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ABSTRACT: Previously, we reported that protein phosphorylation plays an important role in regulating
soluble L-glutamic acid decarboxylase (GAD) [Bao, J. (1996)Biol. Chem. 2706464-6467] and
membrane-associated GAD activity [Hsu, C. C. (1999Biol. Chem. 27424366-24371]. Here, we

report the effect of phosphorylation on the two well-defined GAD isoforms, namely, GAD65 and GAD67,
using highly purified preparations of recombinant human brain GAD65 and GAD67. GAD65 was activated
by phosphorylation, while GAD67 was inhibited by phosphorylation. The effect of phosphorylation on
GADG65 and GADG67 could be reversed by treatment with protein phosphatases. We further demonstrate
that protein kinase A (PKA) and protein kinase C isofoenare the protein kinases responsible for
phosphorylation and regulation of GAD67 and GADG65, respectively. Direct phosphorylation of GAD65
and GAD67 was demonstrated by incorporation’&®] from [y-32P]ATP into purified GAD65 and GAD67

and immunoblotting assay using anti-phosphoserine/threonine antibodies. We have identified one specific
phosphorylation site, threonine 91 (T91), in hGAD67 that can be phosphorylated by PKA using MALDI
TOF. Site-directed mutation of T91 to alanine abolished PKA-mediated phosphorylation and inhibition
of GAD activity. Furthermore, mutation of T91 to aspartic acid or glutamic acid mimics the effect of
phosphorylation. A model depicting the effect of phosphorylation on GAD activity upon neuronal
stimulation is also proposed.

L-Glutamic acid decarboxylase (GADEC 4.1.1.15)isa  protein functions. Regulation of neurotransmitter systems by
pyridoxal 3 phosphate (PLP)-dependent enzyme that cata- phosphorylation of their synthesizing enzymes has also been
lyzes the conversion af-glutamate toy-aminobutyric acid reported. For instance, the rate-limiting enzyme for dopamine
(GABA), which is the major inhibitory neurotransmitter in  synthesis, tyrosine hydroxylase, has been reported to be
the vertebrate central nervous system. Abnormalities in the regulated by direct phosphorylation both in vitro and in vivo
function of GAD have been implicated in a number of (3, 4). Previously, we showed that protein phosphorylation
pathological conditions including Parkinson’s disease, stiff- and dephosphorylation plays an important role in the
man syndrome, epilepsy, depression, anxiety, and panicregulation of GAD activity in the brairg( 6). It was reported
disorders {, 2). Despite its importance, the mechanism that soluble GAD (sGAD) was inactivated upon phospho-
underlying the regulation of GAD remains elusive. rylation, presumably by protein kinase A (PKA), and

It is well-known that reversible protein phosphorylation activated upon dephosphorylation by protein phosphatase 2B
is a common mechanism responsible for the regulation of (PP2B, calcineurin)g). On the contrary, membrane-bound

GAD (mGAD) was activated by phosphorylation and
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1 Abbreviations: GAD,-glutamic acid decarboxylase; hGADe5, that definitive information regarding the effect of protein

humanL-glutamic acid decarboxylase with molecular weight of 65 kDa; phosphorylation on GAD65 and GAD67 can be determined.
hGAD67, human-glutamic acid decarboxylase with molecular weight

of 67 kDa; GST, glutathion&transferase; AET, 2-aminoethylisothio- The current pa}per con(_:t_entrates On,the effect of phospho-
uronium bromide; PLP, pyridoxal phosphate; cAMP, cyclic adenosine ~ rylation on the highly purified recombinant human GADG5
monophosphate; CaMKII, calcium/calmodulin-dependent protein kinase (hRGAD65) and human GAD67 (hGADGE7). In this paper, we

II; MALDI —TOF, matrix-assisted laser desorption/ionizatidime- ; i ;
of-flight mass spectrometry; PMA, phorbol 12-myristate 13-acetate; present evidence showing the regulation of hGADE5 and

PP1, protein phosphatase 1; PP2A, protein phosphatase 2A; PPZB!"GAD67 .by direct PrOtein pho;phorylation USinﬁz_Fﬂ _
protein phosphatase 2B; PP@(Qrotein phosphatase 2C incorporation and an immunoblotting test. We further identi-
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Ficure 1: Amino acid sequencing of the truncated human GAD67. Alignment of N-terminal amino acid sequencing for full-length hGAD67
(A) and two truncated hGADG67 (B). X indicates the amino acids not identified in the analysis.
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20 Ficure 3: Effect of the protein phosphatase treatment on hGAD65
0 and hGADG67 activity. Lane 1, hGADs alone; lane 2, hGAD65
Ty 2 3 4 5 treated with the PKC isoforms mixture and hGADG7 treated with

PKA in the presence of ATP; lane 3, hGADs after the protein kinase
treatment, incubated with PP1; lane 4, hGADs after the protein
kinase treatment, incubated with PP2A; lane 5, hGADs after the
protein kinase treatment, incubated with PP2B (calcineurin). Open
bar= hGADG65 activity, and closed bar hGAD67 activity. The
error bars indicate the standard deviation witks 3.

Ficure 2: Effect of the protein kinase treatment on hGAD65 and
hGADG67 activity. Lane 1, hGADs alone; lane 2, hGADs incubated
with the PKC isoforms mixture; lane 3, hGADs incubated with
PKA; lane 4, hGADs incubated with CaMKIl; lane 5, hGADs
incubated with 20«tM ATP only. Open bar= hGADG5 activity,
and closed bar= hGADG67 activity. The error bars indicate the
standard deviation with = 3.

Table 1: Effect of PK@Sy and PKG on hGADG65 Activity

fied the protein kinases involved in regulating GAD65 and group control PKGSy PKCe
GADG7. Moreover, the site of phosphorylation in GAD67,  relative activity (%+ SD) 100.0+2.7 102+6.6 136.8 1.1
i.e., threonine 91 (T91), was identified by MALBITOF
analysis. In addition, the results from the site-directed
mutation studies on T91 illustrate the importance of this site
in regulating GADG67 activity.

by glutathione affinity agarose. Alternatively, hGAD65 and
hGAD67 cDNA were subcloned in a frame into a pGEX-
6P-1 vector and expressed as a GST fusion proteil.in
coli BL21. The recombinant proteins were purified as
MATERIALS AND METHODS described above except that the GST tag was removed by
Materials. 2-Aminoethylisothiouronium bromide (AET), ~ PreScission protease cleavage.
PLP, cyclic adenosine monophosphate (cAMP), benzetho- Site-Directed Mutation of T91 in hGAD6The mutation
nium hydroxide, protein kinase C (PKC), phosphatidylserine, of T91 in hGAD67 to alanine [nGAD67(T91A)], aspartic
diacylglycerol, and Factor Xa were purchased from Sigma. acid [nGAD67(T91D)], or glutamic acid [nGAD67(T91E)]
The PKC isoforms ¢, $, and y) mixture, PKG, PKA was carried out using the Quickchange site-directed mu-
catalytic subunit, Cd/CaM-dependent protein kinase Il tagenesis kit. The primers used for [n\GAD67(T91A)] were
(CaMKIll), protein phosphatases 1, 2A, 2B, ando2 ®KC 5-GCCCGCTTCCGGCGCGCAGAGACTGACTTCTC-8nd
inhibitor peptide, PKA inhibitor peptide, and anti-phospho- 5'-GAGAAGTCAGTCTCTGCGCGCCGGAAGCG-
Ser/Thr antibody were purchased from Upstate Biotechnol- GGC-3. For [hnGAD67(T91D)], the primers used were
ogy. Phorbol 12-myristate 13-acetate (PMA) was purchasedsimilar to [nGAD67(T91A)] except that the underlined
from Tocris pGEX-6P-1 and pGEX-3X vectors, Factor Xa, codons were changed to GAC and GTC, respectively. For
PreScission protease, and!fC]glutamic acid were pur-  [nGAD67(T91E)], the primers used were similar to [NGAD67-
chased from Amersham Biosciences. Quickchange site-(T91A)] except that the underlined codons were changed to
directed mutagenesis kit was purchased from StratageneGAA and TTC, respectively. The mutations were later
[y-*2P]JATP was purchased from Perkielmer. hGAD65 verified by automated DNA sequencing.

and hGADG67 cDNA in a pGEX-3X vector were generous  |n vitro Phosphorylation of hGAD65 and hGAD@ighly
gifts from Dr. Allen J. Tobin (University of California, Los  pyrified hGAD65 and hGAD67 were first dialyzed exten-

Angeles, CA). sively against a phosphorylation buffer (15 mM Tris-Acetate,
Purification of Recombinant hGAD65 and hGAD&LI- 1 mM AET, 0.2 mM PLP at pH 7.2) before the protein kinase

length hGAD65 and hGAD67 were expressed separately astreatment. After dialysis, hGAD65 or hGAD67{0—20ug)

a glutathioneS-transferase (GST) fusion proteinlzscheri- was added to a 150k reaction buffer containing 15 mM

chia coli DH50. using a pGEX-3X vector. The recombinant Tris-Acetate (pH 7.2), 1 mM AET, 0.2 mM PLP, 1 mM
hGADG65 and hGAD67 were purified as described before CaCl (in the case of the PK&treatment, 1 mM CaGlwas
(8). Briefly, GST fusion proteins were affinity-purified by  omitted), 5 mM MgC}, and 200uM ATP. For the PKC
glutathione affinity agarose. After the GST tag was removed treatment, 25 ng of PK&By or PKC¢, a final concentration
by Factor Xa, the free GAD proteins were further purified of 103ug/mL phosphatidylserine, 20y/mL diacylglycerol,
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Al mM PKC inhibitor peptide and further incubated for 5 min.
At the end of incubation, the dephosphorylation experiment
was carried out as follows: For the PP1 and PP2A treat-
ments, 1 unit of PP1 or PP2A was added directly to the
incubation mixture and the dephosphorylation reaction was
carried out at 30C for 30 min. For the PP2B treatment, a
mixture containing 1 unit of PP2B, Nigl CaCh, and
calmodulin was added to a final concentration of 1 mM*Ni
1 mM C&", and 0.3 mM calmodulin and the dephosphory-
lation reaction was carried out at 3C for 30 min.

hGADG67 was first phosphorylated by PKA as described
above. The reaction was stopped by adding 6 mM PKA
B. inhibitor peptide and further incubated for 5 min. At the end
of incubation, dephosphorylation experiments were carried
out as described for hGADG65.

Enzyme AssaysAD activity was assayed by a radiometric
method measuring the formation &CO, from [L-*/C]-
. _ glutamic acid as described previousB).(
SN e . Immunoblotting AssayHighly purified hGAD65 or

1 20 hGAD67 was phosphorylated according to the method

I 0, B&; -
Ficure 4: Demonstration of the phosphorylation of hGAD65 with ldescalbt;edtabm;e &_md tsepar_ztited I(I)nl 10% S b E folth
different protein kinases by immunoblotting using anti-phospho- owed Dy transierring 1o a nitroceliulose membrane. 0s-

serine/threonine antibody. (A) Upper panel, immunostaining using Phorylated protein was detected by anti-phosphoserine/
anti-phosphoserine/threonine antibody. Lane 1, control; lane 2, threonine antibody (1:500 dilution). Antiboghantigen binding

treatment of full-length hGAD6S5 by PKE lane 3, treatment of  was detected using anti-rabbit horseradish peroxidase (HRP)-

full-length hGAD65 by PKA; lane 4, treatment of full-length . - ;
hGAD®G65 by CaMKII. Lower panel, protein staining to ensure equal linked 19G (1:5000 dilution) as a secondary antibody and

loading. (B) Upper panel, immunostaining using anti-phosphoserine/ Wa&s  Vvisualized using the enhanced chemiluminescence
threonine antibody. Lane 1, treatment of full-length hGAD65 by (ECL).
PKCofy; lane 2, treatment of full-length hGADE5 by PKQ ower [32P] Incorporation.Highly purified hGADG5 or hGAD67
panel, protein staining to ensure equal loading. The arrow |nd|catesWaS phosphorylated according to the method described above
the position of hGADG65. .
except that 5Q.Ci [y-3?P]ATP was added to the phospho-

and 80uM PMA were added to the reaction buffer. For the rylation mixture. After phosphorylation, the reaction mixture
PKA treatment, lug of PKA catalytic subunit and a final ~was separated by 10% SBEAGE. The gel was dried, and
concentration of 0.01 MMAMP were added to the reaction the 3P incorporation signal was visualized bycgclone
buffer. For the CaMKII treatment, 100 ng of CaMKIl and a phosphoimager.
final concentration of 0.3 mM calmodulin were added. The  Phosphorylation Sites Identification by MALBTOF.
resulting reaction mixture was further incubated at°80 hGADG67 after the PKA treatment was separated on 10%
for 30 min. For the control experiments, the condition was SDS-PAGE. The band corresponding to hGAD67 was
the same as the kinase assay condition except that the kinasesxcised and in-gel digested by trypsin. The resulting peptides
were excluded. were analyzed by MALD+TOF. Peptide mass fingerprinting

Dephosphorylation of hGAD65 and hGAD67 by Protein and peptide sequencing were searched from a database using
PhosphataseshGADG65 was first phosphorylated by PKC MS—Fit and MS-Tag, respectively (http://prospector.ucs-
as described above. The reaction was stopped by adding 0.5.edu). The MALDHTOF was carried out by the Proteomic

1 2 3 4 5 6

Ficure 5: Demonstration of the phosphorylation of hGAD67 with different protein kinases by immunoblotting using anti-phosphoserine/
threonine antibody. Upper panel, immunostaining using anti-phosphoserine/threonine antibody. Lane 1, control; lane 2, phosphorylation of
hGADG67 with a mixture of the full-length and truncated forms by PKC; lane 3, phosphorylation of hGAD67 with a mixture of the full-
length and truncated forms by PKA; lane 4, phosphorylation of full-length hGAD67 by PKC; lane 5, phosphorylation of full-length hGAD67
by PKA; lane 6, phosphorylation of hGAD67 with a mixture of the full-length and truncated forms by CaMKIIl. Lower panel, protein
staining to ensure equal loading.
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Ficure 6: Demonstration of direct phosphorylation of hGAD65 and hGAD6739][incorporation. (A) Phosphorylation of hGAD65 and
hGADG67. Lane 1, control containing a mixture of the full-length and truncated forms of hGAD65/a3R]ATP; lane 2, the same as lane
1 except PKC was included; lane 3, control containing a mixture of the full-length and truncated form of hGADGZ#RIATP; lane
4, the same as lane 3 except PKA was included. The signals were visualizecdybypaephosphoimager. (B) Densitometry scan of the
signals from lane 2 of A. (C) Densitometry scan of the signals from lane 4 of A. Peaks indicate the position of the full-length and truncated
forms (F= full-length form, and T= truncated form).

Mass Spectrometry Service Lab, University of Massachu- the cDNA coding for full-length hGAD65 and hGAD67 were

setts, Medical Center, MA. subcloned into a pGEX-6P-1 vector, which contains the
PreScission protease cleavage sequence (Leu-Phe-GIn-Gly-
RESULTS Pro) and cleaves between GIn and Gly. When it was cleaved

ificati f bi hG d hG with the PreScission protease, GST fusion proteins would
Purification of Recombinant hGAD65 an AD67. iy release the full-length forms (data not shown).

Recently, we found that when GST-tagged hGAD65 was ] . -
subjected to Factor Xa cleavage, truncated hGADGS lacking R€combinant hGADES and hGADE7 were affinity-purified

amino acids 69 from the N terminus was released s described previoushB). A mixture of both full-length
simultaneously with the full-length form10). A similar and truncated forms were obtained when purified from the
observation was found for hGAD67, and the release of PGEX-3X expression system, and only the full-length forms
truncated hGAD67 was confirmed by N-terminal amino acid Were obtained from the pGEX-6P-1 expression system. In
sequencing (Figure 1). For hGADG67, two truncated forms the following experiments, GAD preparations purified from
were produced; one is cleaved between arginine 70 angdboth expression systems were used as indicated specifically.
glutamine 71, and the other one is between arginine 90 and Effects of the Protein Kinase Treatment on hGAD65 and
T91. To obtain the full-length hGAD65 and hGAD67 only, hGADG67 Actiity. Consistent with our previous findings on
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Ficure 7: Mass spectrum of PKA-treated hGAD67 analyzed by MAEHDOF. The asterisk indicates the phosphopeptide in hGAD67,
FRRTRETDFSNLFAR.
120+ be inhibited by dephosphorylation, while hGAD67 was
. I activated (Figure 3). For hGAD65, PKC-mediated activation
£ 100 of GAD activity was completely abolished by all three
53 804 protein phosphatases tested (Figure 3). It is of interest that
g = protein phosphatase 2A (PP2A) not only abolished PKC-
g 8 604 mediated activation, but also decreased the basal activity of
g“a —_ hGAD65 by ~55% (open bar of lane 4 of Figure 3).
£ 404 = Similarly, the PKA-mediated inhibition of hGAD67 activity
K was also abolished by all of the phosphatases tested,
20+ including PP1, PP2A, and PP2B. In addition, PP1/PP2A and
PP2B also significantly increased the basal activity of
0 1 2 3 4 hGADG67 by 40 and 70%, respectively (closed bars of lanes

Ficure 8: Effect of site-directed mutation on GAD67 activity. (1)
Wild-type hGAD67, (2) GAD67(T91A), (3) GAD67(T91E), and
(4) GAD67(T91D). The error bars indicate the standard deviation
with n = 3.

mMGAD (6), hGADBG5 activity increased upon phosphorylation
(open bars of Figure 2). The treatment of hGAD65 with a
mixture of PKC isoforms increased hGADG65 activity by
~65% (open bar of lane 2 of Figure 2), while PKA and
CaMKII had little effect on hGADG5 activity (open bars of
lanes 3 and 4 of Figure 2). Interestingly, when a mixture of
PKCua, -, and ¥ isoforms alone was tested, no significant
effect was obtained on hGADG65 activity. A novel PKC
isoforme, PKCe, which is C&"-independent, was found to
increase hGADG65 activity by~35% (Table 1). On the
contrary, hGADG7 activity was inhibited by phosphorylation.
The PKA treatment inhibited hGADG67 activity by35%
(closed bar of lane 3 of Figure 2). PKC and CaMKII had no
obvious effect on hGADG67 activity (closed bars of lanes 2
and 4 of Figure 2). ATP at the concentration of 20U
alone had no significant effect on both hGAD65 and
hGADG67 activity (lane 5 of Figure 2).

3—5 of Figure 3).

Direct Phosphorylation of hGADsIo test whether the
effect of kinase treatment was due to the direct phosphory-
lation of GAD proteins, we carried out the immunoblotting
assay using a general anti-phosphoserine/threonine antibody.
Among the PKC isoforms tested, only PKQane 2 of both
parts A and B of Figure 4), but not PKC isoforms, and
y (lane 1 of Figure 4B), could phosphorylate and activate
hGAD65. hGADG65 could not be phosphorylated by PKA
and CaMKIl in vitro (lanes 3 and 4 of Figure 4A,
respectively).

When hGADG67 was treated with PKA, both the full-length
and truncated hGAD67 were phosphorylated by PKA (lanes
3 and 5 of Figure 5). Interestingly, although PKC has no
effect on hGADG7 activity, the truncated hGADG67, but not
the full-length hGADG67, could be phosphorylated by RKC
-, and ¥ treatments (lanes 2 and 4 of Figure 5). CaMKII
could not phosphorylate the full-length or the truncated form
of hGADG67 (lane 6 of Figure 5).

The results from the immunoblotting test were further
confirmed by®?P autoradiography. A direct demonstration

Effect of Protein Phosphatase Treatment on hGAD65 and of [3?P] incorporation into both the full-length and truncated

hGADG67 Actiity. To test whether the effect of phosphory-
lation on hGAD65 and hGADG67 activity is reversible,

hGADG65 was obtained when hGAD65 was incubated with
PKC in the presence of {*P]ATP as shown in parts A (lane

dephosphorylation studies were performed as described in2) and B of Figure 6. Similarly, when treated with PKA,

the Materials and Methods. hGADG5 activity was found to

both full-length and truncated hGAD67 showed strong
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Ficure 9: Role of T91 in the PKA-mediated regulation of hGAD67
activity through phosphorylation. (A) Lane 1, control; lane 2, wild-
type hGADG67 treated with PKA; lane 3, hGAD67(T91A) treated
with PKA. (B) Upper panel, immunoblotting using anti-phospho-
serine/threonine antibody. Lane 1, hGAD67(T91A) control; lane
2, hGAD67(T91A) treated with PKA; lanes 3 and 4, wild-type
hGADG67 treated with PKA served as the positive control (lane 3,
a mixture containing both the full-length and truncated forms of
hGADG67; lane 4, the full-length form of hGAD67 only). Lower
panel, protein staining to ensure equal loading.

incorporation of §2P] (parts A (lane 4) and C of Figure 6).
No incorporation of ¥2P] was observed in the control group
(lanes 1 and 3 of Figure 6A).

Identification of the Phosphorylation Site by MALDI
TOF. After the positive demonstration of direct phosphory-
lation of hGADG7 by §2P] incorporation and immunoblotting

Biochemistry, Vol. 43, No. 20, 20046187

1585.77, and 1603.99. These fragment ions were used to
search the matched peptide from the database by Mg.
When the fragmental ions were compared, two potential
phosphorylation sites were identified, i.e., T91 and threonine
93 (T93), in FRRT(91)ET(93)DFSNLFAR. We concluded
that T91 is the site that is phosphorylated by PKA based on
the following two criteria: first, T91 is within the PKA
phosphorylation motif RX—S/T, and second, phosphory-
lation of T91 could block the potential cleavage by trypsin
between arginine 90 and T91, thus maintaining the whole
peptide to remain intact.

Site-Directed Mutagenesisio confirm our conclusion
from MALDI —TOF and further address the role of T91 in
regulation of hGADG67 activity, we mutated this residue either
to alanine [GAD67(T91A)], which cannot be phosphorylated,
glutamic acid [GAD67(T91E)], or aspartic acid [GAD67-
(T91D)], which would mimic the phosphorylation of GAD67.
Mutation of T91 to alanine alone has no significant effect
on GADG67 activity as compared to the wild-type GAD67
(Figure 8). However, mutation of T91 to glutamic acid or
aspartic acid decreased GAD67 activity $%0% (Figure
8). Mutation of T91 to alanine also abolished the PKA-
mediated inhibition of hGADG67 activity (Figure 9A) and
prevented phosphorylation of hGAD67 by PKA because no
signal was detected by immunoblotting (lanes 1 and 2 of
Figure 9B).

DISCUSSION

The results presented here, together with our previously
reported findings§, 6), strongly support the conclusion that
phosphorylation plays an important role in the regulation of
GAD activity. GAD65 and GAD67 appear to be regulated
differently by phosphorylation. GADG65 is activated upon
phosphorylation, while GADG67 is inhibited by phosphory-
lation. How the phosphorylation causes opposite responses
in GAD65 and GADG67 needs to be further characterized. It
is conceivable that phosphorylation of GAD65 and GAD67
may change th&,, of the enzymes for their cofactor PLP
or their substrate-glutamic acid differently. Accordingly,
for GADG65, phosphorylation might decrease #gfor PLP
and/orL-glutamic acid and the opposite effect would occur
to GAD67 upon phosphorylation. The previous studies on
MGAD showed that phosphorylation lowers tig, of
MGAD for L-glutamate from 2.1 to 0.9 mM and increases
the Vimax by 50% ©). Because the experiments reported here
were conducted at a saturating level of PLP (0.2 mM), the

using a phospho-specific antibody, we further identified the effect of the phosphorylation is most likely due to the

residue(s) involved in the phosphorylation of hGAD67 by

MALDI —TOF as shown in Figure 7. The sequence coverage

for trypsin digestion is 24%. By comparing the theoretical

changes in th&,, for L-glutamic acid.

In regards to the identity of protein kinases and phos-
phatases involved in the regulation of GAD65 and GAD67,

spectrum with the experimental spectrum, we identified one we have screened the three most abundant protein kinases,
phosphopeptide in hGAD67, which contains amino acids PKC, PKA, and CaMKIl, and three types of protein

88—101, FRRTETDFSNLFAR, as indicated by an asterisk

phosphatases, PP1, PP2A, and PP2B, for their possible roles

in Figure 7, because it shows an increase in its mass of 80in the regulation of GAD65 and GAD67 in vivo. PPAC

Da (m/z 1839.89) because of the addition of HPO
compared to the theoretical peptide/Z 1759.89). Once the

was not included because it is less-characterized in neurons
than the other three typet). hGADG67 is phosphorylated

phosphopeptide was identified, it is further analyzed via MS/ by PKA and dephosphorylated by calcineurin. Their possible

MS to identify the residue, which is phosphorylated. Frag-

roles in vivo were confirmed by the previous study of SGAD

ment ions from the phosphopeptide obtained by MS/MS are (5). Using MALDI—TOF, the phosphorylation site by PKA
(m/2) 516.37, 542.73, 854.70, 888.70, 906.54, 986.31, was identified to be T91. The importance of T91 in regulating
1052.73, 1070.62, 1087.95, 1200.06, 1283.01, 1569.08,hGADG67 activity is supported by the site-directed mutagen-
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. PKCe ‘ Activated PKCe with lipid attached l Actin filament

Ficure 10: Proposed model depicting the role of protein phosphorylation in the regulation of GAD65 and GAD67 and its physiological
implications (modified from reR4).

esis experiment. When T91 is mutated to alanine, hGAD67 cannot phosphorylate GAD based on the immunoblotting
could no longer be phosphorylated by PKA and the effect analysis. It is interesting that €d4CaM could induce the
of PKA-mediated inhibition on hGADG67 is abolished. dimerization of plant GAD, thus activating plant GAR3).
However, when T91 is mutated to aspartic acid or glutamic Although this mechanism may be important for plant GAD,
acid, which mimics the phosphorylation status of hGAD67, it has not been reported in mammalian GAD.
the activity was greatly decreased compared to the wild- We were unable to identify the phosphopeptide for
type hGADG7. It is interesting that, although PKC had no hGADG65 presumably because of the low recovery of the
effect on hGADG67 activity, it could phosphorylate the phosphopeptide. It has been reported that phosphorylation
truncated hGADG67 but not the full-length form. The fact that of serine residues 3, 6, 10, and 13 in GADG65 is involved in
the full-length hGAD67 cannot be phosphorylated by PKC the anchoring of GAD65 to the membrane and has no effect
has two implications: first, the phosphorylation site for PKC on GADG65 activity (4). In our study, the truncated form
is not within the N terminus of hGAD67 {170 amino acids); with the deletion of amino acids-169 from the N terminus
second, the potential phosphorylation sites for PKC are was also phosphorylated as shown 8 incorporation,
masked in the full-length hGAD67, and the removal of the indicating that the sites that are phosphorylated by PKC are
first 70 amino acids from the N terminus causes a confor- different from the four sites reported by Namchuk et &) (
mational change that exposes the sites that can then bdn their study, they did not identify the protein kinases that
phosphorylated by PKC. are responsible for the phosphorylation of Ser3, -6, -10, and
When GADG65 is compared to GAD67, the responsible -13. By searching the consensus sequence motif, we found
protein kinases and phosphatases for the regulation ofthat they are the potential phosphorylation site for mitogen-
GADGb5 are less-characterized. The earlier study on mGAD, activated protein kinase (MAPK) and glycogen synthase
presumably GADG65, did not specify the responsible protein kinase 3 (GSK-3).
kinase but indicated that the phosphorylation of mMGAD is  Our current paper indicates that PKC phosphorylates and
through a membrane-bound protein kina€y. (CaMKII activates GADG65 in vitro. PKC consists of a family of
might be a good candidate because it is also associated witrenzymes: conventional PKC (PKC -6, and «), which
synaptic vesicles and can phosphorylate several synapticrequire diacylglycerol, phosphatidylserine, andCaovel
vesicle-associated proteirk2. However, our in vitro studies ~ PKC (PK®, -¢, -1, and #), which are C& -independent
indicate that CaMKII has no effect on GAD activity and but do require diacylglycerol, and atypical PKC (PKC:,
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and -), whose regulation is not fully understood. Numerous

studies have shown the functional

link between PKC

isoforms and changes in the neurotransmitter releaSge (

16).
because it is expressed at very low levels in several normal
tissues but is expressed at much higher levels in the brain,

The 83.4-kDa PKe€isoform is particularly interesting,

particularly the presynaptic nerve terminals’. The evi-
dence for the specific involvement of PK@ brain functions

is emerging 1{8—21). Our study on phosphorylation of
mMGAD also indicated that the responsible protein kinase is
C&*-independent, because commor?Cahelator such as
EDTA has no effect on the activation of mGAD by ATP

(6).

This observation together with the property of RKC

being C&"-independent led us to speculate the involvement
of PKCe in the regulation of GADG65 in vivo. This notion is
supported by our results reported here that PKialit not

the PKQy, -, and 4 mixture, could phosphorylate and
activate GADG65. Furthermore, PK@an be translocated to
the membrane fraction in rat cortical synaptosomes upon
activation @2). Herein, a model to depict the role of PKC

in the regulation of GABA biosynthesis is proposed as
follows (Figure 10): Upon neuronal stimulation, PKC
translocates from cytosol to the synaptic-vesicle (SV)
membrane or near the SV (step 1), for example, through
anchoring to filamentous acti2®), and is activated by

phospholipids. This translocation process needs to be inves-

tigated and thus is indicated by a question mark. This
translocation brings PKEclose to GADG65, resulting in
phosphorylation and activation of SV-associated GAD65
(step 2). GABA newly synthesized by SV-associated GAD65
is then transported into SVs by a vesicular GABA transporter
(VGAT) through a coupling mechanisn24). The refilled
GABA in the SVs is ready to be released upon arrival of a
new action potential.

In summary, this paper demonstrates that GAD65 and
GADG67 are regulated in an opposite manner by phospho-
rylation, and this is compatible to the idea that these two
forms of GAD, which have different subcellular distribution,
may also be regulated differently in responding to physi-
ological conditions.
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