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Abstract 

Phosphoserine phosphatase catalyzes the final step in the major pathway of L-serine biosynthesis in brain. Using D-phosphoserhte as 
substrate, the metabotropic glutamate receptor antagonist L-2-amino-3-phosphonopropionic acid (L-AP~) inhibits phosphoserine phos- 
phatase partially purified from rat brain with a Ki of 15 1 PM. In contrast to Ap3 enantioselectivity at metabotropic receptors, DAP3 (K, 
48 PM) is more potent as an inhibitor of phosphoserine phosphatase than L-AP3, whereas DL-AP3 has intermediate potency. D-, L-, and 
DL-AP3 are 6- to &fold more potent inhibitors using D-phosphosei-ine rather than t_-phosphoserine as substrate, suggesting that AP3 may 
have selectivity for isoforms of phosphoserine phosphatase which preferentially cleave Dphosphoserine. D-AP3 decreases the apparent 
afftnity of D- and L-phosphoserine with little or no change in maximal velocity indicating that it is a competitive inhibitor of the enzyme. 
Whereas L-AP3 has similar potency at metabotropic glutamate receptors and phosphoserine phosphatase, D-Ap3 is selective for 
phosphoserine phosphatase and is the most potent and only known competitive inhibitor of this enzyme. 

Kewords: Phosphoserine phosphatase; L-AP3 (r-2-amino-3-phosphonopropionic acid); &AP3 (D-2-amino-3-phosphonopropionic acid); Serine; Glycine 

1. Introduction 

Phosphosetine phosphatase (EC 3.1.3.3) is a key en- 
zyme in the biosynthetic pathway of L-serine. Phospho- 
serine phosphatase catalyzes the hydrolysis of L-phospho- 
serine to form L-serine and inorganic phosphate in the final 
step of the phosphotylated pathway of L-serine biosyn- 
thesis (Fig. 1). Although the alternate nonphosphorylated 
pathway exists in many tissues, greater than 90% of L-set-me 
in brain is formed via the phosphorylated pathway 
(Bridgers, 1965). L-Set-me regulates phosphoserine phos- 
phatase activity via negative feedback inhibition that has 
been characterized as noncompetitive (Bridgers, 1967) or 
uncompetitive (Veeranna and Shetty, 1991) in nature. In 
addition to phosphatase activity, the enzyme also has 
phosphotransferase activity since it can transfer a phospho- 
ryl group from L-phosphoserine to L-serine. These reac- 
tions apparently occur through different mechanisms since 
the activities are separable (Bridgers, 1967). 
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Phosphoserine phosphatase is a Mg’+-dependent en- 
zyme having an estimated molecular weight of 47-65 kQa 
(Bridgers, 1969; Moro-Furlani et al., 1980; Paoli et al., 
19741, although this may represent a dimeric form of the 
enzyme with a monomeric molecular weight of 26 kDa 
(More-Furlani et al., 1980). Phosphoserine phosphatase 
self-associates to produce higher molecular weight forms 
via intermolecular disulfide bonds under certain conditions 
(Paoli et al., 1974). Multiple isozymes of human phospho- 
serine phosphatase from several tissues have been identi- 
fied. Common isozymes probably arise from posttrans- 
lational modification, whereas rare forms are apparently 
due to allelic variation at an autosomal locus (Mom-Fur- 
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Fig. 1. Reaction catalyzed by phosphoserine phosphatase WSpa~e). 
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Fig. 2. Structures of phosphoserine, AP3. and AP3. 

lani et al., 1980). The serB gene thought to encode 
phosphoserine phosphatase has been cloned from E. co/i 
and predicts a protein of 322 amino acids with a molecular 
weight of 35 kDa (Neuwald and Stauffer, 1980). 

Excitatory amino acid receptors are classified as 
ionotn>pic or metabotropic depending on whether they 
form ion channels or are coupled to G-proteins. respec- 
tively. Knowledge of the diversity of metabotropic recep- 
tors has outpaced their pharmacological characterization 
with the cloning of several subtypes (mGlu , _ x) coupled to 
phospholipase C or adenyl cyclase (Knopfel et al., 1995). 
Expression studies have clarified the subtype selectivity of 
the metabotropic agonists (1 S,3 RJ- 1 -aminocyclopentane- 
l,3-dicarboxylic acid (ACPD), L-2-amino-4-phosphono- 
butyric acid (L-AP4), and (2S, l’S,2’S)-2-(carboxycy- 
clopropyl)glycine (L-CCG-I). Recent progress has been 
made in the development of antagonists such as S-4- 
carboxyphenylglycine (S-4CPG), which is a competitive 
antagonist at the mGlu, (1 and mGlu, receptor subtypes, 
and a-methyl-r_-AP4 (MAP41 and u-methyl-L-CCG-I 
(MCCG), whose subtype selectivity is unknown (Knopfel 
et al., 1995). 

Racemic 2-amino-3-phosphonopropionic acid (DL-AP3) 

(Fig. 2) was identified as a metabotropic receptor antago- 
nist by its inhibition of ibotenate-stimulated phosphoinosi- 
tide hydrolysis in rat hippocampal slices (Schoepp and 
Johnson, 1989). This activity was later shown to reside 
primarily in the L-isomer (Schoepp and Conn, 1993). 
However, the actions of L-AP3 are complex since it has 
been reported to have antagonist or partial agonist activity 
for phosphoinositide hydrolysis in rat hippocampal slices 
but is relatively inactive in cerebellar slices (Schoepp and 
Conn, 1993). L-AP3 also antagonizes long-term potentia- 
tion induced by L-AP4 presumably acting via metabotropic 
receptors, but not L-AP4 modulation of ionic currents or 
inhibitory or excitatory postsynaptic potentials in rat hip- 
pocampus. L-AP3 has agonistic activity in enhancing phos- 
pholipase D activity and decreasing CAMP formation in rat 
hippocampus (Schoepp and Conn, 1993). L-AP3 was pro- 
posed to have selectivity for metabotropic receptor sub- 
types based on these differential activities (Schoepp and 
Corm, 1993). Recently, studies on cloned metabotropic 
receptors have shown that L-AP3 may have selectivity for 
Group II subtypes since it inhibits [3H]glutamate binding 

to mGlu, receptors (Ki 125 PM) (Laurie et al., 1995) but 
iS inactive in blocking glutamate-stimulated phosphoinosi- 

tide hydrolysis in Group I subtypes (mGlu, and mGlu,) 
(Abe et al., 1992; Aramcri and Nakanishi. 1992). 

In the present study, a high throughput colorimetic 
assay for phosphoserine phosphatase is characterized and 
the discovery that D-and L-AP3 inhibit this enzyme is 
presented. 

2. Materials and methods 

D- and L-phosphoserine were obtained from Sigma and 
Bachem. Significant color formation with D- and L-phos- 
phoserine obtained from Sigma (presumably due to con- 
taminating inorganic phosphate) was observed at concen- 
trations exceeding 4 and 0.5 mM, respectively. Bachem 
lots produced much less color at these concentrations and 
were preferable for saturation experiments. The AP3 enan- 
tiomers and other reagents were obtained from Sigma. 

2.2. Partial pur#kation of phosphoserine phosphatase 

Phosphoserine phosphatase was partially purified ac- 
cording to the method of Bridgers (1967). Rat brain cor- 
tices were obtained from ABS (Wilmington, DE). Approx. 
22 g cortex was homogenized in ice-cold acetone (N 3 g 
cortex/20 ml) using a glass/teflon homogenizer and cen- 
trifuged at 6600 X g for 20 min at 4°C. The pellets were 
resuspended in ice-cold acetone (6 g wet weight cortex/ 10 
ml), re-homogenized, and centrifuged at 6600 X g for 20 
min at 4°C. Acetone powder was produced by drying the 
pellet under a gentle nitrogen current at 4°C until it was 
light tan in color and practically free of the smell of 
acetone. The acetone powder was resuspended and homog- 
enized in Tris-Mg buffer (10 mM Tris-HCI/lO mM 
MgCl,/l mM EDTA, pH 7.5) (- 22 g original wet 
weight cortex/50 ml), stirred on ice for 30 min, and 
centrifuged at 18400 X g for 35 min. The pellet was 
resuspended in Tris-Mg buffer ( w 22 g original wet weight 
cortex/ 17 ml) and centrifuged at I8 400 X g for 35 min. 
The supematants were combined to produce the acetone 
powder extract. Ammonium sulfate (13.73 g) was slowly 
added to 57 ml acetone powder extract on ice and stirred 
for 30 min. The suspension was centrifuged at 7200 X g 

for 30 min at 4°C. The pellet was discarded and 9.49 g 
ammonium sulfate was added to 57 ml supematant and 
stirred for I h on ice. The suspension was centrifuged at 
7200 X g for 30 min at 4°C. The supematant was dis- 
carded and the pellet was resuspended in 2 ml Tris-Mg 
buffer and stored at - 80°C. 

2.3. Phnsphoserine phosphatase assay 

The thawed, partially purified phosphoserine phos- 
phatase preparation was diluted in 50 mM 2-(N-morpho- 



lino)ethanesulfonic acid (MES)/,S mM MgC!:+ pH 6.2 
(ME!+Mg buffer) and 150 ~1 aliquots containing 43-50 
pg protein were incubated with 59 ~1 substrate in MES-Mg 
buffer for 30 min at 37°C (final volume 250 p!). D- or 
L-phosphoserine was used as substrate at a concentration 
of 500 or 100 FM. respectively, in inhibition experiments. 
Inhibitors were added in 50 ~1 MES-Mg buffer at the 
concentrations given in the figures. Increasing concentra- 
tions of D- or L-phosphoserine were used in saturation 
experiments in the absence or presence of 300 PM or 1 
mM II-AP3, respectively. The incubations were terminated 
by addition of 250 ,c~i 1 N HCi and centrifuged on a 
microfuge at maximal rpm for 10 min. Protein concentra- 
tion was determined using a modified Lowry procedure 
(Peterson, 1977). 

2.4. Determination of inorganic phosphate 

Inorganic phosphate was measured colorimetricaliy in 
96well polystyrene plates using the method of Fisher and 
Higgins (1994). Aliquots i 100 ~1) of the terminated incu- 
bation supernatant was mixed with 100 ~1 malachite green 
reagent. The malachite green reagent was prepared just 
prior to use and consisted of 10 ml water, 2 ml i .3 mM 
malachite green in 3.6 M H,SO,, 0.5 ml 7.5% ammonium 
moiybdate, and 40 pi ii% Tween 20. The standard curve 
consisted of O-6 nmoi inorganic phosphate added in 100 
~1 1: 1 MES-Mg buffer-l N HCI. The plate was allowed 
to stand for 2 h at 22°C and the absorbance at 650 nm 
determined using a microtiter plate spectrophotometer 
(Molecular Devices). 

2.5. Data arra(vsis 

For inhibition experiments, the concentration producing 
50% inhibition of enzyme activity (I&,), the maximal 
extent of inhibition (I,,), and the Hill value were esti- 
mated using the sigmoidai equation in Prism (GraphPad). 
The inhibition constant (Ki) was calculated using the 
Cheng-Prusoff equation (Cheng and Prusoff, 1973). For 
saturation experiments, the Michaelis constant (K,) and 
maximal velocity <V,,, 1 were estimated using the hyper- 
bolic equation in Prism. 

3. Results 

3.1. Standard pkosphoserine phosphatase assa? 

Rat brain cortical phosphoserine phosphatase was par- 
tially purified by ammonium sulfate precipitation of an 
acetone powder extract. This procedure removed compo- 
nents (presumably inorganic phosphate) present in super- 
natants of rat cortical homogenates which produced high 
backgrounds in the coiorimetric assay. Phosphoserine 
phosphatase activity was optimal near pH 6.0 as previously 
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Fig. 3. e-Serine inhibition of rat brain phosphoserine phosphatase. Par- 

tially purified enzyme incu ed with 500 ,uM ~phospboserine (0) or 

100 /.LM r-phosphoserine ) as substrate for 30 min at 37°C in the 

presence of increasing concentrations of L-serine. The number of experi- 

ments and calcula:cd IC,,,. I mll,. and Hill values are shown in Table I. 

described (Bridgers. 1967) and was linear up to 100 pg 
protein using D-phosphoserine as substrate (not shown). 
Activity was linear with incubation time up to 45 min at 
37°C with 500 &LM o-phosphoserine, but was curvilinear 
with 100 PM L-phosphoserine between 5 and 45 min (not 
shown). Shorter incubation times or lower concentrations 
of t_-phosphoserine could not be used due to sensitivity 
limits of the coiorimetric assay. 

3.2. L-Serine inhibition qf pkospltoserirze phosphatase 

L-Serine inhibited phosphoserine phosphatase activity 
with similar potency and to a similar extent using either 
o-phosphoserine or t.-phosphoserine as substrate (Fig. 3. 
Table 1). The calculated IC,,, and I,,, values are similar 
to those previously reported (Bridgers, 3967, 1969). The 
residual phosphatase activity in the presence of saturating 
r_-serine concentrations may be due to sub-maximal inhibi- 
tion of phosphoserine phosphatase by L-serine or by the 
presence of contaminating nonspecific phosphatases. The 
latter possibility is favored since subsequent partial purifi- 
cations with minor modifications have yielded enzyme 

Table I 
Inhibition of rat brain phosphoserine phosphatase by L-serine and AP3 

Inhibitor Substrate ICj,, /.LM K, gM I,,, % Hill number 

t_-Serine t+Phosphoscrine 585+ 34 - 79+_3 1.08+0.03 

L-Phosphoserine 456 + I5 - 81+4 1.05~0.06 

r+AP3 D-Phosphoserine I 18 f 2 18 + I 9-t + 8 0.76rO.W 

t_-Phosphoserine 988+ 136 -NO+55 96+2 0.82kO.02 

DL-AP3 rr-Phosphoserine I87 + I1 77 &- 5 94+3 0.75 kO.01 

L-Phosphoserine I403f 57 568+23 lOI+ 0.S2zkO.02 

L-AP3 D-Phosphoserine 368 f 27 151+ I I 98 +4 O-73+0.03 

i_-Phosphoserine 2087 f 92 845 f 37 IW& 1 0.86&O.W 

Partially purified enzyme incubated with 500 @d r+phosphoserine or 

100 PM L-phosphoscrine as substrate for 30 mm at 3PC in the presence 

of Increasing concentrations of inhibitor in duplicate. Values are means+ 

S.E.M. of three (D-. L-. mAP3) or four k-serine) independent experi- 

ments. 
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Fig 4. Inhibition of rat brain phosphoserine phosphatase by AP3 enan- 

tiomers. Partially purified enzyme incubated with substrate for 30 min at 

37’C in the presence of increasing concentrations of pAP3 ( q ). DL-AP3 

(O), or L-AP3 (A). (A) BPhosphoserine (500 PM) as substrate. (B) 

L-Phosphoserine (100 PM) as substrate. The number of experiments and 

calculated IC,,, I mnx, and Hill values are shown in Table I. 

preparations with virtually complete inhibition of activity 
at saturating L-serine concentrations (not shown). Control 
experiments indicate that t.-serine neither generates color 
nor interferes with color formation produced by inorganic 
phosphate. 
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Fig. 5. Saturation of rat brain phosphoserine phosphatase in the presence 

and absence of DAP~. Partially purified enzyme incubated with increas- 

ing concentrations of substrate for 30 min at 37°C in the absence ( 

presence of t+AP3 (0). (A) BPhosphoserine as substrate. For this 

representative experiment. K, and V,,, values were 288 FM and I.5 

nmoi/min/mg in the absence of D-AP3 and 2178 PM and I6 

nmoijrniujmg in the presence of 300 PM pAP3. (B) L-Phosphoserine 

as substrate. For this representative experiment. K, and V,,, values 

were 41 PM and I6 nmol/min/mg in the absence of mAP3 and I30 

PM and I5 nmol/min/mg in the presence of I mM bAP3. The overall 

K, and V,,,,, values from replicate experiments are shown in Table 2. 

3.4. Saturation analysis qf phosphoserine phosphatase 
3.3. AP3 inhibition of phosphoserine phosphatase 

AP3 completely inhibits phosphoserine phosphatase ac- 
tivity (Fig. 4, Table 1). The D-isomer of AP3 is 2- to 3-fold 
more potent than the L-isomer as an inhibitor of phospho- 
serine phosphatase depending on substrate, whereas the 
racemic mixture is intermediate in potency. D-AP~ po- 
tently inhibits phosphoserine phosphatase with a Ki of 48 
PM using Pphosphoserine as substrate (Fig. 4A, Table 1). 
Interestingly, D-AP~ is 8.4-fold less potent using L-phos- 
phoserine as substrate (Fig. 4B, Table 1). This substrate- 
dependent potency difference is less apparent with L-AP3, 
which is a 5.7-fold more potent inhibitor of phosphoserine 
phosphatase using D-phosphoserine compared to L- 

phosphoserine as substrate. The Hill slopes of the concen- 
tration-inhibition curves were consistently < 1.0. Control 
experiments indicate that neither D- nor L-AP3 is a sub- 
strate and neither inhibitor generates color nor interferes 
with color formation produced by inorganic phosphate. 

Saturation experiments indicate that L-phosphoserine 
has higher affinity (K, 68 PM) for phosphoserine phos- 
phatase than D-phosphoserine (K, 347 PM) although the 
enzyme cleaves these substrates with similar maximal 

Table 2 

Saturation of rat brain phosphoserine phosphatase in the presence and 

absence of t+AP3 

Substrate DAP~ 

DPhosphoserine - 

300 /LM 

L-Phosphoserine - 

ImM 

K, VI,, 

CLM nmoi/min/mg 

347& 52 16-+1 

18851-272 16* I 
68+ 11 is+ I 

16O&- 28 i6+ I 

Partially purified enzyme incubated with increasing concentrations of 

t_-phosphoserine or D-phosphoserine as substrate in duplicate for 30 min 

at 37°C in the presence or absence of DAP~. Values are means f S.E.M. 

of four (D-AP~) or eight (control) independent experiments. 
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Fig. 6. Lineweaver-Burke transformation of [he saturation data in Fig. 5. 

(A) BPhosphose;ine as substrate. (B) t_-Phosphoserine as substrate. 

velocities (Fig. 5A,B, Table 2). These K, values for rat 
cortex are 2- to 3-fold higher than previously reported in 
mouse and human brain (Bridgers, 1967; Veeranna and 
Shetty, 1991). Saturation experiments indicate that D-AP3 
is a competitive inhibitor of phosphoserine phosphatase 
since the apparent K, is higher in the presence of D-AP3 
with little or no change in Vm, using both D- and L-phos- 
phoserine as substrates (Fig. 5A,B, Table 2). The competi- 
tive inhibition of phosphoserine phosphatase by D-AP3 is 
apparent in Lineweaver-Burke transformations of the satu- 
ration data (Fig. 6A,B). 

4. Discussion 

Phosphoserine phosphatase is a key enzyme regulating 
the biosynthesis of L-serine in brain. In addition to its role 
in protein synthesis, t_-serine is the precursor of complex 
lipids (e.g., sphingomyelins and gangliosides) and also 
glycine via the serine hydroxymethyl transferase reaction. 
Indeed, the glycine concentration in rat brairt during devei- 
opment is correlated with phosphoserine phosphatase ac- 
tivity (McChesney et al., 1987). Like L-serine. glycine has 
multiple roles in addition to protein synthesis. Glycine is a 
component of glutathione, is involved in purine biosyn- 
thesis, and functions as a neurotransmitter. Glycine is the 

endogenous agonist at strychnine-sensitive glycine recep- 
tors, where it gates a chloride channel-mediating inhibitory 
transmission, particularly in the spinal cord (Bechade et 
al., 1994). Glycine ahso functions as an obligatory coago- 
nist at strychnine-insensitive glycine sites associated with 
the frdMDA subtype of excitatory ammo acid receptors 
(Wood: 1995). 

In contrast to rat brain where it is uniformiy distributed, 
phosphoserine phosphatase is differentially distributed in 
human brain regions. Phosphoserine phospinatase activity 
is enriched in human hippocampus compared to cortex, 
whereas other regions have intermediate levels (Veeranna 
and Shetty, 1991). Although complicated by the diverse 
roles of L-serine and glycine in brain metabolism, the 
differential distribution of human phosphoserine phos- 
phatase may be related in part to regional requirements for 
the neurotransmitter functions of glycine. Although little is 
known about the subcellular distribution of phosphoserine 
phosphatase, rat cortical synaptosomes cleave r_-pitospho- 
serine suggesting that high levels of this enzyme exist 
presynaptically (Wood et al., 1995). 

A novel microtiter plate assay for phosphoserine phos- 
phatase was characterized which measures inorganic phos- 
phate production calorimetrically. Phosphoserine phos- 
phatase was partially purified from rat cortex, which re- 
duced interference from color forming contaminants, pre- 
sumably inorganic phosphate. Phosphoserine phosphatase 
activity was characterized using both D- and t.-phospho- 
serine as substrates. L-Phosphoserine is the natural sub- 
strate for the enzyme and has higher afi%tity than D-phos- 
phosetiee. but gives non-linear kinetics possibly due to end 
product inhibition by t-set-me. Although D-phosphoserine 
has lower affinity for phosphoserine phosphatase, it gives 
linear kinetics. Since it is not detectable in rat brain 
(Goodnough et al., 1995), o-phosphoserine cannot be a 
natural substrate of phosphoserine phosphatase, consistent 
with its relatively high K, and the lack of inhibition by 
the end product D-serine (IC,, > 10 mM) (Grill0 and 
Cogue. 1966). 

L-Set-me is a noncompetitive or uncompetitive end prod- 
uct inhibitor of phosphosetiRe phosphatase (Bridgers, 1967: 
Veeranna and Shetty, 1991) and is the only knOwR tiCrO- 

molar inhibitor of this enzyme. The potency of L-seine for 
inhibition of phosphoserine phosphatase is Similar Using 
D-phosphoserhte oi L-phosphoserine as ss;bstrate indicating 
that both substrates give accurate estimates of the potency 
of this dlosteric inhibitor and that L-serine inhibits all 
isozymes of phosphoserine phnsphasase that may be pre- 
sent. The previously reported inhibitors trifhpe~ine ad 
chloropromazine are quite weak since < 50% inhibition 
was observed at 1 R&I (Veeranna and Shetty. 1991). The 
Only other known inhibitor is the sulfhydryl reagent N- 
ethylmaleimide (Paoli et al., 1974). 

The striking structural similarities between AP4 and 
phosphoserine (Fig. 2) suggested that AM might be a 
potent competitive inhibitor of phosphoserine phospham= 
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Indeed, this structural similarity has previously been ex- 
ploited in the metabotropic receptor area since L-phospho- 
serine is known to be an agonist at L-AP4 receptors 
(mGlu,_,) (Knopfel et al., 1995). However, DL-AP4 (500 
PM) was found to be inactive as an inhibitor of phospho- 
serine phosphatase (J.E. Hawkinson, M. Acosta-Burruel 
and p. Wood, unpublished observations). Surprisingly, o- 
AP3 (Fig. 2), an analog of D-AI’4 containing one less 
methylene carbon, was found to be a potent inhibitor of 
phosphoserine phosphatase. D-AP3 is not a substrate since 
it possesses a non-cleavable phosphonate group rather than 
the phosphoryl group present in all known substrates. The 
inhibition by AP3 is stereospecific since the D-enantiomer 
is more potent than the L-enantiomer whereas racemic 
DL-AP3 has intermediate potency. 

Both P and L-AP3 are more potent using o-phospho- 
serine as substrate relative to L-phosphoserine, suggesting 
that multiple phosphoserine phosphatase isozymes may be 
present in the enzyme preparation and that D- and L-AP3 
have higher affinity for isoforms which preferentially 
cleave D-phosphoserine. This conclusion is supported by 
the low Hill values for D- and L-AP3 concentration-inhibi- 
tion curves. Indeed, several isoforms of phosphoserine 
phosphatase have been identified in human brain (Moro- 
Furlani et al., 1980). Saturation experiments indicate that 
D-AP3 is a competitive inhibitor of phosphoserine phos- 
phatase consistent with its structural similarity to the natu- 
ral substrate. In view of its competitive interaction at the 
active site, it is surprising that AP3 displays the opposite 
enantioselectivity (D-AP3 affinity > L-AP3) relative to the 
substrate (L-phosphoserine affinity > D-phosphoserine). 
Although D-AP3 is competitive with both substrates, D- 
and L-phosphoserine may bind to different domains within 
the active site with different degrees of overlap by D-AP3 
which cou!d explain the difference in potency of this 
inhibitor with the two different substrates. Resolution of 
these issues awaits inhibition studies using pure isoforms 
and/or crystallographic elucidation of the structure of the 
active site. 

In contrast to its enantioselectivity at phosphoserine 
phosphatase, the L-isomer of AP3 is a more potent antago- 
nist than the D-isomer at metabotropic glutamate receptors. 
For example, L-AP3 is 3- or 5-fold more potent than 
D-AP~ as an inhibitor of ibotenate- or quisqualate-stimu- 
lated phosphoinositide hydrolysis in hippocampal or corti- 
cal slices, respectively (Schoepp et al., 1990). AP3 blocks 
ibotenate-stimulated phosphoinositide hydrolysis with Ic,, 
values of 168 and 51.5 PM for the L- and D-isomers, 
respectively (Schoepp et al., 1990). Thus, L-AP3 is approx- 
imately equipotent as an inhibitor of phosphoserine phos- 
phatase (Ki 151 /.&I using Dphosphoserine as subsirate) 
and metabotropic receptors, whereas D-AP3 is a IO-fold 
more potent inhibitor of phosphoserine phosphatase (& 48 
PM using Dphosphoserine as substrate) than metabotropic 
receptors. Interestingly, L-AP3 is thought to be a noncom- 
petitive inhibitor of metabotropic receptors (Schoepp et al., 

1990), although competitive inhibition has also been re- 
ported (Saugstad et al., 1995). D-AP3 has also been re- 
ported to bind the MMDA receptor (Schoepp et al., 1990), 
but it has higher affinity for phosphoserine phosphatase 
than this subtype of ionotropic receptor ([3H]CGS 19755 
binding I&, 292 PM). 

The inhibition of metabotropic glutamate receptors by 
L-AP3 has been questioned since it inhibits phosphoinosi- 
tide synthesis from [ 3H]myo-inositol in hippocampal slices 
under the same conditions in which it inhibits metabotropic 
agonist-induced phosphoinositide hydrolysis (Ikeda, 1993). 
In the present study, the inhibition of phosphoserine phos- 
phatase by L-AP3 provides further evidence for multiple 
actions of L-AP3 and complicates the interpretation of 
essentially all functional data obtained with L-AP3 where 
inhibition of serine and glycine biosynthesis can affect the 
result. In contrast, D-AP3 is a selective phosphoserine 
phosphatase inhibitor and inhibition of this enzyme must 
be considered when interpreting functional data obtained 
with D-AP3 or DL-Al% 

In vivo, D- or L-AP3 must cross cellular membranes to 
inhibit the cytosolic enzyme phosphoserine phosphatase, 
whereas inhibition of membrane-bound metabotropic glu- 
tamate receptors presumably does not require membrane 
permeation. In this regard, L-AP3 has been shown to be a 
potent inhibitor of sodium-dependent L-[3H1glutamate up- 
take in cerebellar and cortical synaptosomes (39 and 110 
PM, respectively) (Robinson et al., 1993), suggesting that 
it may be a substrate of the glutamate transporter. In 
support of this possibility, L-AP3 produces an inward 
sodium current in cultured hippocampal astrocytes consis- 
tent with uptake via the glutamate transporter (Kirby- 
Sharkey et al., 1995). These results suggest that L-AP3 
gains access to the intracellular compartment where it can 
inhibit phosphoserine phosphatase. To our knowledge, the 
interaction of D-AI’3 with glutamate transporters has not 
been evaluated. 

L-AP3 has anticonvulsant activity in animals. For exam- 
ple, L-AP3 blocks audiogenic seizures in DBA/2 mice 
(Klitgaard and Jackson, 1993). In addition, DL-AP3 has 
been shown to be neuroprotective in the gerbil model of 
global ischemia (Maginn et al., 1995). It is possible that 
these anticonvulsant and neuroprotective activities may be 
related to inhibition of phosphoserine phosphatase with 
subsequent reductions in brain glycine availability. Al- 
though it has poor bioavailability. D-AP3 is the best avail- 
able pharmacologic tool to explore these possibilities since 

it is noncleavable and is the most potent and selective 
known inhibitor of this enzyme. 
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