Biochemistry1999, 38, 4365-4373 4365

Characterization of the Neuronal Targeting Protein Spinophilin and Its Interactions
with Protein Phosphatasé-1

Linda C. Hsieh-Wilson,* Patrick B. Allen, Takuo Watanabe, Angus C. Nairn, and Paul Greengard

Laboratory of Molecular and Cellular Neuroscience, The Rockefellewghsity, 1230 York Aenue,
New York, New York 10021

Receied December 9, 1998; Rised Manuscript Receéd February 4, 1999

ABSTRACT. Protein phosphatase-1 (PP1) plays an important role in a variety of cellular processes, including
muscle contraction, cell-cycle progression, and neurotransmission. The localization and substrate specificity
of PP1 are determined by a class of proteins known as targeting subunits. In the present study, the interaction
between PP1 and spinophilin, a neuronal protein that targets PP1 to dendritic spines, has been characterized.
Deletion analysis revealed that a high-affinity binding domain is located within residues4@7of
spinophilin. This domain contains a pentapeptide motif (R/K-R/K-V/I-X-F) between amino acids 447
and 451 (R-K-I-H-F) that is conserved in other PP1 regulatory subunits. Mutation of phenylalanine-451
(F451A) or deletion of the conserved motif abolished the ability of spinophilin to bind PP1, as observed
by coprecipitation, overlay, and competition binding assays. In addition, deletion of regiorg 42 br
474—494, either singly or in combination, impaired the ability of spinophilin to coprecipitate PP1. A
comparison of the binding and inhibitory properties of spinophilin peptides suggested that distinct
subdomains of spinophilin are responsible for binding and modulating PP1 activity. Mutational analysis
of the modulatory subdomain revealed that spinophilin interacts with PP1 via a mechanism unlike those
used by the cytosolic inhibitors DARPP-32 (dopamine- and cAMP-regulated phosphopkit8ih000)

and inhibitor-1. Finally, characterization of the interactions between spinophilin and PP1 has facilitated
the design of peptide antagonists capable of disrupting spinopifii interactions. These studies support

the notion that spinophilin functions in vivo as a neuronal PP1 targeting subunit by directing the enzyme
to postsynaptic densities and regulating its activity toward physiological substrates.

Protein phosphatase-1 (PP19 a serine/threonine phos- Several mammalian targeting subunits have been isolated,
phatase that controls many aspects of cellular physiology,including the G subunit that targets PR1o glycogen
including muscle contraction, cell division, gene expression, particles and the sarcoplasmic reticulum of striated muscle
neurotransmission, and glycogen metabolidm3). Increas- (6, 7), the G subunit that directs PR1o liver glycogen 8,
ing evidence suggests that the diverse actions of PP1 ared), the Mo subunits that localize PRIto myofibrils of
regulated in vivo by inhibitory proteins such as DARPP-32 skeletal and smooth muscleX-14), and the nuclear proteins
(2) and by a class of anchoring proteins known as targeting NIPP-1 and PNUTS that target RPtb RNA (15-18). In-
subunits 4, 5). Targeting subunits restrict the otherwise broad €ach case, the interaction of Riith the targeting subunit
specificity of the catalytic subunit (PRLby directing the couples the a_ct|V|ty of PP1to exter_nal s_lgnals and facilitates
enzyme to discrete subcellular compartments and, in somethe coordination of downstream signaling pathways.

cases, by modulating its activity toward particular substrates. N the mammalian brain, PP1 plays an important role in
the integration of postsynaptic neuronal input8)( Accord-

ingly, PP1 is highly enriched in the dendritic spines of
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where it could optimally respond to fluctuations in neu- provided by Dr. Hsien-bin Huang3?P]Phosphorylasa was
rotransmitters, second messengers, and other signals, but alsprepared from phosphorylabes previously describe®38).
position the enzyme close to preferred substrates. This spatial Cloning of Spinophilin Deletion MutantsA FLAG tag
organization could enable PP1 to coordinate responses toepitope was inserted in-frame with the carboxy terminus of
signals from a variety of neurotransmitters. However, the spinophilin by ligating a synthetic double-stranded oligo-
molecular mechanisms whereby PP1 regulates neuronalnucleotide encoding the FLAG tag into dfcoRI/Xba-
excitability and synaptic plasticity are not well understood. digested pcDNA3 plasmid containing full-length spinophilin

Using the yeast two-hybrid system, Allen and co-workers CDNA. Deletion fragments of spinophilin were amplified by
recently identified spinophilin, a novel P@binding protein ~ PCR using primers designed to contain a ribosomal RNA-
that is predominanﬂy expressed in mammalian brﬁﬁ)( blndlng site, an initiation COdOﬂ,NOﬂ Site, and 26-25 base
Immunocytochemical analysis of hippocampal and striatal Pairs of the sequence to be amplified. For the amino-terminal
neurons revealed that spinophilin is highly localized to deletion mutants, the reverse-strand prime&iG3GCT-
dendritic spines. A stable complex of spinophilin and PP1 CATCCACAGCCTGGCA-3 encompassing theflMI site
can be Coimmunoprecipitated from brain extracts, and of SpanphI'In was also used. For the carboxy-terminal and
spinophilin has been shown to suppress the phosphorylasenternal deletion constructs, a reverse-strand primer contain-
phosphatase activity of PP1 in vitro. Spinophilin contains ing 20-25 base pairs of the appropriate sequence and an
leucine zipper domains that are predicted to form trimeric additional EcoRI site was employed. PCR products were
or quaternary coiled-coils26—29). In addition, it has an digested witiNotl/PfIMI or Notl/EcaRl, purified, and Iigated
actin-binding domain in the amino terminus and a single PDz into the corresponding sites of the spinophHiALAG
domain. PDZ domains have been shown to bind the carboxy PCDNA3 plasmid.
termini of ion channels and transmembrane recept®®s ( Expression in 293T Cells and Coimmunoprecipitation
31). Therefore, spinophilin may target PP1o dendritic Constructs were transiently expressed in 293T cells for 36
spines, which are rich in F-actin, and regulate the specificity h following calcium phosphate transfection. The cells were
of the phosphatase toward ion channels and other substratedysed in 50 mM Tris-HCI, pH 8.0, 120 mM NacCl, 1 mM
However, the mechanism by which spinophilin interacts with EDTA, 0.5% Nonidet P-40, 1 mM phenylmethylsulfonyl
PP1 and modulates its activity remains to be elucidated. fluoride (PMSF), 2Qug/mL leupeptin, 2Qug/mL antipain,

In this study, we have identified the primary PP1-binding 5 ug/imL pepstatin, and Ag/mL chymostatin at 4C. Cell

domain of spinophilin and characterized the relative impor- Iysatgs were centyn‘uged at 19@plor 10 min, and the_
tance of structural elements within this domain for PP1 protein concentrations of the supernatants were determined

recognition. Our analysis of the molecular interactions by BCA_ assay (Pierce). Lysatgs (2.@) were incubated
between spinophilin and PP1 highlights the differences W|th°ant|-FLAG monocl(_)nal antibodies coupled to agarose
between spinophilin and the inhibitors DARPP-32 and &t4°C for 2 h. The proteirragarose complexes were washed
inhibitor-1 and has led to the design of peptide antagonists extensively with lysis buffer, washed once with 50 mM Tris-
capable of disrupting spinophikrPP1 interactions. In  HCl PH 7.0, separated by SB®’AGE, and transferred to

combination, these studies provide insight into the role of IMmobilon-P membranes for Western blotting.

spinophilin and support the notion that spinophilin functions _ €loning of Full-Length Spinophilin and Purification of
as a neuronal targeting subunit in vivo. Bacterial-Expressed ProteirA histidine tag was inserted

in-frame with the carboxy terminus of spinophilin by ligating
MATERIALS AND METHODS an Ndd/EcaRl fragment of spinophilin and a synthetic

double-stranded oligonucleotide containiBgpRI/Xhd sites

Materials. Restriction enzymes were obtained from Life into anNdd/Xhd-digested pET-23a vector. TiNdd/EcoRl

Technologies (Gaithersburg, MD). The pcDNA3 vector was fragment of spinophilin was digested from a pET-15b
obtained from Invitrogen (Carlsbad, CA). The pGEX vector plasmid containing spinophilin cDNA. The synthetic oligo-
and glutathione Sepharose were obtained from Amersham nucleotide encoded the last five amino acids of spinophilin,
Pharmacia Biotech (Uppsala, Sweden). The pET vectors weresix histidine residues, a stop codon, and an addititel
obtained from Novagen (Madison, WI). Protease inhibitor site. Proteins were expressed in BL21-DE3coli cells by
cocktail tablets were obtained from Boehringer Mannheim induction with 0.1 mM isopropyl-1-thi@-bp-galactopyrano-
(Indianapolis, IN) and NiNTA agarose from Qiagen side (IPTG) at 37C for 2 h. Cells were resuspended in ice-
(Valencia, CA). Oligonucleotides were synthesized by Op- cold 50 mM Tris-HCI, 300 mM NaCl, and 10 mM imidazole,
eron Technologies, Inc. (Berkeley, CA). DNA sequencing pH 8.0, containing protease inhibitors (inhibitor cocktail
was performed on an Applied Biosystems 373 Stretch tablets, 1 mM PMSF) and lysed by French press. Triton
Sequencer (Protein/DNA Technology Center, The Rock- X-100 was added to give a final concentration of 1%. After
efeller University). Immobilon-P membranes were obtained centrifugation at 120apfor 10 min, soluble proteins were
from Millipore (Bedford, MA). Horseradish peroxidase purified from the supernatant by affinity chromatography
coupled to anti-rabbit IgG and reagents for chemiluminescent using Ni-NTA agarose. Protein was eluted using a gradient
Western blotting were obtained from Amersham Pharmacia of 10—250 mM imidazole, and fractions of high purity
Biotech (Uppsala, Sweden). The rabbit polyclonal antibodies (~95%) were combined for the assays.
against the PRilcatalytic subunit were prepared as described  Cloning and Expression of GST-Fusion ProteiSgino-
(32). Anti-FLAG M2 monoclonal antibodies coupled to philin fragments flanked bysal and Notl restriction sites
agarose were purchased from IBI (New Haven, CT). The were amplified by PCR using appropriate primers and
catalytic subunit of PP1, purified either from rabbit skeletal subcloned int&al/Notl-digested pGEX-6P-3. Replacement
muscle 83) or from Sf-9 cells 84) as described, was kindly  of phenylalanine-451 by alanine was performed using the
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primers 5AAGATCCATGCCAGCACCGCA-3 and B- were preincubated at 3T for 10 min. The dephosphor-
TGCGGTGCTGGCATGGATCTT-3 Glutamic acid-472 ylation reaction was initiated by the addition of substrate
was mutated to alanine using the primersSA\CCGACG- and stopped after 10 min by trichloroacetic acid precipitation.
CAATGCGGATGTGGACCCC-3 and 3-GGGGTCCA- Radioactivity present in the supernatant was determined by
CATCCGCATTGCGTCGGTC-3 Mutation of aspartic acid-  Cerenkov counting. For the antagonist studies, peptides (100
473 to alanine was accomplished using the primérs 5 uM or 17 uM), various concentrations of wild-type spino-
CGACGCAATGAGGCTGTGGACCCCATG-3 and 5- philin (0—1 uM), and PP1 were preincubated at®© for 30
CATGGGGTCCACAGCCTCATTGCGTCG*3 Aspartic min prior to the addition of substrate. All reactions were
acid-475 was mutated to alanine using the primers 5 performed in duplicate.
AATGAGGATGTGGCCCCCATGGCGGCC-3and 8- Peptide Synthesieptides were synthesized by the W.
GGCCGCCATGGGGGCCACATCCTCATT-3 Mutation M. Keck Biotechnology Resource Center (Yale University,
of both glutamic acid-472 and aspartic acid-473 to alanine New Haven, CT). All peptides were purified by reversed-

was accomplished using the primefSFACCGACGCAAT- phase HPLC and had the expected amino acid compositions
GCGGCTGTGGACCCCATG-3and 3-CATGGGGTCCA- and mass spectra.

CAGCCGCATTGCGTCGGTC-3 The triple alanine mu-  competition Binding Experimenteptides (10@M) were
tant of glutamic acid-472, aspartic acid-473, and aspartic preincubated with 293T cell supernatants oh at 4°C.

acid-475 was obtained using the primet$GACCGACG-  gpinophilin coupled to NFNTA agarose was subsequently
CAATGCGGCTGTGGCCCCCATGGC-and 3-GCCATG- added, and incubation was continued 1oh at 4°C. The

GGGGCCACAGCCGCATTGCGTCGGTCAT=3Proteins  protein-agarose complexes were washed extensively with

were expressed in BL2E. coli by the induction of log- |ysis puffer, followed by a single wash with 50 mM Tris-
phase cells with IPTG at 37C for 2 h. Cells were  pcj pH 8.0, 300 mM NaCl, 10 mM imidazole, resolved by
resuspended in ice-cold PBS containing protease |nh|b|torsSDS_pAGE, and transferred to immobilon-P membranes for

(1 mM PMSF, 20ug/mL leupeptin, 2Qug/mL antipain, 5 ijmmunoblotting using anti-spinophilin and anti-PP1 antibod-
ug/mL pepstatin, xg/mL chymostatin, 1 mM benzamidine) jgg.

and lysed by French press or sonication. Triton X-100 was

added to give a final concentration of 1%, and the lysate RESULTS

was centrifuged at 120@Gor 10 min at 4°C. Soluble GST-

fusion proteins were purified from the supernatant by affinity  !dentification of the PP1-Binding Domain of Spinophilin

chromatography using glutathion&epharose. To elucidate the region of SpanphI“n involved in PP1
Coprecipitation Assays Using GST-Fusion ProtefBST- binding, various amino- and carboxy-terminal deletion

fusion constructs bound to glutathion8epharose were Mutants of spinophilin containing a FLAG tag were tran-

incubated with 293T cell supernatants for 1.5 h 8&4The  siently expressed in 293T cells. A monoclonal antibody

protein-agarose complexes were washed extensively with SPecific for the FLAG tag was used to coimmunoprecipitate

lysis buffer, followed by a single wash with PBS, resolved the spinophilin variants with endogenously expressed PP1.

by SDS-PAGE, and transferred to immobilon-P membranes Immunoprecipitated proteins were separated by SBSGE,

for Western blotting. transferred to immobilon-P membranes, and blotted with anti-

Western BlottingMembranes were blocked in TBS (50 PPt polyclonal antibodies. The amount of PP1 associated
mM Tris-HCI, 150 mM NaCl, pH 7.4) containing 5% (w/v) Wi'[h. each deletion mutant was assessed by enhanced chemi-
nonfat milk, and then incubated with either anti-BRi anti- luminescence.

FLAG primary antibody (Jug/mL). Proteins were detected The analysis revealed that the actin-binding, PDZ, and
using anti-rabbit horseradish peroxidase-conjugated second<oiled-coil domains of spinophilin were not required for

ary antibodies, followed by enhanced chemiluminescence interaction with PP1 (Figure 1). With regard to the actin-

development. binding domain, region-1393 failed to immunoprecipitate

Overlay AssaysGST-fusion proteins were resolved by PP1 when expressed alone. Moreover, comparable amounts
SDS-PAGE and transferred to immobilon-P membranes. of PP1 were associated with mutant 3817, mutant 417
Membranes were blocked in TBS containing 5% (w/v) nonfat 817, and wild-type spinophilin (2817). Further amino-
milk, and then incubated with Sf-9 cell P®10.5 ug/mL) terminal truncation severely impaired the ability of spino-
in 50 mM Tris-HCI, pH 7.0, 0.1 mM EGTA, 15 mM  philin to bind PP1, as indicated by the failure of PP1 to
B-mercaptoethanol, 0.01% (w/v) Brij-35, and 0.3 mg/mL coimmunoprecipitate with both mutants 46817 and 496
BSA at 4°C for 2—8 h. Following brief washes with TBS ~ 817.
containing 0.05% Tween-20 and 0.25% (w/v) nonfat milk,  The coiled-coil domain, when expressed alone (mutant
blots were incubated with anti-PR1rabbit polyclonal 664—817) or in concert with the PDZ domain (mutant 496
antibodies (kg/mL). Proteins were detected using anti-rabbit 817), failed to coimmunoprecipitate PP1 from 293T cell
horseradish peroxidase-conjugated secondary antibodiesextracts. Furthermore, the amount of PP1 immunoprecipitated
followed by enhanced chemiluminescence development. by mutant 3494, which lacked both the PDZ and coiled-

PP1 Inhibition AssaysPP1 activity was assayed using the coil domains, was comparable to that of mutanttB4 and
substrate$P]phosphorylasa essentially as described3). of wild-type spinophilin. Notably, mutants-445 and +463
Assay mixtures contained 50 mM Tris-HCI, 0.15 mM EGTA, were unable to precipitate PP1, whereas mutandd4
15 mM S-mercaptoethanol, 0.01% (w/v) Brij-35, 0.3 mg/ exhibited strong PP1 binding, highlighting the importance
mL BSA, 5 mM caffeine, 10uM [3?P]phosphorylase, of residues 464494. Although the levels of expression of
various concentrations of the spinophilin mutants, and PP1the spinophilin mutants varied, the results clearly implicated
purified from rabbit muscle. PP1 and the spinophilin variants region 417494 as the primary site of PP1 interaction.
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Ficure 2: Binding of PP1 to internal regions of spinophilin.
4+ Various fragments of spinophilin containing a FLAG tag epitope

were transiently expressed in 293T cells and coimmunoprecipitated
with PP1 using anti-FLAG antibodies. The ability of each mutant
to coprecipitate PP1 was assessed by Western blotting using both
anti-PPh (panel A) and anti-FLAG antibodies (not shown).
Representative data are shown from experiments performed in
duplicate. A schematic representation of the results is shown in
panel B.

and 417494: mutants 394463, 394-445, and 417463
all failed to precipitate PP1, suggesting that region-464
494, although insufficient by itself, contributed to the high-
affinity interaction.

The domain 417494, referred to as the “core domain”,

- contains a pentapeptide motif (R/K-R/K-V/I-X-F) between
ss4 - residues 447 and 451 (R-K-I-H-F) that is conserved in other
Ficure 1: Binding of PP1 to amino- and carboxy-terminal deletion PP1 regulatory subunitS4, 3. Our data suggested that,
mutants of spinophilin. (A) Truncation mutants of spinophilin in addition to this motif, other determinants such as region
containing a FLAG tag epitope were transiently expressed in 293T 464—494 might be critical for PP1 interaction. To dissect

cells. The spinophilirPP1 complexes were coimmunoprecipitated : TR :
with anti-FLAG monoclonal antibodies, and the amount of PP1 the relative contributions of these various structural elements,

associated with each mutant was assessed by Western blotting. Blot&S 1-fusion proteins encompassing residues within the core
were probed with anti-PRdpolyclonal antibodies (upper panel), ~domain were constructed and their binding properties as-
then stripped and reprobed with anti-FLAG antibodies to determine sessed using both coprecipitation and PP1 overlay assays.
the relative levels of expression of the mutants (lower panel). The The importance of the conserved R/K-R/K-V/I-X-F motif
protein band at approximately 50 kDa represents the anti-FLAG \\ o< jnvestigated by mutating phenylalanine-451 within GST-
antibody. Representative data are shown; experiments were per-, . - - . .
formed in triplicate. (B) Domain organization of spinophilin and 394494 to alanine. This mutation abolished PP1 binding,
schematic representation of the deletion analysis. as detected by overlay (Figure 3) and coprecipitation assays
(not shown). Overlay analysis also revealed that short
To determine whether residues 41494 were sufficient deletions within the core domain compromised the affinity
for binding to PP1, several internal regions of spinophilin of PP1 for spinophilin. For instance, PP1 binding decreased
were expressed in 293T cells and assayed for their ability to within the series G417494, G417484, and G41+474
associate with PP1 (Figure 2). The amount of PP1 precipi- (Figure 3). Similarly, less PP1 was associated with G429
tated by mutants 394494, 417494, and 394584 was 484 and G429474 compared to G429494. This trend was
comparable to that of wild-type spinophilin, confirming that accentuated upon further amino-terminal truncation, as
the primary region of interaction was located between illustrated by a significant reduction in PP1 binding for
residues 417 and 494. Further amino- and carboxy-terminal G442-474 relative to G442494. Binding also decreased
truncations of this core domain resulted in dramatic reduc- dramatically within the series G4¥A74, G429-474, and
tions in PP1 binding. Specifically, mutant 43894 exhibited G442-474. Analogous results were obtained using the
a decrease in binding, while mutant 46494 showed no  coprecipitation assay: deletion of regions 4442 and
detectable PP1 binding. Similar reductions were observed474—494, either singly or in combination, impaired the
upon truncation of the carboxy termini of regions 394 ability of spinophilin to precipitate PP1 (not shown). Thus,

o+

+++

+++

+++
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Ficure 3: Overlay analysis of PP1 binding to deletion mutants
within region 394-494. GST-fusion proteins encompassing residues
within region 394-494 of spinophilin were purified by affinity
chromatography, resolved by SB8AGE, transferred to immo-
bilon-P membranes, and incubated with recombinantRIpper
panel) The amount of PP1 associated with each mutant was assess
using anti-PP& polyclonal antibodies with enhanced chemilumi-
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Ficure 4: Inhibition of PP1 activity by wild-type spinophilin and
representative spinophilin mutants. PP1 was assayed usiniy!10
[3?P]phosphorylase as substrate. Phosphatase activity was ex-
pressed as a percentage of the activity measured in the absence of
spinophilin. 1Go values, determined by a logarithmic fit of the
kinetic data, are shown in the lower panel. Data represent average
values obtained from at least two kinetic experiments.

The analysis revealed that mutant G283.7 was capable
of mimicking the inhibitory potency of wild-type spinophilin
(ICs0 value ~20 nM; Figure 4). In contrast, the igvalue
for G394-494 increased approximately 30-fold, indicating

dipat additional regions outside of the high-affinity binding

domain were required to modulate PP1 activity. Mutants

nescence detection. (Lower panel) Relative PP1 binding to eachG442-494 and G429 484 exhibited further reductions in

mutant was corrected for the amount of mutant used in the assay,

as determined by Coomassie staining, and was normalized with
respect to G394494. Approximately the same amount of each
mutant was used except in the case of G3984, where 44% less
protein was present relative to G39494.

while the conserved R-K-I-H-F motif comprised the primary
site of PP1 recognition and was absolutely required for
binding, regions adjacent to this motif played a critical role
in stabilizing the interaction.

Inhibition of PP1 Actiity. Previous studies had shown that
spinophilin (G296-817) inhibited the phosphorylase phos-
phatase activity of PP1 with an dgvalue in the nanomolar
range 6). Although it remains to be determined whether
spinophilin acts as an inhibitor in vivo, the ability of
spinophilin to modulate PP1 activity implies that spinophilin

inhibitory potency, with IG, values of 11 and 3%M,
respectively. Peptide 441477 failed to inhibit PP1 at
concentrations up to 1 mM even though this region was
capable of disrupting the binding of spinophilin to PP1 (data
presented below), suggesting that residues—4#¥8! may
comprise part of the inhibitory domain of spinophilin. No
inhibition of PP1 activity was observed at concentrations up
to 100 uM when phenylalanine-451 in G394194 was
mutated to alanine, consistent with the lack of binding
observed for this mutant.

Comparison of Spinophilin with DARPP-32 and Inhibitor-
1. Comparison of the core-binding domain of spinophilin
with other PP1 regulatory subunits showed limited sequence
homology beyond the R/K-R/K-V/I-X-F motif. However, one
potential link to the phosphoproteins DARPP-32 and inhibi-

has the capacity to occlude the active site and/or to inducetor-1 was observed in the region corresponding to threonine-

an active site conformational change upon binding to PP1.
To examine whether the core domain of spinophilin was
involved in modulating PP1 activity, we compared the ability
of wild-type spinophilin, G394-494, and other representative
mutants to inhibit the phosphorylase phosphatase activity of
PP1. Wild-type spinophilin containing an amino-terminal
histidine tag and GST fusion proteins of spinophilin were
expressed . coliand purified by affinity chromatography.

34 of DARPP-32 and threonine-35 of inhibitor-1 (Figure 5A).
DARPP-32 and inhibitor-1 are highly expressed in the brain
and are found in many of the same neuronal cell types as
spinophilin @). Unlike spinophilin, however, both proteins
are predominantly cytoplasmic and become potent inhibitors
of PP1 upon phosphorylation of threonine-34/35. Mutation
analysis strongly suggests that phosphothreonine-34/35 either
occupies or binds close to the catalytic active site of PP1
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Ficure 5: Comparison of spinophilin with DARPP-32 and inhibitor-1. (A) Alignment of the PP1-binding domains of spinophilin, DARPP-

32, and inhibitor-1. (B) Overlay analysis showing the ability of various alanine mutants of-@&®4to bind PP1. The amount of PP1
associated with each mutant (upper panel) and the amount of mutant used in the overlay analysis (lower panel) were assessed using anti-
PPXx or anti-GST antibodies, respectively. (C) Inhibitory potency of representative alanine mutants of498%bward PP1. PP1 was

assayed using 10M [32P]phosphorylasa as substrate. Phosphatase activity was expressed as a percentage of the activity measured in the
absence of spinophilin. Kinetic analyses were performed in duplicate.

and that the preceding arginine residues play a role in spinophilin-mediated PP1 inhibition was examined.
recognition 84, 36-39). Interestingly, spinophilin has three Direct inhibition of PP1 activity was measured in the
acidic residues preceded by two arginine residues in thepresence of various concentrations of peptide using radio-
region that aligns with threonine-34/35, and one or more of |abeled phosphorylasgas substrate. None of the peptides
these acidic residues could mimic the negatively chargedinhibited PP1 activity at concentrations up to 1 mM (Figure
phosphate group of the phosphothreonine. The nuclear4; not shown). Competition binding experiments were
targeting subunit, NIPP-1, also contains a similar sequenceperformed by incubating 293T cell extracts with peptide and
(EDVD) within its PP1-binding domainlf). Mutation of  recombinant spinophilin containing a histidine tag. Spino-
the three acidic residues in spinophilin to alanine, singly and philin—PP1 complexes were coprecipitated using-NTA
in combination, however, produced only modest perturba- agarose, and the amount of PP1 in the complex was assessed
tions in PP1 binding (Figure 5B) and inhibition (Figure 5C). by immunoblot analysis. The presence of the pentapeptide
These findings contrast with the 1000-fold lower potency motif was necessary to confer antagonistic potency: peptides
of the inhibitors upon loss of phosphothreonine binding and 438-461 and 441477, but not peptides 41437 and 462
suggest that the modulatory domain of spinophilin interacts 494, competed with wild-type spinophilin for binding to PP1
with PP1 via a mechanism distinct from those of DARPP- (Figure 6A;40). The same two peptides antagonized the
32 and inhibitor-1. spinophilin-mediated inhibition of PP1 activity toward phos-
Development of Peptide Antagonists To Disrupt Spino- phorylasea. Peptide 438461 caused a 6.5-fold increase in
philin—PP1 Interactions Small-molecule antagonists that the IG; value of wild-type spinophilin (Figure 6B). The
selectively disrupt spinophilinPP1 interactions might be  longer peptide 442477 was slightly more effective, increas-
valuable as tools for understanding the cellular functions of ing the IGy value by a factor of 9. Mutation of phenylala-
spinophilin and PP1. Thus, short peptides (residues-414 nine-451 to alanine abolished the ability of peptide 438
437, 438-461, 462-494, and 441477) corresponding to 461 to compete with spinophilin in both the binding and
sequences within the identified core domain were synthesizedinhibition assays.
and tested for their ability to modulate the spinophilPP1 DISCUSSION
interaction. The ability of each peptide to inhibit PP1, to  In this study, we have identified the primary PP1-binding
antagonize spinophilinPP1 binding, and to antagonize domain of spinophilin and characterized the relative impor-
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In addition to the conserved motif, regions 41442 and
463—494, although themselves insufficient for PP1 binding,
appear to stabilize the interaction, thereby enhancing the
affinity of PP1 for spinophilin.

The present results suggest that at least two distinct
subdomains are involved in PP1 recognition: a high-affinity
binding domain which contains the R-K-I-H-F motif and a
second domain for modulating PP1 activity. In support of
this idea, both peptides 44877 and 438461 could
compete with wild-type spinophilin for binding to and
inhibition of PP1. However, neither peptide inhibited the
PP1-catalyzed dephosphorylation of phosphorylasat
T Papde concentrations up to 1 mM. In contrast, G444 inhibited
P PP1 activity toward phosphorylasewith an 1Gy value of
—A— 441477 11 uM. The difference in the potencies of G44294 and
peptide 441477 implicates region 478494 as part of the
inhibitory domain of spinophilin. The inhibitory domain also
appears to encompass sequences beyond the identified core
domain. For example, wild-type spinophilin was much more
potent than G394494 as an inhibitor of PP1.

0% 100 10% 107 10®  10° The involvement of at least two distinct subdomains in
spinophilin (M) PP1 recognition is emerging as a common theme among PP1
regulatory subunits. Two binding sites have been identified
—e—no peptide in the phosphoproteins DARPP-32 and inhibitor-1: the
o iaser; Fas1A conserved R/K-R/K-V/I-X-F motif (residues—711 of DARPP-
32; residues 812 of inhibitor-1) and the region surrounding
the phosphorylated threonine (residue 34 of DARPP-32;
residue 35 of inhibitor-1)34, 36, 38, 39, 4]l These two,
relatively low-affinity binding interactions act in concert to
inhibit PP1 with nanomolar potency. Dephosphorylation,
leading to loss of phosphothreonine binding, reduces the
o inhibitory potency of both DARPP-32 and inhibitor-1 by at
107 107 10° 107 10° least 1000-fold. Deletion analysis of the,GG., and Mo
spinophilin (M) subunits, inhibitor-2, and NIPP-1 also suggests distinct PP1
FIGURE 6: Ability of peptides corresponding to sequences within binding and modulatory subdomair& (L7, 37, 42, 4B For
the core domain to disrupt spinophififPP1 interactions. Spino- instance, the § peptide 63-75, encompassing the pen-
philin peptides were assayed for their ability to disrupt both binding tapeptide motif R-R-V-S-F, prevented Gom suppressing

of spinophilin to PP1 and inhibition by spinophilin of PP1 activity. . .
(A) Competition binding analysis. Peptides (100) and recom- the dephosphorylation of phosphorylaag but failed to

binant spinophilin containing a histidine tag were incubated with dissociate @ from PP1 6). Moreover, the Mio peptide
293T cell extracts. SpinophilinPP1 complexes were coprecipitated 1—38, which contains the conserved binding motif, was not

using Ni-NTA agarose, and the amount of PP1 in the complex gyfficient to mimic the properties of PP-M110 toward the
was determined by immunoblot analysis. Data were expressed aSsybstrate MLG, or phosphorylasa (6, 43. In combination

:bgggcfengg;egtfidtg? EZErln é);urr;cg)r;eslgtr:\t/se ttt% trggtsgg/ls%;vg d3|n thethe biochemical studies of spinophilin, DARPP-32, and the

or 9 experiments using peptide 41437, 462-494, or 441477, M1 subunit suggest that the conserved motif may not be
respectively. (B) Ability of the peptides to antagonize the inhibition directly involved in modulating PP1 activity. Consistent with
?f PP(} b%/ wilﬁ-typl)e spinophilin. Thedinhilai]tion of PP1 a?tiV_ilté’ this notion, crystallographic studies have shown that the motif
e oo s (sag. " Gu bind a hycophobic channel inthe carboxy-termina
upper panel; 1%M, lower panel). region of PP1, away from the catalytic active si85)( In

the case of spinophilin, the R-K-1-H-F motif is absolutely
tance of structural elements within this domain for PP1 required for association with PP1 and presumably binds the
recognition. Our analysis indicates that residues-4494 phosphatase in a manner similar to thg @eptide. The
are responsible for mediating the high-affinity interaction recognition of PP1 by spinophilin may therefore involve an
with PP1. This region is both necessary and sufficient for ordered mechanism whereby docking of the pentapeptide
binding to PP1. No interaction was detected in coprecipitation must occur prior to binding of the modulatory subdomain.
assays when other regions of spinophilin, including the actin-  The identified PP1-binding domain of spinophilin shares
binding, PDZ, and coiled-coil domains, were tested individu- extensive homology with the corresponding region of
ally. The most important determinant for PP1 recognition is neurabin | 44), a recently reported protein that has 48%
the R/IK-R/K-V/I-X-F pentapeptide between residues 447 and amino acid identity and a domain organization similar to
451 (R-K-I-H-F) of spinophilin, a motif that is conserved in  spinophilin. The conserved motifs of spinophilin (R-K-I-H-
other PP1 regulatory subunits. Deletion of these residues orF) and neurabin | (R-K-I-K-F) differ by only a single
mutation of phenylalanine-451 to alanine abolished the PP1substitution. Moreover, residues 44894 of spinophilin,
binding observed by coprecipitation and overlay analysis. which may include part of its inhibitory domain, show 84%
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identity to the corresponding region of neurabin I. The peptide 438-461 or inhibition of PP1 activity using okadaic
adjacent PDZ (residues 49685 of spinophilin) and coiled-  acid had the same effect of stabilizing AMPA conductances
coil (residues 664805 of spinophilin) domains also share in neostriatal neurons. In addition to the AMPA receptor,
a high degree of homology (85% and 61%, respectively). potential candidates for PP1 regulation includé‘Czhan-
Thus, spinophilin and neurabin | are likely to interact with nels, Kt channels, NMDA receptors, the N& ™ pump, and
PP1 via similar mechanisms. It will be interesting to examine the actin cytoskeleton. Regulation of the phosphorylation
whether the single amino acid substitution and sequencestate of jon channels and receptors through spinophilin
variations amino-terminal to the conserved motif result in pp1 interactions in dendritic spines may contribute to the
distinct PP1-binding affinities or modes of regulation for  qqrgination of neuronal inputs and explain the role of PP1

these closely related prote_ins. _ in long-term synaptic plasticity.
The present study provides support for the notion that

spinophilin functions as a neuronal targeting subunit and ACKNOWLEDGMENT
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