenous p-ser-
ine production by about 40% (Fig. 4, A and B), indicating that
hFBX0O22a is required for optimal D-serine synthesis in the cel-
lular environment. Similarly, lentivirus-mediated shRNA
knockdown of FBXO22 in rat primary astrocytes (Fig. 4C)
decreased D-serine production by 40% (Fig. 4D). Experiments
employing recombinant proteins demonstrate that a 30- to
40-fold molar excess of hFBX022a or hFBX022b does not
directly affect the activity of the soluble recombinant SR mea-
sured under standard conditions i vitro (Fig. 4, E and F). The
data are consistent with the notion that changes in subcellular
localization of SR (Fig. 3), rather than a direct effect on SR
activity at the cytosol, mediate FBXO22 effect in D-serine syn-
thesis observed in cells (Fig. 4, A-D).

DISCUSSION

We described a new interaction of SR with FBX(022a, which
is required for optimal D-serine synthesis. We confirmed the
interaction by biochemical methods and showed that knock-
down of FBXO22a decreases D-serine synthesis in cells. This
was associated with higher levels of SR in the membrane frac-
tion of glioblastoma cells and primary neurons, suggesting that
hFBXO22a is important for proper targeting of SR. Further-
more, changes in SR subcellular localization by FBX022 are
observed in both glia and neuronal cells, indicating that this
may be a general regulatory mechanism. Except for Golga3, a
protein that affects SR half-life (48), no other SR interacting
protein was demonstrated to affect its function in both glial and
neuronal cells.

F-Box proteins are generally thought to play a role in the
ubiquitin-proteasome system (43, 44, 49, 50). The SCFFBXx0222
ubiquitin ligase complex regulates the degradation of KDM4A

FIGURE 2. hFBXO22a does not affect SR turnover or targeting to the proteasome. A, SR ubiquitination (Ubig) is not increased when cotransfected with
FBX022a. HA-SR was cotransfected with Myc-hFBX022a or GFP and incubated with or without MG132 (a proteasome inhibitor). HA immunoprecipitate (IP) was
probed with mouse anti-FLAG {1:500, Sigma) to reveal ubiquitin conjugates (top panel). Non-ubiquitinated SR was revealed with mouse anti-HA (1:1000,
bottorn panel). 8, SR turnover is unaffected by hFBXO22 overexpression. HA-SR was cotransfected with hFBXO22a, hFBXO22b, or GFP (n = 3). Cells were
incubated in a medium containing (**SJmethionine/cysteine and chased for the indicated times (top panel). Bottom panel, Phosphorimager analysis of [3°S]SR.
C, endogenous FBX0O22a knockdown does not affect SR ubiquitination. HEK293 cells were cotransfected with HA-SR, FLAG-ubiquitin, siRNA to hFBX022a, or
control (Ctl) siRNA, and ubiquitination was revealed as in Fig. 24 after 12 h incubation with 30 um MG132. Bottom panel (input), successful knockdown of
endogenous hFBX022a expression revealed with mouse anti-FBX022 (1:1000). D, knockdown of endogenous hFBXO22a does not affect endogenous SR
steady-state levels in A172 glioblastoma cells (top panel). Transfection was performed with siRNA against hFBX022a, which down-regulated hFBX022a
expression (center panel). Bottom panel, B-actin loading control. The graph shows the lack of change in the steady-state levels of endogenous SR from seven
independent experiments. a.u., arbitrary units; ns, not significant. E, SR preferentially interacts with free FBXO22a species. Myc-SR or Myc-KDM4A was cotrans-
fected with HA-FBX022a and immunoprecipitated with anti-Myc. Cull was present in the Myc-KDM4A/HA-FBXO22a coimmunoprecipitate but absent from
the Myc-SR-HA-FBX022a complex (top panel). HA-FBXO22a was revealed with mouse anti-HA (1:1000, center panel), whereas immunoprecipitated Myc-KDM4A
or Myc-SR was revealed with mouse anti-Myc (1:1000, Sigma, bottom panel). Fand G, HA-FBX022a, but not HA-SR, interacts with ectopically expressed Cul1 (f)
or Skp1a (G). H, FBXO22a, KDM4A, and H3K9Me3 levels are unchanged in brain homogenates of SR-KO mice. Cyt, brain cytosolic fraction; PN, brain purified
nuclear fraction. The blots are representative of at least three different experiments.
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FIGURE 3. FBXO22a primarily affects SR subcellular localization. A, siRNA-mediated knockdown of endogenous hFBX022 expression in A172 glioblastoma cells
increases endogenous SR levelsin the membrane fraction. Levels of endogenous SR in the membrane fraction (Mem) increased upon hFBX022a knockdown, whereas
B-tubulin (B-tub) levels were unchanged. Knockdown of endogenous hFBX022a monitored in the homogenate fraction (Hom) did not affect the total expression of
SRor GAPDH revealed with rabbit anti-SR (1:1000) or mouse anti-GAPDH (1: 200). siRNA to hFBXO22a increased in the levels of its substrate KDM4A both in the purified
nuclei fraction (KDMd4 pn) and in the cytosolic fraction (KDM4 cyt), as revealed by rabbit anti-KDM4A (1:500). The graph depicts the increase in membrane-bound SRin
three experiments. a.u, arbitrary units; Ct/, control. B, knockdown of endogenous rat FBXO22 expression in primary cortical neuron cultures increases membrane-
bound SR levels. Primary cortical neuron cultures were infected with a lentivirus harboring shRNA to hFBX022 or non-silencing (NS) shRNA and compared with
uninfected cultures (Ctl). Subcellular fractionation reveals an increase in the levels of endogenous membrane-bound SR with no change in the B-tubulin loading
control. Total levels of SR and B-actin in homogenate (Hom) were unaffected, whereas shRNA to rat FBXO22 was associated with a decrease in its expression (Hom,
bottom panel). The graph depicts the increase in membrane-bound SR in three experiments. C-H, siRNA to hFBX022 increases the extent of colocalization of

endogenous SR (red) with the endoplasmic reticulum marker KDEL (green) in A172 glioblastoma cells, as analyzed by confocal laser microscopy. Control (C-£) and

siRNA to hFBX022 (F-H) were used. Scale bar = 50 um. The panels are representative of at least three different experiments. ¥, p < 0.05; **, p < 0.01.
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FIGURE 4. FBXQ22a is required for optimal SR activity In cells. A, HPLC
analysis of endogenous D-serine production in A172 glioblastoma cells
revealed a discrete p-serine peak in the culture media of cells transfected with
non-silencing siRNA (Ct/), which decreased in cells transfected with siRNA to
hFBX022. Treatment with D-serine deaminase enzyme (DsdA) prior to HPLC
analysis abolished the peak of p-serine, indicating that it corresponds to
authentic p-serine. arb. units, arbitrary units. B, quantification of p-serine
(o-Ser) in culture media of cells transfected with non-silencing siRNA (Ctl) or
siRNA to hFBX022. Values represent the mean = S.E. of four experiments with
different cell cultures. C, knockdown of endogenous rat FBX022 in primary
astrocyte cultures infected with lentivirus containing FEX022 shRNA when
compared with non-silencing ShRNA. D, FBXO22 knockdown decreases p-ser-
ine production in primary astrocyte cultures. £ and F, lack of effect of
hFBX022a (£ and F) or hFBX0O22b (F) on SR activity in vitro. A 30-fold molar
excess of GST-hFBX022 isoforms did not affect His-SR activity when com-
pared with GST-a-synuclein or GST-CHIP controls. Values represent the
mean = S.E. of at least three experiments with different protein preparations.
*,p < 0.05. '

and, ultimately, the levels of histone 3 methylation and tran-
scription of KDM4A target genes (33). The interaction of
FBX022a with KDM4A is mediated via its FIST domain,
whereas the F-Box motif is required for binding to SKP1 at the
SCF complex (33). Conversely, we found that SR still interacts
with an FBXO22 mutant that lacks both FIST and the F-Box
motif (hFBXO22b A20-67), indicating that both of these
domains are not required for the SR-FBXO22 interaction.

Our data indicate that FBX0O22a has a non-canonical role in
regulating SR activity by primarily affecting its intracellular
localization. A lack of effect on SR ubiquitination with either
ectopic expression of FBX022a or siRNA knockdown indicates
that SR is not a substrate of SCFFBXO222 pyrthermore,
FXBO22a does not change the SR half-life or steady-state levels.
On the other hand, we found that FBX022a is required for SR
activity in cells by preventing the accumulation of membrane-
bound SR species, which is inactive toward D-serine synthesis
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(30). This effect appears to be mediated by free FBXO22a spe-
cies without the participation of the SCFFX9%22 complex.

A number of F-box-containing proteins play additional roles
that are not related to their ubiquitination activity as compo-
nents of the SCF ubiquitin-ligase complex (51-53). Emil/Rcal
is an F-box protein that inhibits the anaphase-promoting com-
plex/cyclosome. The anaphase-promoting complex/cyclosome
is regulated by cyclin-B, whose destruction is blocked by Emil,
but does not require its F-box region (54, 55). Fbxo7 associates
with Cdké and functions as an assembly scaffold without affect-
ing the ubiquitination of the subunits (56). Another F-box-con-
taining protein, Fbsl, functions as a chaperone and prevents
aggregation of glycoproteins (57).

How does FBXO22a modulate SR localization and D-serine
production? SR displays lipid binding motifs that mediate its
binding to inositol phospholipids (29). Conceivably, FBX022a
may function as a SR chaperone and occlude its lipid-binding
region. This will prevent SR interaction with membranes,
known to be deleterious for SR activity (29, 30). We found that
knockdown of endogenous FBXO22 led to an increase in the
colocalization of SR with KDEL, suggesting the presence of SR
in the endoplasmic reticulum network. Proteins departing from
the endoplasmic reticulum are known to undergo different
posttranslational modifications that may also contribute to SR
inhibition. .

FBXO022a contains a C-terminal FIST-C domain (Fig. 14)
involved in signal transduction and may bind small ligand mol-
ecules, possibly amino acids or their derivatives (46). Even
though FBX022-SR interaction was not mediated by the FIST
domain, it is conceivable that this region provides another layer
of regulation of p-serine dynamics.

In sum, our data disclose an atypical role of FBX0O22 unre-
lated to the ubiquitin system. FBXO22 enhances SR activity
primarily by preventing its binding to membranes. Small mol-
ecules that disrupt SR-FBXO22 interaction provide a new
strategy to inhibit D-serine production and prevent the overac-
tivation of NMDARs that occurs following stroke and neurode-
generative conditions.
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Clinical and Electrophysiological Effects of D-Serine
in a Schizophrenia Patient Positive for Anti-N-
Methyl-D-Aspartate Receptor Antibodies

To the Editor:

The term anti-N-methyl-D-aspartate receptor (NMDAR) ence-
phalitis refers to an autoimmune disorder in which immuno-
globulin G antibodies (ABs) against the NR1 subunit of
NMDAR cause receptor internalization and decreased
NMDAR-mediated neurotransmission. NMDAR encephalitis
predominantly affects women, children, and young adults;
occurs with or without tumor association; and is characterized
by a predictable set of symptoms including psychosis as a
common early feature, disorganized behavior, motor (e.g.,
catatonia and dyskinesia) manifestations, and seizures.
NMDAR encephalitis is responsive to immunotherapy but
refractory to antipsychotic medication and is associated with
the long-term persistence of behavioral and cognitive deficits.
Patients’ ABs decrease the surface density of NMDAR clusters
via antibody-mediated capping and internalization resulting in
decreased NMDAR-mediated synaptic currents (1,2). This
relative NMDAR function loss may underlie the deficits in
behavior and cognition that are hallmarks of NMDAR
encephalitis.

A proportion of clinically diagnosed schizophrenia patients
may be seropositive far anti-NMDAR ABs. The seropositivity
prevalence rates seem to be 1 in 10 to 20 patients but may
differ among patient types (3). Furthermore, similar seroposi-
tivity rates were reported among healthy individuals (4),
rendering the significance of anti-NMDAR ABs presence less
clear. We hypothesized that: 1) seropositive patients can be
identified among chronic schizophrenia patients having iliness
features that are also characteristic manifestations of anti-
NMDAR encephalitis (3); and 2) NMDAR AB positive patients
will respond to treatment with D-serine (DSR), which acts
in vivo as NMDAR co-agonist.

Anti-NMDAR AB levels were assessed in 17 DSM-IV
diagnosed schizophrenia patients who fulfilled the following
inclusion criteria: 1) treatment resistance to antipsychotic
pharmacotherapy; and 2) at least one of the following: an
abrupt start of disease, lack of previous or family psychiatric
history, and atypical disease course; or presence of hebe-
phrenic, catatonic, dyskinesia features or seizures unac-
counted by a neurological or other disorder.

Detection of ABs against extracellular epitopes of NMDAR
was performed using a previously described cell-based assay
(5). One of the 17 patients was strongly seropositive, at both
X200 and X10 dilutions, for both immunogiobulin G and
immunoglobulin M anti-NR1 AB isotypes. This was a 67-
year-old female who, at age 27 after a period of continuous
headaches for which no organic basis had been found, had
abruptly developed an acute psychosis characterized by
grandiose and paranoid delusions, mystical thinking, elated
affect, and agitation. Following diagnosis, she never returned
to her previous functional level and except for short attempts
at living in the community has been hospitalized ever since.

hitp://dx.doi.org/10.1015/].biopsych.2014.08.023
ISSN: 0006-3223

She has been generally refractory to treatment with antipsy-
chotic drugs but has not been diagnosed with any medical or
neurological disorder. At present, she is maintained on sulpir-
ide 50 mg/day, citalopram 40 mg/day, lorazepam 1 mg/day,
and promethazine 50 mg/day. Medical and neurological
examinations and clinical laboratory parameters have been
consistently unremarkable. Abdominal ultrasound examination
performed post NMDAR ABs assessment showed no ovarian
teratoma or other abnormalities. )

Following detection of seropositivity, we conducted mag-
netic resonance imaging and continuous electroencephalo-
graphy (cEEG) studies to determine presence or absence of
findings characteristic of anti-NMDAR encephalitis and as a
baseline for pharmacologic NMDAR-based intervention. Non-
specific fluid-attenuated inversion recovery and T2 signal
hyperintensities were present in the periventricular white
matter, subcortically, and deep bifrontally and biparietally in
the cortex (Figure 1A). cEEG showed a normal background
activity with superimposed semirythmic diffuse extreme delta
brush events that were present frontotemporally with right side
predominance (Figure 1B, left). Both types of abnormalities are
consistent with those observed more generally in anti-NMDAR
encephalitis (1,6).

After a thorough discussion of risks and benefits, the
patient and her family signed informed consent to receive
adjuvant DSR in an open-label 6-week clinical trial in which
DSR dose was increased gradually from 1.5 to 4 g/day without
any change in ongoing medication. Symptoms and side
effects were assessed biweekly. DSR was well tolerated and
no side effects were registered. At week 6, all Positive and
Negative Syndrome Scale symptom clusters improved and
Positive and Negative Syndrome Scale total score decreased
from 97 to 80, corresponding to a 34% decrease within the
framework of the 1 to 7 scoring. The average item score
decreased from 3.2 (mild-moderate) to 2.7 (minimal-mild).
Simpson Angus Scale for Extrapyramidal Symptoms total
score decreased from 5 to 3. The quality of life of the patient,
as assessed by Schizophrenia Quality of Life Scale (7),
improved considerably, resulting in a 37% total score reduc-
tion (147.06 vs. 93.37).

CEEG was repeated at the end of the 6-week period and
showed an apparent reduction of exireme delta brush-type
activity (Figure 1B, right). To assess this quantitatively for
both baseline and posttreatment recordings, approximately
2 minutes of randomly selected artifact-free EEG activity
were divided into 2-second epochs. Fast fourier transforms
were computed for 15 randomly selected epochs and were
averaged to obtain spectral density power (uV2/Hz) of delta
(.5-3.5 Hz), theta (3.5-7.5 Hz), alpha (7.5-12.5 Hz), and beta
(12.5-30.0 Hz) bands. In support of visual impression, the
comparison of baseline versus 6-week data indicated signifi-
cant decreases in both delta (45.9 + 24.3vs. 9.1 * 3.1, Fy 50 =
36.5, p = .001) and beta (4.87 = 1.73 vs. 1,13 = 91; Fy g =
58.7, p = .001) spectral power in the right frontotemporal
region (F8 electrode).

This case suggests that NMDAR AB seropositive indivi-
duals can be identified among chronic treatment-resistant

© 2015 Society of Biological Psychiatry e27
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Figure 1. MRI and cEEG findings pre and post
6-week D-serine administration. (A) Sagittal and
axial fluid attenuated inversion recovery MRI of the
brain, showing asymmetrical increased foci of high-
signal intensity in the cortex and subcortical white
matter of both left frontal lobe (white arows) and
parietal-occipital lobes (green arrows). (B) cEEG
(average reference) demonstrates reduced extreme
delta brush electrographic pattern following D-serine
administration.
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schizophrenia patients. The naturally occurring amino Acknowledgments and Disclosures

acid DSR may be beneficial for this patient subgroup. DSR
has been shown to ameliorate negative, cognitive, and anti-
psychotics-induced motor symptoms predominantly in sam-
ples of treatment-resistant schizophrenia patients (8). No
significant adverse events have been observed with =4 g/
day DSR doses and both acute and chronic administration of
1 gto 2 g DSR in humans result in =100 times increase in DSR
serum levels (8). DSR binds at the glycine modulatory site on
the NR1 subunit, resulting in increased frequency of NMDAR
channel opening and may alleviate the AB-induced reduction
in NMDAR function by enhancing the activity of remaining cell-
surface receptors or by obstructing AB-generated receptor
internalization. However, this preliminary study is limited by the
use of serum rather than cerebrospinal fluid samples and
exclusive focus on NMDAR ABs. Future studies including
cerebrospinal fluid as well as serum samples and assessment
of more extensive brain AB panels appear warranted.
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