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ABSTRACT G-substrate, an endogenous substrate for
cGMP-dependent protein kinase, exists almost exclusively in
cerebellar Purkinje cells, where it is possibly involved in the
induction of long-term depression. A G-substrate cDNA was
identified by screening expressed sequence tag databases from
a human brain library. The deduced amino acid sequence of
human G-substrate contained two putative phosphorylation
sites (Thr-68 and Thr-119) with amino acid sequences
[KPRRKDT(p)PALH] that were identical to those reported
for rabbit G-substrate. G-substrate mRNA was expressed
almost exclusively in the cerebellum as a single transcript. The
human G-substrate gene was mapped to human chromosome
7p15 by radiation hybrid panel analysis. In vitro translation
products of the cDNA showed an apparent molecular mass of
24 kDa on SDSyPAGE which was close to that of purified
rabbit G-substrate (23 kDa). Bacterially expressed human
G-substrate is a heat-stable and acid-soluble protein that
cross-reacts with antibodies raised against rabbit G-
substrate. Recombinant human G-substrate was phosphory-
lated efficiently by cGMP-dependent protein kinase exclu-
sively at Thr residues, and it was recognized by antibodies
specific for rabbit phospho-G-substrate. The amino acid
sequences surrounding the sites of phosphorylation in G-
substrate are related to those around Thr-34 and Thr-35 of the
dopamine- and cAMP-regulated phosphoprotein DARPP-32
and inhibitor-1, respectively, two potent inhibitors of protein
phosphatase 1. However, purified G-substrate phosphory-
lated by cGMP-dependent protein kinase inhibited protein
phosphatase 2A more effectively than protein phosphatase 1,
suggesting a distinct role as a protein phosphatase inhibitor.

In the central nervous system, the cerebellum plays an impor-
tant role in motor coordination and motor learning (1, 2), and
because of its simple neuronal circuit, it has allowed extensive
studies of the mechanisms underlying these functions. One
established mechanism underlying cerebellar motor learning is
long-term depression (LTD), which is an activity-dependent
and long-lasting depression of synaptic transmission from
parallel fibers onto Purkinje cells (3–5). As Purkinje cells are
the sole origin of output from the cerebellum, modification of
this output signal by LTD plays a significant role in motor
learning (4, 6, 7).

A specific role for cGMP in the induction of LTD has been
suggested (6). Moreover, nitric oxide (NO) is known to
increase cGMP synthesis in cerebellar neurons (8). In turn,
accumulating evidence has shown that NO plays an essential
role in the induction of cerebellar LTD (9–12) and LTD-

dependent motor learning such as vestibulo-ocular reflex
adaptation (13) and interlimb adaptation in perturbed loco-
motion (14). Even though Purkinje cells lack NO synthase,
most other cerebellar cells, such as the granule, basket, and
Bergman glia cells, do synthesize NO. The target(s) for NO is
reported to be inside the Purkinje cell (7, 15), where diffusing
NO activates guanylyl cyclase (16) and therefore would be
expected to increase cGMP-dependent protein kinase (PKG)
activity. While each component involved in the cascade acti-
vating PKG has been shown to be essential, less is known about
downstream components under the influence of PKG.

G-substrate purified from rabbit cerebellum was shown to be
one of a few preferred substrates for PKG (17–22). Immuno-
histochemical studies reveal that G-substrate is concentrated
in cerebellar Purkinje cells with PKG (18, 23, 24) in rat, mouse,
and rabbit. These lines of evidence led us to consider that
G-substrate is a downstream component of PKG and may also
take part in the induction of cerebellar LTD. In the present
study, we have cloned and characterized human G-substrate.
The results obtained indicated that G-substrate mRNA is
expressed almost exclusively in cerebellum. Moreover, recom-
binant human G-substrate expressed in Escherichia coli had
characteristics similar to those of the protein purified from
rabbit cerebellum. Notably, purified G-substrate phosphory-
lated by cGMP-dependent protein kinase was an effective
inhibitor of protein phosphatase 2A (PP2A), suggesting a
distinct role for the protein as a protein phosphatase inhibitor.
The molecular cloning and expression of recombinant G-
substrate should facilitate the investigation of the physiological
role of the protein in cerebellar function.

MATERIALS AND METHODS

Molecular Cloning of Human G-Substrate and Sequencing.
The BLAST program (25–27) was utilized to search the human
expressed sequence tag (EST) database (National Center for
Biotechnology Information dbest; ref. 28) using the partial
amino acid sequence obtained for rabbit G-substrate (21).
Three potential clones were obtained from the IMAGE Con-
sortium (Genome Systems, St. Louis) and sequenced. The
clone 46041 (GenBank accession no. H09006) from normal-
ized human infant brain cDNA library (29) was found to
contain a full-length human G-substrate and was characterized
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further in this study. The cDNA clone was characterized by
double-strand DNA sequencing using GeneRapid Seq 4X4
(Amersham–Pharmacia) with the thermo sequenase Cy5.5 dye
terminator cycle sequencing kit (Amersham–Pharmacia). All
regions of the clones were sequenced at least twice in both
strands.

Tissue Distribution of Human G-Substrate mRNA. A
275-bp PCR fragment (nucleotides 47–321) of human G-
substrate cDNA was labeled by using the Ready-To-Go DNA
labeling system (Amersham–Pharmacia) with [a-33P]dCTP
and purified by spin column (Boehringer Mannheim). A
human multiple tissue Northern blot (CLONTECH) and a
human RNA master blot (CLONTECH) were probed with a
33P-labeled probe (1.5 3 106 cpmyng of DNA) according to the
manufacturer’s protocol.

Radiation Hybrid Panel Mapping. The radiation hybrid
panel mapping was performed with Stanford Human Genome
Center G3 Radiation Hybrid Panel (Research Genetics,
Huntsville, AL), using primers 59-TTTCTGCTCTCATTTT-
TGTCATCGT-39 and 59-CAGAAGATGCAGAAAC-
CGAACC-39 for the 229-bp fragment of 39 untranslated region
(nucleotides 592–820) of human G-substrate cDNA. The
result was analyzed on the RH server at the Stanford Human
Genome Center’s web site (http:yywww-shgc.stanford.edu)
and the relative map position was estimated.

In Vitro Translation of Human G-Substrate. The cDNA
coding full-length human G-substrate was inserted into pBlue-
script (Stratagene), and the T7 promoter of the vector was
utilized for transcription. In vitro translation was carried out by
using a Single Tube Protein System 3 (Novagen) in the
presence of [35S]methionine (NEN) according to the manu-
facturer’s instructions. The resulting products were analyzed
by SDSyPAGE and autoradiography.

Bacterial Expression of Human G-Substrate. Human G-
substrate cDNA was cloned into pTrcHis (Invitrogen) for

bacterial expression of the protein as a hexahistidine-tagged
fusion protein (63His-hG-substrate). The 63His-hG-
substrate was expressed in E. coli BL21 (DE3) (Novagen) as
described previously (30). The crude bacterial extracts were
heated for 5 min at 95°C, the supernatants were applied to a
metal-chelating column saturated with Ni21 (chelating-
Sepharose FF, Amersham–Pharmacia), and the bound recom-
binant proteins were eluted by stepwise gradients of imidazole.
Purification was analyzed by SDSyPAGE (31).

Immunoblot Analysis. SDSyPAGE was performed by the
method of Laemmli (31). Proteins were transferred to poly-
(vinylidene difluoride) membrane (PVDF; Bio-Rad) in 10 mM
3-(cyclohexylamino)-1-propanesulfonic acid (Caps)–NaOH
(pH 10.5) containing 10% (volyvol) methanol. Membranes
were blocked with nonfat dry milk in 20 mM TriszHCl (pH 7.5)
containing 0.1% Tween 20 and 150 mM NaCl (TTBS), then
incubated with antibodies raised against rabbit G-substrate
(32). Immunodetection used protein G conjugated with horse-
radish peroxidase (Bio-Rad) and the ECL (enhanced chemi-
luminescence) system (Amersham–Pharmacia). Protein con-
centration was determined by the method of Bradford (33),
using BSA as standard (E280

1% 5 6.54).
Phosphorylation of Recombinant Human G-Substrate. Re-

combinant human G-substrate was phosphorylated with the
catalytic subunit of purified bovine heart cAMP-dependent
protein kinase (PKA, 0.3 mgyml; Sigma) in 50 mM [bis(2-
hydroxyethyl)amino]tris(hydroxymethyl)methane (Bistris)z
HCl (pH 6.5) containing 50 mM ATP, 12.5 mM MgCl2, 0.25
mM EGTA, and 0.3 mgyml BSA, or recombinant bovine PKG
Ia (0.25 mgyml; Calbiochem) in 50 mM Hepes–NaOH (pH
7.5), containing 50 mM ATP, 2 mM MgCl2, 10 mM cGMP, and
100 mM 3-isobutyl-1-methylxanthine at 30°C. The extent of
phosphorylation was determined by including trace amounts of
[g-33P]ATP (NEN) in the reaction mixtures. Incorporation of
[33P]phosphate was analyzed by SDSyPAGE and autoradiog-

FIG. 1. Nucleotide and deduced amino acid sequences of human G-substrate. Human G-substrate sequence was aligned with the partial
sequences of rabbit G-substrate (21). The cDNA contains three closely grouped potential initiation methionines (underlined). The deduced amino
acid sequence has two phosphorylation sites (Thr-68 and Thr-119), as previously identified in rabbit G-substrate. The poly(A)1 signal (AATAAA),
mRNA destabilization signals (ATTTA), and in-frame stop codon in the 59-untranslated region are underlined. The primers used for radiation
hybrid analysis are designated with broken underlines. The nucleotide sequence of human G-substrate has been submitted to GenBank (accession
no. AF097730).
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raphy. Phosphoamino acid analysis of the [33P]phosphorylated
human G-substrate was carried out according to Hildebrandt
and Fried (34) followed by thin-layer chromatography (35).

Protein Phosphatase Assay. Rabbit G-substrate was puri-
fied according to Aswad and Greengard (19) and phosphor-
ylated by PKG purified from bovine lung (36) to 2 mol of
phosphate per mol of G-substrate (19). Inhibitor 1 (I-1) was
purified from skeletal muscle as described (37). The catalytic
subunits of protein phosphatase 1 (PP1) and PP2A were
purified from rabbit skeletal muscle (38). The activities of PP1
and PP2A were assayed by using 32P-phosphorylase phosphor-
ylated by phosphorylase kinase (38).

RESULTS

Molecular Cloning of Human G-Substrate. EST clones that
encoded sequences similar to partial amino acid sequences of
rabbit G-substrate were obtained, sequenced, and further
characterized. Clone 46041 (GenBank accession no. H09006)
from a normalized human brain cDNA library (29) contained
full-length cDNA for human G-substrate and was used for
further characterization. The cDNA clone contained an insert
of 1.7 kb, a poly(A)1 tail at the 39 end, and a short 59-
untranslated region. The cDNA has three mRNA destabiliza-
tion signals (ATTTA; ref. 39) and one poly(A)1 signal
(AATAAA) after the stop codon in the open reading frame
(Fig. 1). The clone also contained an in-frame stop codon in
the 59-untranslated region (Fig. 1). The observed mRNA size
of 1.85 kb (Fig. 2) and the insert size of 1.7 kb in clone 46041
suggest an additional 0.15 kb of 39- andyor 59-untranslated
region for the human mRNA.

Deduced Amino Acid Sequence of Human G-Substrate. The
full-length cDNA of 1,705 bp contained an open reading frame
of 465 bp encoding 155 amino acids with a predicted molecular
mass of 17,849.84 Da (Fig. 1). The predicted human G-
substrate polypeptide is hydrophilic, with 64 charged amino
acid residues and 36 basic amino acid residues (11 Arg, 19 Lys,
and 6 His), resulting in a calculated pI of 8.6. Three closely
positioned potential initiation methionines were observed in
the open reading frame (Fig. 1). None of the cDNA sequences
around the three methionines matched the Kozak sequences
exactly (40), and further characterization is required to identify
the translation initiation site. A remarkable similarity was
found between the amino acid sequences surrounding the two
phosphorylation sites (Thr-68 and Thr-119). There were 17
identities over a sequence of 21 residues in the amino acid
sequences (Gln-60 to Val-80 and Gln-111 to Val-131). These
results support the idea that an internal gene duplication
occurred in G-substrate as suggested previously for rabbit
G-substrate (21).

Distribution of Human G-Substrate mRNA in the Brain.
Nucleic acid hybridization analysis was used to examine the
tissue distribution of human G-substrate mRNA (Fig. 2). By
using an RNA master blot (CLONTECH), mRNA was de-
tected almost exclusively in cerebellum. Extremely long expo-
sures gave faint spots in whole brain, substantia nigra, thala-
mus, and pituitary gland, but human G-substrate mRNA was
not observed in any other region of the central nervous system
or in nonneuronal tissues. This observation was confirmed by
Northern blotting analysis using a multiple tissue Northern
Blot (CLONTECH). The human G-substrate transcript was
detected as a single band at 1.85 kb and was found readily in
cerebellum, but with extremely long exposures also gave faint
bands on all tissues (not shown). The expression of mRNA
almost exclusively in the cerebellum is in good agreement with
the distribution of the protein in rat, mouse, and rabbit
previously observed by using rabbit G-substrate antibodies (17,
18, 23, 24).

Chromosomal Localization of the Human G-Substrate
Gene. Radiation hybrid panel mapping was performed to map

the human G-substrate gene. The result showed that this gene
was tightly linked to the marker sWSS341 (D7S1414) located
on chromosome 7p15 with a distance of 17.02 cR (centiray)
and lod (logarithm of odds) score of 10.48. On the average, 1
cR equals 20 kb on chromosome 7. This result supported the
idea that the human G-substrate gene is located on chromo-
some 7p15.

FIG. 2. Human G-substrate mRNA distribution in various human
tissues. A human RNA master blot (CLONTECH) and a human
multiple tissue Northern blot (CLONTECH) were probed with a
33P-labeled 275-bp PCR fragment of human G-substrate cDNA (nu-
cleotides 47–321). (A) Human RNA master blot analysis. Each dot
contains approximately 2 mg of poly(A)1 RNA. The sources of mRNA
were as follows: A1, whole brain; A2, amygdala; A3, caudate nucleus;
A4, cerebellum; A5, cerebral cortex; A6, frontal lobe; A7, hippocam-
pus; A8, medulla oblongata; B1, occipital lobe; B2, putamen; B3,
substantia nigra; B4, temporal lobe; B5, thalamus; B6, thalamic
nucleus; B7, spinal cord; B8, no sample; C1, heart; C2, aorta; C3,
skeletal muscle; C4, colon; C5, bladder; C6, uterus; C7, prostate; C8,
stomach; D1, testis; D2, ovary; D3, pancreas; D4, pituitary gland; D5,
adrenal gland; D6, thyroid gland; D7, salivary gland; D8, mammary
gland; E1, kidney; E2, liver; E3, small intestine; D4, spleen; E5,
thymus; E6, peripheral leukocyte; E7, lymph node; E8, bone marrow;
F1, appendix; F2, lung; F3, trachea; F4, placenta; F5-F8, no sample;
G1, fetal brain; G2, fetal heart; G3, fetal kidney; G4 fetal liver; G5,
fetal spleen; G6, fetal thymus; and G7, fetal lung. (B) Human multiple
tissue Northern blot analysis. Each lane contains approximately 2 mg
of poly(A)1 RNA from each tissue. The sources of mRNA were as
follows: lane 1, cerebellum; lane 2; cerebral cortex; lane 3, medulla;
lane 4, spinal cord; lane 5, occipital pole; lane 6, frontal lobe; lane 7,
temporal lobe; and lane 8, putamen. The blot was stripped and
reprobed with 33P-labeled 2-kb fragment of human b-actin to assess
the amount of poly(A)1 RNA loading in each lane.
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Characterization of Human G-Substrate. The full-length
cDNA of human G-substrate was transcribed and translated in
vitro with a rabbit reticulocyte lysate system. Two translation
products were observed at approximately 24 kDa and 23 kDa
on SDSyPAGE, with the 24-kDa band being the major product
(Fig. 3A). This observation suggests that, as an initiation site,
one of the first two methionines was used more frequently than
the third methionine (Fig. 1). The apparent molecular mass of
in vitro translated human G-substrate (24 kDa) was very similar
to that of purified rabbit G-substrate (23 kDa) estimated on
SDSyPAGE (19). Further, the in vitro translated human
G-substrate was a heat-stable protein, and more than 90% of
the protein remained in the supernatant after heat treatment
(Fig. 3A). These physical properties are also found for purified
rabbit G-substrate protein (19).

Human G-substrate was expressed as a hexahistidine-tagged
fusion protein (63His-hG-substrate) in E. coli BL21 (DE3) and
purified by metal-chelating chromatography (Fig. 3B). The
63His-hG-substrate readily cross-reacted with antibodies gener-
ated against rabbit G-substrate (Fig. 3C). As with rabbit G-
substrate (19) and in vitro translated human G-substrate, bacte-
rially expressed 63His-hG-substrate was also a heat-stable (Fig.
3B) and acid-soluble (0.5 M H2SO4) protein (data not shown).
There was a discrepancy in molecular mass calculated from the
cDNA sequence (17,849 Da) and that obtained by SDSyPAGE
of the in vitro translated products of human G-substrate (24 kDa)
(Fig. 3A). This difference could be attributed to an anomalous
electrophoretic mobility of rabbit or human G-substrate on
SDSyPAGE because of low detergent binding, as reported for I-1

(41) and dopamine- and cAMP-regulated phosphoprotein of
32,000 Da (DARPP-32) (42).

The recombinant 63His-hG-substrate was phosphorylated
by PKG with a stoichiometry of 2 mol of phosphate per mol of
protein, suggesting that both phosphorylation sites were good
substrates for the kinase (Fig. 4A). PKA also phosphorylated
the 63His-hG-substrate but at a much slower rate similar to
the case of rabbit G-substrate (20). Phosphoamino acid anal-
yses of 63His-hG-substrate phosphorylated by PKG or PKA
showed that the modification occurred exclusively on threo-
nine residues of G-substrate (Fig. 4C). Immunoblot analysis
showed that the phosphorylated human G-substrate was rec-
ognized by antibodies specific for the phosphorylated form of
rabbit G-substrate (Fig. 4B), which confirmed that the sites of
phosphorylation were the same as the ones in rabbit G-
substrate (21, 32).

Inhibition of Protein Phosphatases by G-Substrate. The
amino acid sequences surrounding the sites of phosphorylation
in G-substrate are related to those surrounding Thr-34 and
Thr-35 of DARPP-32 and I-1, respectively, two potent inhib-
itors of PP1 (Fig. 5). In addition, the physicochemical prop-
erties of G-substrate, DARPP-32, and I-1 are similar in that all
three proteins are heat stable and acid soluble. We therefore
assessed the ability of purified G-substrate to act as a protein
phosphatase inhibitor. Dephospho-G-substrate, at concentra-
tions of up to 20 mM, did not significantly inhibit the phos-
phorylase phosphatase activities of PP1 or PP2A (not shown).
However, phospho-G-substrate inhibited both PP1 and PP2A
effectively, with Ki values of 1.51 6 0.76 and 0.27 6 0.11 mM,

FIG. 3. Analysis of the in vitro translation products of human
G-substrate cDNA and bacterially expressed recombinant human
G-substrate. (A) The in vitro transcription–translation products were
subjected to SDSyPAGE followed by autoradiography. Lane 1, pBlue-
script containing full-length human cDNA; lane 2, no template DNA;
lane 3, pBluescript containing full-length human cDNA with heat
treatment; lane 4, no template DNA with heat treatment. (B) Human
G-substrate was expressed as a 63His-tagged fusion protein in E. coli
(BL21), purified, and analyzed by SDSyPAGE. Lane 1, crude extract;
lane 2, heated crude extract; lane 3, after purification by chelating-
Sepharose. The gel was stained with Coomassie brilliant blue. (C)
Immunoblot of 63His-tagged human G-substrate proteins with anti-
bodies against rabbit G-substrate; lane 1, crude extract; lane 2, heated
crude extract; lane 3, after purification by chelating-Sepharose; lane 4,
purified rabbit G-substrate (10 ng).

FIG. 4. Phosphorylation of bacterially expressed recombinant hu-
man G-substrate (63His-hG-substrate). The recombinant proteins
(0.5 mg) were phosphorylated by PKG or PKA as described in Materials
and Methods. (A) Autoradiogram showing recombinant proteins phos-
phorylated by PKG or PKA in the presence of [g-33P]ATP Mg salt for
15 min. Lane 1, 63His-hG-substrate phosphorylated by PKG; lane 2,
63His-hG-substrate phosphorylated by PKA. (B) Immunoblot of the
recombinant proteins with antibodies specific for phosphorylated
rabbit G-substrate. The phosphorylation reactions were carried out for
15 min, then the reaction mixtures were subjected to immunoblot
analysis. Lane 1, 63His-hG-substrate phosphorylated by PKG; lane 2,
63His-hG-substrate phosphorylated by PKA; lane 3, rabbit G-
substrate (10 ng) phosphorylated by PKG; lane 4, rabbit dephospho-
G-substrate (10 ng). (C) Phosphoamino acid analysis of the recom-
binant human G-substrate phosphorylated by PKG or PKA. Each lane
contained approximately 5 3 103 cpm of [33P]phosphate. Lane 1,
63His-hG-substrate phosphorylated by PKG; lane 2, 63His-hG-
substrate phosphorylated by PKA. The positions of standard phos-
phoamino acids are indicated: pY, phosphotyrosine; pT, phospho-
threonine; pS, phosphoserine.
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respectively (Table 1). For both PP1 and PP2A, phospho-G-
substrate inhibited phosphatase activity in a noncompetitive
manner (not shown). As a control, phospho-I-1 was shown to
inhibit PP1 potently in a noncompetitive manner, and to inhibit
PP2A weakly in a competitive manner (Table 1, and data not
shown).

DISCUSSION

A human G-substrate cDNA was identified by screening an
EST database, using the partial amino acid sequence of rabbit
G-substrate. The major products of in vitro translated human
G-substrate had an apparent molecular mass of 24 kDa, similar
to that of rabbit G-substrate. Further, in vitro translated and
bacterially expressed recombinant proteins were similar to the
rabbit counterpart in their physical characteristics such as heat
stability and molecular mass, and the recombinant protein was
readily recognized by antibodies raised against rabbit G-
substrate. In addition to the remarkable conservation found in
the vicinity of phosphorylation sites (Thr-68 and Thr-119), 50
of the 60 amino acid residues obtained from rabbit G-substrate
phosphorylated by PKG were identical to the corresponding
regions of human G-substrate (Fig. 1). These results together
with the amino acid sequence deduced from the EST cDNA
strongly support the idea that the isolated clone is the human
homolog of rabbit G-substrate. No other related protein was
found in protein databases, leading us to conclude that this is
the first G-substrate cDNA to be isolated from any species.
The human G-substrate gene was mapped to chromosome
7p15, and it is interesting to note that there are several
neuronal genetic diseases that have also been mapped to this
location.

As discussed above, the amino acid sequences surrounding
the sites of phosphorylation in G-substrate are related to those
surrounding Thr-34 and Thr-35 of DARPP-32 and I-1 (Fig. 5),
respectively, two potent inhibitors of PP1. However, in our
study phospho-G-substrate inhibited the catalytic subunit of
PP2A more effectively than it did that of PP1, suggesting a
distinct role for the protein as a PP2A inhibitor. In cells, the
catalytic subunit of PP2A interacts with A and B subunits to
form heterotrimeric complexes (43). The substrate specificity
and intracellular localization of PP2A may be regulated by the
B subunit within this heterotrimeric complex (44). Cerebellar
Purkinje cells contain both Ba and Bb subunits (44), and it will
be necessary to assess the interaction between phospho-G-

substrate and heterotrimeric PP2A complexes prepared from
cerebellum. Preliminary studies indicate that phospho-G-
substrate does indeed inhibit PP2A holoenzymes prepared
from cerebellum (P. Simonelli, H.-C. Li, A.C.N., and P.G.,
unpublished results). Two other inhibitors of PP2A, I1

PP2A and
I2

PP2A, have been previously described (45). Though G-
substrate is less potent than I1

PP2A and I2
PP2A (45), it is not known

if these endogenous PP2A inhibitors are present in cerebellum.
We have also observed that G-substrate inhibits the PP2A
catalytic subunit with an IC50 of 70 nM when histone H1 is used
as a substrate (data not shown). These observations suggest
that G-substrate may work as a specific PP2A inhibitor in
cerebellum.

Even though G-substrate is similar to DARPP-32 and I-1 in
the region surrounding the phosphorylation sites of the pro-
teins, it was a poor PP1 inhibitor, being much less potent than
I-1 (this study and ref. 41) or DARPP-32 (46). The reduced
PP1 inhibitory activity may ref lect the absence of the
RyKKIQF motif, which is present in DARPP-32 (47) and I-1
(48) (Fig. 5) and other PP1-binding proteins and is essential for
inhibition of PP1. The importance of the RyKKIQF motif in
I-1 was shown by mutating Ile of RKIQF to Asn, which resulted
in a 30- to 50-fold increase in the IC50 for PP1 inhibition (48).
In addition, synthetic peptides of DARPP-32 lacking the
KKIQF motif failed to inhibit PP1 (49). G-substrate has a
KKKPR sequence instead of RyKKIQF, N-terminal to the first
phosphorylation site (Thr-68) (Fig. 5). This KKKPR sequence
is presumably not functional in terms of binding to PP1.
However, it is possible that the KKKPR sequence might play
a role in binding to the catalytic subunit of PP2A. Analysis of
the effect of mutations in G-substrate will make it possible to
better understand the function of the KKKPR sequence and
the influence that each of the phosphorylation sites has with
respect to inhibition of PP2A and PP1.

In the present study, the mRNA for human G-substrate was
found to be almost exclusively localized in the cerebellum, in
good agreement with previous results obtained from immu-
nohistological studies using anti-rabbit G-substrate antibodies
(17, 18, 23, 24). Although our experiments were not extended
to specific cerebellar cell types, it is likely that human G-
substrate is also present in Purkinje cells. Protein phosphatase
inhibitors have been implicated in models of neuronal plas-
ticity, in LTD in the hippocampus (50), and in sensitization in
Aplysia (51). Inhibition of PP2A by phospho-G-substrate may
therefore also play a role in the regulation of LTD in cerebellar
Purkinje cells. G-substrate may also interact with signaling
proteins in addition to PP2A. Identification of G-substrate-
binding proteins and generation of G-substrate knockout mice
should provide further insight into the physiological role of the
protein in the induction of cerebellar LTD and neuronal
plasticity.

Note Added in Proof. The amino acid sequence of mouse G-substrate
has recently been reported (52).
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FIG. 5. Comparison of amino acid sequence of human G-substrate,
DARPP-32, and I-1. The regions around the phosphorylation sites of
DARPP-32 (Thr-34), I-1 (Thr-35), and G-substrate (Thr-68 and
Thr-119) are boxed. The regions in DARPP-32 and I-1 that contain the
RyKKIQF motif necessary for inhibition of PP1 are also boxed.
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